
INTRODUCTION TO 
RADIOLOGICAL PHYSICS 

AND 
RADIATION DOSIMETRY 



INTRODUCTION TO 
RADIOLOGICAL PHYSICS 

AND 
RADIATION DOSIMETRY 

FRANK HERBERT ATTlX 
Professor of Medical Physics 

University of Wisconsin Medical School 
Madison, Wisconsin 

WILEY- 
VCH 

WILEY-VCH Verlag GmbH & Co. KGaA 



All books published by Wiley-VCH are carefully produced. 
Nevertheless, authors, editors, and publisher do not warrant the information 
contained in these books, including this book, to be free of errors. 
Readers are advised to keep in mind that statenients, data, illustrations, 
procedural details or other items may inadvertently be inaccurate. 

Library of Congress Card No.: 
Applied for 

British Library Cataloging-in-Publication Data: 
A catalogue record for this book is available from the British Library 

Bibliographic information published by 
Die Deutsche Bibliothek 
Die Deutsche Bibliothek lists this publication in the Deutsche Nationalbibliografie; 
detailed bibliographic data is available in the Internet at <http://dnb.ddb.de>. 

0 1986 by John Wiley & Sons, Inc. 
0 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

All rights reserved (including those of translation into other languages). 
No part of this book may be reproduced in any form - nor transmitted or translated 
into machine language without written permission from the publishers. 
Registered names, trademarks, etc. used in this book, even when not specifically 
marked as such, are not to be considered unprotected by law. 

Printed in the Federal Republic of Germany 
Printed on acid-free paper 

Printing Strauss GmbH, Morlenbach 
Bookbinding Litges & Dopf Buchbinderei GmbH, Heppenheim 

ISBN-13: 978-0-471-01 146-0 
ISBN-10: 0-471-01 146-0 



This book is dedicated to my parents 
Ulysses Sheldon A ttix and Alma Katherine Attix (nee Michelsen), 

my wife Shirley Adeline Attix (nee Lohr). 
my children Shelley Anne and Richard Haven, 

and to radiological physics students everywhere 



Preface 

This book is intended as a text for an introductory course at the graduate or senior 
undergraduate level. At the University of Wisconsin this is a three-credit course: 
Medical Physics 501 -Radiological Physics and Dosimetry, consisting of about 45 
lectures and 15 problem discussion sessions, each 50 minutes in length. By moving 
along briskly and by scheduling the exams at other times, the material in the book 
can be adequately covered in one semester. The chapters are designed to be taught 
in sequence from 1 through 16. 

The book is written on the assumption that the student has previously studied 
integral calculus and atomic or modern physics. Thus integrals are used without 
apology wherever necessary, and no introductory chapter to review atomic structure 
and elementary particles is provided. Chapter 1 in Johns and Cunningham’s book 
The Physics of Radiology, 3rd or 4th edition, for example, can be used for remedial 
review if needed. 

The present text is pragmatic and classical in approach, not necessarily developing 
equations from first principles, as is more often done by Anderson (1984) in his ad- 
mirable book Absorption of Ionizing Radiation. Missing details and derivations that are 
relevant to interaction processes may be found there, or in the incomparable classic 
The Atomic N m h  by Robley Evans, recently republished by Krieger. 

A challenging problem in writing this book was how to limit its scope so that it 
would fit a coherent course that could be taught in one semester and would not reach 
an impractical and unpublishable length. It had to be in a single volume for con- 
venient use as a text, as it was not intended to be a comprehensive reference like 
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the three-volume second edition of Radktwn Dosimety, edited by Attix, Roesch, and 
Tochilin. Although that treatise has been used for textbook purposes in some courses, 
it was never intended to be other than a reference. In limiting the scope of this text 
the following topic areas were largely omitted and are taught as separate courses in 
the University of Wisconsin Department of Medical Physics: radiotherapy physics, 
nuclear medicine, diagnostic radiological physics, health physics (radiation pro- 
tection), and radiobiology. Other texts are used for those courses. Radiation-gen- 
erating equipment is described in the courses on radiotherapy and diagnostic physics, 
as the design of such equipment is specific to its use. 

What is included is a logical, rather than historical, development of radiological 
physics, leading into radiation dosimetry in its broadest sense. There is no such thing 
as a p j k t  sequence-one that always builds on material that has gone before and 
never has to reach ahead for some as yet untaught fact. However, the present order 
of chapters has evolved from several years of trial-and-error classroom testing and 
works quite well. 

... 
V l l l  

A few specifics deserve mentioning: 
Extensive, but not exclusive, use is made of SI units. The older units in some 

instances offer advantages in convenience, and in any case they are not going to 
vanish down a “memory hole” into oblivion. The rad, rem, roentgen, curie, and 
erg will remain in the existing literature forever, and we should all be familiar with 
them. There is, moreover, no reason to restrain ourselves from using centimeters 
or grams when nature provides objects for which convenient-sized numbers will re- 
sult. I believe that units should be working for us, not the other way around. 

The recommendations of the International Commission on Radiation Units and 
Measurements (ICRU) are used as the primary basis for the radiological units in 
this book, as far as they go. However, additional quantities (e.g., collision kerma, 
energy transferred, net energy transferred) have been defined where they are needed 
in the logical development of radiological physics. 

Several important concepts have been more clearly defined or expanded upon, 
such as radiation equilibrium, charged-particle equilibrium, transient charged-par- 
ticle equilibrium, broadbeam attenuation, the reciprocity theorem (which has been 
extended to homogeneous but nonisotropic fields), and a rigorous derivation of the 
Kramers x-ray spectrum. 

Relegating neutron dosimetry to the last chapter is probably the most arbitrary 
and least logical chapter assignment. Initially it was done when the course was taught 
in two halves, with the first half alone being prerequisite for radiotherapy physics. 
Time constraints and priorities dictated deferring all neutron considerations until 
the second half. Now that the course (and text) has been unified, that reason is gone, 
but the neutron chapter remains number 16 because it seems to fit in best after all 
the counting detectors have been discussed. Moreover it provides an appropriate 
setting for introducing microdosimetry, which finds its main application in char- 
acterizing neutron and mixed n-y fields. ’ 
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The tables in the appendixes have been made as extensive as one should hope to 
find in an introductory text. The references for all the chapters have been collected 
together at the back of the book to avoid redundancy, since some references are re- 
peated in several chapters. Titles of papers have been included. A comprehensive 
table of contents and index should allow the easy location of material. 

For the authors-to-be among this book’s readers: This book was begun in 1977 
and completed in 1986. It started from classroom notes that were handed out to stu- 
dents to supplement other texts. These’notes gradually evolved into chapters that 
were modified repeatedly, to keep what worked with the students, and change what 
didn’t. This kind of project is not for anyone with a short attention span. 

The original illustrations for this book were drawn by F. Orlando Canto. Kathryn 
A. McSherry and Colleen A. Schutz of the office staff were very helpful. I also thank 
the University of Wisconsin Department of Medical Physics for allowing me to use 
their copying equipment. 

Finally, it is a pleasure to acknowledge that the preparation of this book could 
not have been accomplished without the dedicated partnership and enthusiasm of 
my wife Shirley. Not only did she do all the repetitious typing, during a time before 
a word processor was available, but she never complained about the seemingly end- 
less hours I spent working on it. 

HERB ATTIX 
Mndison, Wisconsin 
August 1986 
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INTRODUCTION TO RADIOLOGICAL PHYSICS AND 
RADIATION DOSIMETRY 

FR4NK HERBERT ATTIX 

0 2004 WILEY-VCH Verlag GmbH & Co. 

Ionizing Radiation 

I. INTRODUCTION 
Radiological physics is the science of ionizing radiation and its interaction with mat- 
ter, with special interest in the energy thus absorbed. Radiation dosimetry has to 
do with the quantitative determination of that energy. It would be awkward to try 
to discuss these matters without providing at the outset some introduction to the 
necessary concepts and terminology. 

Radiological physics began with the discovery of x-rays by Wilhelm Rontgen, of 
radioactivity by Henri Becquerel, and of radium by the Curies in the 1890s. Within 
a very short time both x-rays and radium became useful tools in the practice of med- 
icine. In fact, the first x-ray photograph (of Mrs. Rontgen’s hand) was made by 
Rontgen late in 1895, within about a month ofhis discovery, and physicians on both 
sides of the Atlantic were routinely using x-rays in diagnostic radiography within 
a year, thus setting some kind of record for the rapid adoption of a new technology 
in practical applications. 

The historical development of the science of radiological physics since then is itself 
interesting, and aids one in understanding the quantities and units used in this field 
today. However, such an approach would be more confusing than helpful in an in- 
troductory course. Historical reviews have been provided by Etter (1965), Parker 
and Roesch (1962), and by Roesch and Attix (1968). 

1 



2 IONIZING RADIATION 

II. 
Ionizing radiations are generally characterized by their ability to excite and ionize 
atoms of matter with which they interact. Since the energy needed to cause a valence 
electron to escape an atom is of the order of 4-25 eV, radiations must carry kinetic 
or quantum energies in excess of this magnitude to be called “ionizing.” As will 
be seen from Eq. (1. l), this criterion would seem to include electromagnetic radiation 
with wavelengths up to about 320 nm, which includes most of the ultraviolet (UV) 
radiation band (- 10-400 nm). However, for practical purposes these marginally 
ionizing W radiations are not usually considered in the context of radiological phys- 
ics, since they are even less capable of penetrating through matter than is visible light, 
while other ionizing radiations are generally more penetrating. 

The personnel hazards presented by optical lasers and by radiofrequency (RF) 
sources of electromagnetic radiation are often administratively included in the area 
of a health physicist’s responsibilities, together with ionizing radiation hazards. 
Moreover, the determination of the energy deposition in matter by these radiations 
is often referred to as “dosimetry”. However, the physics governing the interaction 
of such radiations with matter is totally different from that for ionking radiations, 
and this book will not deal with them. 

TYPES AND SOURCES OF IONIZING RADIATIONS 

The important types of ionizing radiations to be considered are: 

1. Electromagnetic radiation emitted from a nucleus or in annihilation 
reactions between matter and antimatter. The quantum energy of any electro- 
magnetic photon is given in keV by 

y-rays: 

1.2398 keV-nm - 
x 

where 1 A (Angstrom) = lo-’’ m, Planck’s constant is 

h = 6.626 x 10-34 J 
= 4.136 X lo-’’ keV s 

(note that 1.6022 X J = 1 keV), and the velocity of light in vacuo is 

c = 2.998 X lo8 mls 

= 2.998 X 10‘’ Als  

= 2.998 X 10” nmls 

Evidently, by Eq. (1.1) the quantum energy of a photon of 0. l-nm wavelength 
is 12.4 keV, within one part in 6000. 

The practical range of photon energies emitted by radioactive atoms extends 
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from 2.6 keV (Ka characteristic x-rays from electron capture in :iAr) to the 6.1- 
and 7.1-MeV yrays from ‘;N. 
2. X-rays: Electromagnetic radiation emitted by charged particles (usually 
electrons) in changing atomic energy levels (called charactnistit orjZwrcrcence x-rays) 
or in slowing down in a Coulomb force field (continuous or brcmrstrdlung x-rays). 
Note that an x-ray and a y-ray photon of a given quantum energy have identical 
properties, differing only in mode of origin. Older texts sometimes referred to 
all lower-energy photons as x-rays and higher energy photons as y-rays, but this 
basis for the distinction is now obsolete. Most commonly, the energy ranges of 
x-rays are now referred to as follows, in terms of the generating voltage: 

0.1-20 kV 
20- 120 kV Diagnostic-range x-rays 
120-300 kV Orthovoltage x-rays 
300 kV- 1 MV 
1 MV upward Megavoltage x-rays 

Low-energy or “soft” x-rays, or “Grenz rays” 

Intermediate-energy x-rays 

3. If positive in charge, they are called positrons. If they are 
emitted from a nucleus they are usually referred to as @-rays (positive or negative). 
If they result from a charged-particle collision they are referred to as “&rays”. 
Intense continuous beams of electrons up to 12 MeV are available from Van de 
Graaff generators, and pulsed electron beams of much higher energies are avail- 
able from linear accelerators (“linacs”), betatrons, and microtrons. Descrip- 
tions of such accelerators, as encountered in medical applications, have been given 
by Johns and Cunningham (1974) and Hendee (1970). 
4. Usually obtained from acceleration by a Coulomb 
force field in a Van de Graaff, cyclotron, or heavy-particle linear accelerator. 
Alpha particles are also emitted by some radioactive nuclei. Types include: 

Proton-the hydrogen nucleus. 

F a t  Electrons: 

Hcwy Charged Purtich: 

Deuteron-the deuterium nucleus, consisting of a proton and neutron bound 
together by nuclear force. 
Triton-a proton and two neutrons similarly bound. 
Alpha particle-the helium nucleus, i.e., two protons and two neutrons. 3He 
particles have one less neutron. 
Other heavy charged particles consisting of the nuclei of heavier atoms, either 
fully stripped of electrons or in any case having a different number of electrons 
than necessary to produce a neutral atom. 
Pions-negative *-mesons produced by interaction of fast electrons or protons 
with target nuclei. 

5 .  Neutrons. 
fission], since they cannot themselves be accelerated electrostatically. 

Neutral particles obtained from nuclear reactions [e.g., (p, n) or 
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The range of kinetic or photon energies most frequently encountered in appli- 
cations of ionizing radiations extends from 10 keV to 10 MeV, and relevant tab- 
ulations of data on their interactions with matter tend to emphasize that energy range. 
Likewise the bulk of the literature dealing with radiological physics focuses its at- 
tention primarily on that limited but useful band of energies. Recently, however, 
clinical radiotherapy has been extended (to obtain better spatial distribution, and/ 
or more direct cell-killing action with less dependence on oxygen) to electrons and 
x-rays up to about 50 MeV; and neutrons to 70 MeV, pions to 100 MeV, protons 
to 200 MeV, a-particles to lo3 MeV, and even heavier charged particles up to 10 
GeV are being investigated in this connection. Electrons and photons down to about 
1 keV are also proving to be of experimental interest in the context of radiological 
physics. 

The ICRU (International Commision on Radiation Units and Measurements, 
197 1) has recommended certain terminology in referring to ionizing radiations which 
emphasizes the gross differences between the interactions of charged and uncharged 
radiations with matter: 

1. Directly Ionizing Radiation. Fast charged particles, which deliver their energy 
to matter directly, through many small Coulomb-force interactions along the par- 
t icle ’ s t rack. 
2. X- or y-ray photons or neutrons (i.e., un- 
charged particles), which first transfer their energy to charged particles in the 
matter through which they pass in a relatively few large interactions. The resulting 
fast charged particles then in turn deliver the energy to the matter as above. 

It will be seen that the deposition of energy in matter by indirectly ionizing ra- 
diation is thus a two-stcp ~rouss .  In developing the concepts of radiological physics 
the importance of this fact will become evident. 

The reason why so much attention is paid to ionizing radiation, and that an ex- 
tensive science dealing with these radiations and their interactions with matter has 
evolved, stems from the unique effects that such interactions have upon the irradiated 
material. Biological systems (e.g., humans) are particularly susceptible to damage 
by ionizing radiation, so that the expenditure of a relatively trivial amount of energy 
( - 4 J/kg) throughout the body is likely to cause death, even though that amount 
of energy can only raise the gross temperature by about 0.001 OC. Clearly the ability 
of ionizing radiations to impart their energy to individual atoms, molecules, and 
biological cells has a profound effect on the outcome. The resulting high local con- 
centrations of absorbed energy can kill a cell either directly or through the formation 
of highly reactive chemical species such as free radicals* in the water medium that 
constitutes the bulk of the biological material. Ionizing radiations can also produce 
gross changes, either desirable or deleterious, in organic compounds by breaking 
molecular bonds, or in crystalline materials by causing defects in the lattice structure. 

Indirectly Ionizing Radiation. 

*A free radical is an atom or compound in which there is an unpaired electron, such as H or CH,. 
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Even structural steel will be damaged by large enough numbers of fast neutrons, 
suffering embrittlement and possible fracture under mechanical stress. 

Discussing the details of such radiation effects lies beyond the scope of this book, 
however. Here we will concentrate on the basic physics ofthe interactions, and meth- 
ods for measuring and describing the energy absorbed in terms that are useful in 
the various applications of ionizing radiation. 

111. DESCRIPTION OF IONIZING RADIATION FIELDS 

A. Consequences of the Random Nature of Radiation 
Suppose we consider a point P in  a field of ionizing radiation, and ask: “HOW many 
ruys (i.e., photons or particles) will strike Pper  unit time?” The answer is of course 
zero, since a point has no cross-sectional area with which the rays can collide. There- 
fore, the first step in describing the field at P is to associate some nonzero volume 
with the point. The simplest such volume would be a sphere centered at P, as shown 
in Fig. 1.1, which has the advantage of presenting the same cross-sectional target 
area to rays incident from all directions. The next question is how large this imag- 
inary sphere should be. That depends on whether the physical quantities we wish 
to define with respect to the radiation field are stochastic or nonrtochostic. 

A stochastic quantity has the following characteristics: * 

a. 

b. 

C.  

a. 

Its values occur randomly and hence cannot be predicted. However, the 
probability of any particular value is determined by a probability distri- 
bution. 
It is defined for finite (i.e. noninfinitesimal) domains only. Its values vary 
discontinuously in space and time, and it is meaningless to speak of its gra- 
dient or rate of change. 
In principle, its values can each be measured with an arbitrarily small error. 
The expectdon valuc N, of a stochastic quantity is the mean 15 of its measured 
values N as the number n of observations approaches 00. That is, + N, 
as n --* a. 

A nonstochastic quantity, on the other hand, has these characterstics: 

a. 
b. 

For given conditions its value can, in principle, be predicted by calculation. 
It is, in general, a “point function” defined for infinitesimal volumes; hence 
it is a continuous and differentiable function of space and time, and one may 
speak of its spatial gradient and time rate of change. In accordance with com- 
mon usage in physics, the argument of a legitimate differential quotient may 
always be assumed to be a nonstochastic quantity. 

‘Further discussion of stochastic vs. nonstochastic physical quantities will be found in ICRU (1971) and 
ICRU (1980). 
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GREAT CIRCLE 
AREA a OR da 

VOLUME V OR dV 
CROSSING 

R AY 
MASS m OR dm 

FIGURE 1.1. 
the spherical surface S. 

Characterking the radiation field at a point Pin tcrmr of the radiation traversing 

c. Its value is equal to, or based upon, the expectattion value of a related stochastic 
quantity, ifone exists. Although nonstochastic quantities in general need not 
be related to stochastic quantities, they are so related in the context of ionizing 
radiation. 

It can be seen from these considerations that the volume of the imaginary sphere 
surrounding point Pin Fig. 1.1 may be small but must befinite if we are dealing with 
stochastic quantities. It may be infinitesimal (dV) in reference to nonstochastic quan- 
tities. Likewise the great-circle area (da) and contained mass (dm) for the sphere, as 
well as the irradiation time (dt), may be expressed as infinitesimals in dealing with 
nonstochastic quantities. Since the most common and useful quantities for describing 
ionizing radiation fields and their interactions with matter are all nonstochastic, we 
will defer further discussion of stochastic quantities (except when leading to non- 
stochastic quantities) until a later chapter (16) dealing with microdosimetry, that is, the 
determination of energy spent in small but finite volumes. Microdosimetry is of par- 
ticular interest in relation to biological-cell damage. 

In general one can assume that a “constant” radiation field is strictly random 
with respect to how many rays arrive at a given point per unit area and time interval. 
It can be shown (e.g., see Beers, 1953) that the number of rays observed in repetitions 
of the measurement (assuming a fixed detection efficiency and time interval, and 
no systematic change of the field vs. time) will follow a Poisson distribution. For large 
numbers of events this may be approximated by the normal (Gaussian) distribution. 
If N, is the expectation value of the number of rays detected per measurement, the 
standard deviation of a single random measurement N relative to N, is equal to 

u = f i e d 7  (1.2a) 

and the corresponding percentage standard deviation is 

lOOa 100 100 s = -  = - = -  
Nt f i - J - 7 7  (1.2b) 

That is, a single measurement would have a 68.3% chance of lying within fa 
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EX8mpk 1.1. A y-ray detector having 100% counting efficiency is positioned in 
a constant field, making 10 measurements of equal duration, At = 100 s (exactly). 
The average number of rays detected ("counts'') per measurement is 1.00 X lo5. 
What is the mean value of the count rate, including a statement of its precision (i.e., 
standard deviation)? 

In Eq. (1.3a) = 1.00 x lo5 counts, n = 10 measurements, and so 

Thus the count rate is: 
- 
N 
At 100 s 

1.00 x lo5 f 10' counts _ -  - 

= 1.00 X lo3 f 1 ds (S.D.) 

This standard deviation is due entirely to the stochastic nature of the field, since the 
detector counts every incident ray. 

B. Simple Description of Radiation Fields by Nonstochastic Quantities 

1. FLUENCE 
Referring to Fig. 1.1, let N, be the expectation value of the number of rays striking 
a finite sphere surrounding point Pduringa time interval extending from an arbitrary 
starting time to to a later time t. If the sphere is reduced to an infinitesimal at P with 
a great-circle area of&, we may define a quantity called thefluence, 9, as the quotient 
of the differential of N, by ah: 

which is usually expressed in units of m-' or cm-' 

2. 
9 may be defined by (1.5) for all values of t  through the interval from t = to (for which 
Q = 0) to t = t,,, (for which Q = QmaX). Then at any time t within the interval we 
may define theflux dnrrity orfluence rate at P as 

FLUX DENSITY (OR FLUENCE RATE) 

where d 9  is the increment of fluence during the infinitesimal time interval dt at time 
t ,  and the usual units of flux density are m-' s-' or cm-' s - ' .  

Since the flux density cp may be defined by means of Eq. (1.6) for all values of 
t ,  we may thereby determine the function (o( t ) ,  and express the fluence at Pfor the 
time interval from to to t ,  by the definite integral 
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F II 

9 

For the case of a time-independent field, p(f) is constant and Eq. (1.7) simplifies 
to 

* ( to ,  t i )  = Q . ( t i  - to) = Q Ai (1.8) 

It should be noted that Q and @ express the sum of rays incident from all directions, 
and irrespective of their quantum or kinetic energies, thereby providing a bare min- 
imum of useful information about the field. However, different types of rays are 
usually not lumped together; that is, photons, neutrons, and different kinds of charged 
particles are measured and accounted for separately as far as possible, since their 
interactions with matter are fundamentally different. 

3. ENERGY FLUENCE 
The simplest field-descriptive quantity which takes into account the energies of the 
individual rays is the enngyfuence 4, for which the energies of all the rays are summed. 

Let R be the expectation value of the total energy (exclusive of rest-mass energy) 
carried by all the N, rays striking a finite sphere surrounding point P (see Fig. 1.1) 
during a time interval extending from an arbitrary starting time to to a later time 
t * .  If the sphere is reduced to an infinitesimal at P with a great-circle area of da, we 
may define a quantity called the etlergyjuence, 4, as the quotient of the differential 
of R by da: 

dR q = -  
da 

which is usually expressed in units of J m-* or erg cm-‘. 

and (1.9) are related by 
For the special case where only a single energy E of rays is present, Eqs. (1.5) 

R = EN, (1.9a) 

and 

9 = E@ (1.9b) 

Individual particle and photon energies are ordinarily given in MeV or keV, which 
is the kinetic energy acquired by a singly charged particle in falling through a po- 
tential difference of one million or one thousand volts, respectively. Energies in MeV 

‘ICRU (1980) calls R the radzanf energy, and defines it as “the energy of particles (excluding rest energy) 
emitted, transferred, or received.” 
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can be converted into ergs and joules through the following statements of equiva- 
lence : 

1 MeV = 1.602 X erg = 1.602 X J 

1 erg = J = 6.24 X lo5 MeV (1.10) 

1 J = 6.24 X 10'' MeV = lo7 erg 

4. 
9 may be defined by Eq. (1.9) for all values of t  throughout the interval from t = 
to (for which Q = 0) to t = tmax (for. which 4 = Qma). Then at any time f within 
the interval we may define the energyjux h i p  or mrgy$uence rate at P as: 

ENERGY FLUX DENSITY (OR ENERGY FLUENCE RATE) 

(1.11) 

where &If is the increment of energy fluence during the infinitesimal time interval 
dt at time t ,  and the usual units of energy flux density are J m-' s-' or erg cm-' 
S-'. 

By identical arguments to those employed in deriving Eqs. (1.7) and (1.8), one 
may write the following corresponding relations for *: 

I1 

*(to,  4 )  = 1 rL(0 dt (1.12) 
I0 

and for constant $(t) ,  

* ( to ,  ti) = $ * (ti - to) = $ At (1.13) 

For monoenergetic rays of energy E the energy flux density $ may be related to 

$ = Ev (1.13a) 

the flux density (p by an equation similar to (1.9b): 

C. Differential Distributions vs. Energy and Angle of Incidence 
The quantities introduced in Section 1II.B are widely useful in practical applications 
of ionizing radiation, but for some purposes are lacking in sufficient detail. Most 
radiation interactions are dependent upon the energy of the ray as well as its type, 
and the sensitivity of radiation detectors typically depends on the direction of in- 
cidence of the rays striking it. Thus one sometimes needs a more complete description 
of the field. 

In principle one could measure the flux density at any time t and point P as a 
function of the kinetic or quantum energy E and of the polar angles of incidence 6 
and 8 (see Fig. 1.2), thus obtaining the dtJmentiafJ%x hi& 

P'(e, P ,  E )  (1.14) 

typically expressed in units of m-* s-' sr-' keV-'. 
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11 

f 

r 2  s i n f l d s d e  
d f i =  ,2 = s inf ld8dB 

FIGURE 1.2. Polar coordinates. The element of solid angle is dQ. 

Instead of the flux density distribution one could have chosen the distribution of 
energy flux density, or (for a given time period) the fluence or energy fluence, ex- 
pressed in the proper units. The following discussion of flux density distributions 
can be applied to these other quantities as well. 

Since the element of solid angle is dQ = sin 8 do d6, as shown in Fig. 1.2,  it can 
be seen that the number of rays per unit time having energies between E and E + 
dE which pass through the element of solid angle dfl  at the given angles 8 and (3 before 
striking the small sphere at P, per unit great-circle area of the sphere, is given by 

~ ' ( 8 ,  P ,  E )  dQ dE (1.15) 

typically expressed in m-' s- '  or cm-' s-' .  Integrating this quantity over all angles 
and energies will of course give the flux density cp: 

E m ,  

cp = 1" 1 cp'(8, (3, E) sin 8 d8 d(3 dE (1.16) 
8 = O  O = O  E = O  

also in m-2 s - '  or om-* s- '  

1. ENERGY SPECTRA 
Simpler, more useful differential distributions of flux density, fluence, energy flux 
density, or energy fluence are those which are functions of only one of the variables 
8, 0, ur E. When E is the chosen variable, the resulting differential distribution is 
called the energy spectrum of the quantity. For example the energy spectrum of the flux 
density summed over all directions is written as cp'(E), in typical units of m-' s- '  
keV-' or cm-' s- '  keV-I: 
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2* 

p ' ( E )  = 1' s p'(8, 0, E) sin 8 (iB d0 (1.17) 
e = o  o = o  

Integration of (o'(E) over all energies of the rays present then gives the flux density: 
p Emax 

(1.18) 

To illustrate such a spectrum, Fig. 1 . 3 ~  shows how a "flat" distribution of photon 
flux density v ' ( E )  would be plotted as the ordinate vs. the quantum energy as ab- 
scissa. Fig. 1.36 shows the corresponding spectrum of energy flux density $'(E),  
where 

$'(El = E(o'(E) (1.19) 

That is, the ordinates in Fig. 1.3b are E times those in 1 . 3 ~ .  The unit ordinarily used 
for the factor E in Eq. (1.19) is the erg or joule, so that @ ( E )  is expressed in J me* 
s-' keV-' or erg cm-' s-' keV-'. These units convey the concept intended more 
clearly than would be the case if the factor E were chosen also be in keV, thus allowing 
cancellation of the energy units and leaving only m-' s-I. The joule (preferably) 
and the erg are the units commonly employed in describing gross energy transport 
in radiological physics [see Eq. (1.1 O)]. 

An equation corresponding to (1.18) can also be written for $: 
Etll*X Em, 

E = O  0 
9 = j p ( E ) d E  = j Ecp'(E) dE (1.20) 

In carrying out this integration in dosed form it will be necessary for E to be in 
the same units throughout (e.g., keV), contrary to the immediately foregoing com- 
ments. The result will then be in keV/(area) (time), which can be converted to other 
energy units by Eq. (1.10). For numerical integration of (1.20), one may employ 
$ ' ( E )  in J m-' s-' keV-' (or erg cm-' s-' keV-I) and still use limits and energy 
intervals dE expressed in keV. 

0 

'0 PHOTON ENERGY Ey, (keV) 

FIGURE 1.30. A flat spectrum of photon flux density cp'(E). 
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FIGURE 1.36. Spectrum of energy flux density y ' ( E )  corresponding to Fig. 1 . 3 ~ .  

2. ANGULAR DISTRIBUTIONS 
If the field is symmetrical with respect to the vertical (2) axis shown in Fig. 1.2, it 
will be convenient to describe it in terms of the differential distribution of, say, the 
flux density as a function of the polar angle 8 only. This distribution per unit polar 
angle is given by 

~ 2 %  pEmaX 

p'(8) = 1 1 p'( 8, P ,  E) sin 8 dB dE 
8 = 0  E = O  

(1.21) 

so that the flux-density component consisting of the particles of all energies arriving 
at P through the annulus lying between the two polar angles 8 = 8, and 8, would 
be 

(1.22) 

where p'(8) can be expressed in rn-' s-l radian-', for example. For &limits of 0 
and T ,  this integral of course gives p. 

Alternatively one can obtain the differential distribution of flux density per unit 
solid angle, for particles of all energies, as 

(1.23) 

in typical units of rn-' s - '  sr-I. This may be integrated over all directions to again 
obtain the total flux density: 

2* 

cp = jr p'(8, 6 )  sin 8 do dp (1.24) 
e = o  E = O  

For a field that is symmetrical about the z-axis, p'(8, p) is independent ofp; hence 
Eq. (1.24) can be integrated over all &values to obtain 



14 IONIZING RADIATION 

I-* 

(1.25) 

Comparing this equation with Eq. (1.22) over the limits 0 = 0 to 7 reveals that, for 
the case of z-axis symmetry, ~ ' ( 0 )  is related to p'(8, f l )  by 

p'(0) = (27  sin 0) p'(B, @), (1.26) 

where p'(0) has the units m-* s-'  radian-' and p'(@, a) is given in m-' s-'  sr-'. 
Figure 1.4 illustrates this relationship for the case of a completely isotropic field (solid 
curves), and for the case where p'(0, @) is still @-independent but varies as some 
function of @(dashed curves). p'(0, 6) is arbitrarily taken as (1 - B/r) in the latter 
case shown. 

Sometimes one is interested in expressing the flux density of particles of all ener- 
gies as a function only of the azimuthal angle 8. Then p'(8,B) from Eq. (1.23) may 
be used, where one usually sets 8 = d 2 .  

7 -  

6- 

G 5 -  

-s 
6 

m- 

Y 

4- 

G. 3- 

0 30" 60" 90° 120" 150" 180" 

e 
FIGURE 1.4. Isotropic radiation field expressed in terms of its flux-density distribution per 
unit solid angle, tp'(0, fJ) = constant = 1 rn-'s-' sr-* (lower solid curve). The same field is also 
shown in terms of its distribution per unit polar angle, cp'(0), in m-' s-' radian-' (upper solid 
curve). These two curves are related by the factor 2n sin 0, which is also true if tp'(e, p) is a 
function of 0 only [e.g., see dashed curves for ?'(a, 8) = 1 - (9/180°)]. 
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D. An Alternative Definition of Fluence 
Chilton (1978, 1979) has proven the validity of an alternative definition of fluence, 
namely: 

T h e  fluence at a point P is numerically equal to the expectation value of the sum of the 
particle track lengths (assumed to be straight) that occur in an infinitesimal volume dV 
at P, divided by dV. 

This statement was shown to be true for nonisotropic as well as isotropic fields, 
irrespective of the shape of the volume. Thus one need not require a spherical volume 
to define fluence in this way. Moreover this definition lends itself to dosimetry cal- 
culations by the Monte Carlo method. 

E. Planar Fluence 
PlanarJluence is the number of particles crossing a fixed plane in either direction (i.e., 
summed by scalar addition) per unit area of the plane. The name “planar fluence” 
was given to it by Roesch and Attix (1968), who also defined a vector-sum quantity 
corresponding to the planar flux density that they called the nclflow, that is, the num- 
ber of particles per unit time passing through unit area of the plane in one sense (say 
side A to side 23) minus those going the other way (B + A). This quantity is of little 
dosimetric relevance, however. Although vectorial methods are convenient for field 
calculations, as shown by Rossi and Roesch (1962) and Brahme (1981), radiation 
dosimetry finally requires scalar, not vector, addition of the effects of individual par- 
ticles. 

The concept of net flow was first put forward in the context of radiological physics 
by Whyte (1959). He dealt with the flow of energy carried by particles, and applied 
the name “plane intensity” to the vector sum of the energy flowing through a fixed 
plane. Whyte’s illustrative diagram is reproduced in Fig. 1.5, which will be used 
here to discuss fluence vs. planar fluence. 

A plane homogeneous beam of radiation is shown perpendicularly incident upon 
a flat scattering (but not absorbing) foil. All particles are shown for simplicity being 
scattered through the same angle 8, at any azimuthal angle 0. A spherical and a flat 
detector of equal cross-sectional area are shown positioned above and below the foil. 
The flat detector is oriented parallel to the foil, and thus is perpendicular to the beam 
of incident radiation. The number of incident particles striking each detector above 
the foil is clearly the same, and the planar fluence with respect to the plane of the 
flat detector is identical to the fluence in the same field. This can only be true in a 
plane-parallel beam, orthogonal to the Rat detector, as shown. 

The number of scattered particles striking the spherical detector below the foil 
is I l/cos 81 times the number striking the flat detector, which in turn is the same as 
the number it  received above the foil. Thus the fluence is I l/cos 81 times the planar 
fluence. This increase in fluence contributes to an effect sometimes seen in broad- 
beam geometry, in which the fluence behind an attenuating layer can be greater than 
that incident (see Chapter 3, Section V). 
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Incoming beam 

I 
scattered rays 

FIGURE 1.5. 
on fluence vs. planar fluence. (After Whyte, 1959.) 

Particles scattered through an angle B in a nonabsorbing foil, illustrating effect 

The effect of radiation striking a detector depends on the penetrating power of 
the radiation. Consider the two limiting cases in which: (a) the radiation penetrates 
straight through both detectors shown in Fig. 1.5, and (b) the radiation is stopped 
and absorbed in both detectors. For both cases we will take the response of the de- 
tector to be proportional to the energy imparted in it. 

For case (a) we will also assume that the energy imparted is approximately pro- 
portional to the total track length of the rays crossing the detector, or to the fluence 
according to the Chilton definition. This assumption is by no means proven at this 
point, but it is reasonably good for homogeneous radiation crossing a small, easily 
penetrated detector. The spherical detector in Fig. 1.5 will read more below the foil 
in proportion to the number of rays striking it, which is I l/cos 01 times the number 
striking it above the foil. The average length of the paths in the sphere is obviously 
the same above and below. The number of rays striking the flat detector is the same 
above and below the foil, but the length of each track within the detector is I l/cos 



111. DESCRIPTION OF IONIZING RADIATION FIELDS 17 

81 times as long below as it is above the foil. Thus the total track length in the flat 
detector is also I l/cos 81 times as great below the foil as above. Evidently, then, both 
of the detectors read more by the factor I l/cos 81 below the foil for the case of pen- 
etrating radiation. 

Now consider the easily stopped radiation in case (b). The sphere again reads more 
below the foil than above by the factor (l/cos 81, since that is the factor by which 
the number of striking rays increases, and each ray deposits all its energy. The flat 
detector, however, responds thesum below as above the foil, since the number of rays 
striking it does not change, and track length is now irrelevant. 

In other words, for the case of nanpmtrating rays striking a flat detector or other 
absorber, the energy deposited is related to the planar fluence with respect to the 
detector plane, instead of the fluence. Only in this case does planar fluence arise as 
a practical concept in dosimetry. 

To quantify planar fluence for multidirectional radiation fields, we consider a 
particular great circle of the small sphere at P in Fig. 1.2: the one that is fixed in 
the x-y plane. The number of particles per unit time, having energies between E and 
E + dE, that pass through the element of solid angle dQ = sin 8 do d3 at the given 
angles 8 and /3 before passing through the fixed great circle, per unit area of the circle, 
can be expressed [from Eq. (1.15)] as 

cp'(8, 0, E)lcos 81 dn  dE (1.27) 

The absolute value ofcos 8 means that the particles are counted positively, regardless 
of the direction from which they come. 

Inserting the factor lcos 81 into Eq. (1.16) gives an equation for the planar flux 
density pp with respect to the x-y plane in Fig. 1.2: 

EmSr 

pp = 1' 1'" 1 qye, p, E)lcos el sin o d8 do dE (1.28) 

and the planar fluence aP is simply the time integral of vp over any desired time 
interval, as in Eq. (1.7). 

In an isotropic field of radiation we have qfl = icp; hence ap = @ for a given time 
interval. The factor 1 is obtained as the ratio of Eq. (1.28) to Eq. (1.16), which can 
be simplified in steps, as in Eqs. (1.23)-(1.25) to give 

e = o  B = O  E = O  

J e = o  

For the same case the net flow through the x-y plane is zero, since 

cos 8 sin 8 d8 = 0 

(1.29) 

(1.30) 
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PROBLEMS 

IONIZING RADIATION 

1. 
2. 

3. 

4. 

5.  

6. 

7. 

8.  

What is the photon energy range corresponding to the UV radiation band? 
The following set of count readings was made in a gradient-free y-ray field, using 
a suitable detector for repetitive time periods of one minute: 18.500; 18,410; 
18,250; 18,760; 18,600; 18,220; 18,540; 18,270; 18,670; 18,540. 
(a) 
(b) 
(c) 

(d) 
(e) 
A broad plane-parallel beam ofelectrons is perpendicularly incident upon a thin 
foil which scatters the electrons through an average angle of 20°, stopping none 
of them. 
(a) What is the ratio of the flux density of primary electrons just behind the 

foil to that with the foil removed? 
(b) What is the ratio of the number of electrons per cm' passing through a 

plane just behind (and parallel to) the foil to that with the foil removed? 
The flux density decreases with increasing distance from a point source of rays 
as the inverse square of the distance. The strength of the electric field sur- 
rounding a point electric charge does likewise. At a point midway between two 
identical charges the electric field is zero. 

(a) 
(b) 
A point source of 6oCo gamma rays emits equal numbers of photons of 1.17 and 
1.33 MeV, giving a flux density of 5.7 X lo9 photons/cm2 sec at a specified 
location. What is the energy flux density there, expressed in erglcm' sec and 
in J/m2 min? 
In problem 5, what is the energy fluence of 1.17-MeV photons during 24 hours, 
in erg/cm2 and J/m2? 
A point source isotropically emitting 10' fast neutrons per second falls out of 
its shield onto a railroad platform 3 m horizontally from the track. A train goes 
by at 60 miles per hour. Ignoring scattering and attenuation, what is the fluence 
of neutrons that would strike a passenger at the same height above the track 
as the source? 
An x-ray field at a point Pcontains 7.5 X 10' photons/m'-sec-keV, uniformly 
distributed from 10 to 100 keV. 

(a) 
(b) 
( c )  

What is the mean value of the number of counts? 
What is its standard deviation (S.D.)? 
What is the theoretical minimum S.D. of the mean? 
What is the actual S.D. of a single reading? 
What is the theoretical minimum S.D. of a single reading? 

What is the flux density midway between two identical sources? 
What is the essential difference between the two cases? 

What is the photon flux density at P? 
What would be the photon fluence in one hour? 
What is the corresponding energy fluence, in J/m2 and erg/cm2? 
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9. Show that, for a spherical volume, Chilton's definition of fluence gives the same 
value as the conventional definition in a uniform monoenergetic field. Hint: The 
mean chord length in any convex volume is 4 V/S, where V is the volume and 
S is the surface area. 

SOLUTIONS TO PROBLEMS 

1. 10-400 nm corresponds to 124-3.1 eV. - 
N = 18476 counts. 
u' = 58. 
Uki" = 43. 
u = 184. 
u,,, = 136. 
1.06 
Unity. 
Twice that due to one of the sources. 
Flux density is a scalar quantity; electric field strength is a vector. Vector 
addition depends on orientation; scalar addition does not. 
X lo4 erg/cm2-s, 685 J/m2-min. 
X lo8 erg/cm2, 4.62 X lo5 J/m2. 
x lo5 n/m2. 
6.75 X 10" photons/m2 s ,  
2.43 X 1014 photons/m2, 
2.14 J/m2 or 2.14 X lo3 erg/cm2. 

9. From Eq. (1.5), for a finite sphere of radius I, 

Chilton's formulation: 
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1. INTRODUCTION 
In Chapter 1 we discussed how a field of ionizing radiation could be described non- 
stochastically in terms of the expectation value of the number of rays, or of the energy 
they carry, striking an infinitesimal sphere around the point of interest. In this chap- 
ter we will define three nonstochastic quantities that are useful for describing the 
interactions of the radiation field with matter, also in terms of expectation values 
for the infinitesimal sphere at the point of interest. These quantities are (a) the kenna 
K, describing the first step in energy dissipation by indirectly ionizing radiation, that 
is, energy transfer to charged particles; (b) the absorbed dosc D, describing the energy 
imparted to matter by all kinds of ionizing radiations, but delivered by the charged 
particles; and (c) the exposure, X, which describes x- and y-ray fields in terms of their 
ability to ionize air. The mean energy expended per ion pair produced in a gas, %, 
will also be briefly introduced in this chapter in its connection with exposure. A more 
detailed discussion of w will be delayed until Chapter 12. Finally, some additional 
quantities relevant to radiation protection will be briefly discussed. 

A word about neutrinos is required with respect to the following definitions, to 
avoid confusion in Chapter 4 when we deal with equilibria. Neutrinos are elementary 
particles having no electric charge and practically zero mass, hence they have an 
exceedingly small cross section for interacting with matter. For this reason the energy 
given to, or cam'ed by, neutrinos may be (and always is) total& ignored in the context of radiological 
physics anddosimety. Terms in the following definitions that refer to indirectly ionizing 
radiation could include neutrinos, since they are uncharged, but t@ will be arbitrarily 

20 



11. KERMA 21 
e x c l d d .  The rest mass conversion tmm C Q  likewise will ignore mass-energy transactions with 
neutrinos. 

Actually the definitions in the present chapter are valid whether or not one ex- 
cludes neutrinos, but consideration of equilibria in Chapter 4 will be much simpler 
and more practical if the neutrinos are ignored; hence we will do so from now on. 
No error results from this. 

II. KERMA 
This nonstochastic quantity is relevant only for fields of indirectly ionizing radiations 
(photons or neutrons) or for any ionizing radiation source distributed within the 
absorbing medium. 

A. Definition 
The kerma K can be defined in terms of the related stochastic quantity energy transferred, 
etr (Attix, 1979, 1983) and the radiant energy R (ICRU, 1980). The energy transferred 
in a volume Vis: 

where (Rin)" = radiant energy of uncharged particles entering V, 
( R O U r ) ~ r  = radiant energy of uncharged particles leaving V, except that which 

originated from radiative losses of kinetic energy by charged par- 
ticles while in V ,  and 

C Q  = net energy derived from rest mass in V (m + E positive, E + m 
negative). 

By radiative losses, we mean conversion ofcharged-particle kinetic energy to pho- 
ton energy, through either bremsstrahlung x-ray production or in-flight annihilation 
of positrons. In the latter case only the kinetic energy possessed by the positron at 
the instant of annihilation (which is carried away by the resulting photons along with 
1.022 MeV of rest-mass energy) is classified as radiative energy loss. 

Radiant energy R is defined as the energy of particles (excluding rest energy) emit- 
ted, transferred, or received (ICRU, 1980). 

Upon consideration of Eq. (2.1) it will be seen that energy transferred is just the 
kinetic energy received by charged particles in the specified finite volume V, re- 
gardless of where or how they in turn spend that energy. However any kinetic energy 
passed from one charged particle to another is not to be counted in etr, as defined. 

We may now define the kerma K at point of interest P in Vas 

where ( E ~ ~ ) ~  is the expectation value of the energy transferred in the finite volume 
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Vduring some time interval, d(E,,), is that for the infinitesimal volume dv at the in- 
ternal point P, and dm is the mass in dv. Since the argument of any legitimate dif- 
ferential quotient may always be taken to be nonstochastic, the symbol d(E,,), may 
be simplified to de,, as indicated in Eq. (2.2). 

Thus the kmM is the cx$ectation value of thc energy transferrtd to charged particles per unit 
mass at a point of interest, including radiative-loss energy but cxcluding energy passedfrom one 
charged particle to another. 

The average value of the kerma throughout a volume containing a mass rn is sim- 
ply the expectation value of the energy transferred divided by the mass, or (Et,),/rn. 

Kerma can be expressed in units of erg/g, rad, or J/kg. The latter unit is also 
called the gray (Gy) in honor of L. H. Gray, a pioneer in radiological physics. The 
rad is still commonly employed for kerma and absorbed dose at the time of this writ- 
ing, but J/kg is to be preferred as part of a general shift to the International System 
of units. Fortunately all these units are simply related by 

1 Gy = 1 J/kg = lo2 rad = lo4 erg/g (2.3) 

B. Relation of Kerma to Energy Fluence for Photons 
For monoenergetic photons the kerma at a point P is related to the energy fluence 
there by the mass energy-transferco@ient ( ~ J P ) ~ , ~ ,  which is characteristic of the photon 
energy E and the atomic number Z of the matter at P 

Here ptr is called the linear energy-transfer coefiient in units of m-' or cm-', and 
p is the density in kg/m3 or g/cm3. 9 is the energy fluence at P in J/m2 (preferred) 
or erg/cm2. K is the kerma at P, expressed in J/kg (preferred) or in erg/g, respec- 
tively, either of which can be converted into rads, if desired, by Eq. (2.3). 

If a spectrum of photon energy fluence f ' (E)  is present at the point of interest 
P (let's assume for simplicity that *' (E)  is constant during the irradiation period) 
and if (p,/p)E,z is the mass energy-transfer coefficient as a function of photon energy 
E for material Z,  then the kerma at P will be obtained from the appropriate inte- 
gration: 

where " ' ( E )  is the differential distribution of photon energy fluence, in units of 
J m-' keV-' or erg cm-' keV-' (sometimes MeV is used in place of keV). Note 
that ( ~ ~ , . / p ) ~ , =  does not have the dimensions of a differential distribution; it is a set 
of numerical values tabulated at convenient photon energies for a selection of ma- 
terials. The tables of J. H. Hubbell are widely employed for this purpose. They will 
be found in a chapter by Evans (1968), and have been excerpted in Appendix D.3 
of the present text. 

Since d E  is usually expressed in keV, K is obtained from Eq. (2.5) in J/kg or 
erg/g for the units shown. 
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An average value of (/.L~,./P) for the spectrum q ' ( E )  is given by 

(2.5a) 

C. Relation of Kerma to Fluence for Neutrons 
Equations (2.4) and (2.5) could be applied to neutrons as well asx- and y-ray photons, 
but this is not customary. Usually neutron fields are described in terms of flux density 
and fluence, instead of energy flux density and energy fluence as is usually the case with 
photons. Thus for consistency a quantity called the knmafuctor F, is tabulated for 
neutrons instead of the mass energy-transfer coefficient: 

If ( C ( J P ) ~ , ~  is given in units of crn2/g, the neutron energy E in this relation is 
commonly expressed in g-radheutron in place of MeVIneutron, through the fol- 
lowing unit conversion: 

E(-"") X 1.602 X lop6 - erg X 10-2 rad = E(-) g rad 
neutron MeV erg. neutron 

(2.7) 

so that the energy of a 1-MeV neutron is also 1.602 X 

relation: 

g-rad. 
Thus, instead of Eq. (2.4), for monoenergetic neutrons one uses the following 

= '% * (Fn)E,Z (rad) (2.8) 

where 4) is the fluence of monoenergetic neutrons of energy E in neutronslcm' and 
(Fn)E,z is the kerma factor for those neutrons in the irradiated material Z, so that 
K is given directly in rads or centiGrays (cGy). 

Likewise, for neutrons having an energy spectrum cP'(E) of particle fluence, Eq. 
(2.5) can be replaced by 

P Em, 

K = 1 cP'(E) . (F,,)E,ZdE (rad) 
E = O  

where '%'(E) is commonly in units of neutronslcm' MeV, (Fn)E,Z represents tab- 
ulated kerrna-factor values in rad cm'lneutron, and dE is expressed in MeV. 

Tabulations of (Fn)E,Z for a wide range of neutron energies and materials have 
been published by Caswell et al. (1980); an extract of those tables is contained in 
Appendix F. Future tables may be expressed in Gy rn'ln. 

An average value of F, for the spectrum cP'(E) is given by 
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r 

D. Components of Kerma 
The kerma for x- or y-rays consists of the energy transferred to electrons and pos- 
itrons per unit mass of medium. The kinetic energy of a fast electron may be spent 
in two ways: 

Coulomb-force interactions with atomic electrons of the absorbing material, 
resulting in the local dissipation of the energy as ionization and excitation 
in or near the electron track. These are called collision interactions. 
Radiative interactions with the Coulomb force field of atomic nuclei, in which 
x-ray photons (bremsstrahlung, or “braking radiation”) are emitted as the 
electron decelerates. These x-ray photons are relatively penetrating com- 
pared to electrons and they carry their quantum energy far away from the 
charged-particle track. 

1. 

2. 

In addition, a positron can lose an appreciable fraction of its kinetic energy through 
in-flight annihilation, in which the kinetic energy possessed by the particle at the 
instant of annihilation appears as extra quantum energy in the resulting photons. 
Hence this is also a type of radiative loss of kinetic energy, in which the resulting 
photons can carry kinetic energy away from the charged-particle track. 

Since the kerma includes kinetic energy received by the charged particles whether 
it is destined to be spent by the electrons in collision or radiative-type interactions, 
we can subdivide K into two parts according to whether the energy is spent nearby 
in creating excitation and ionization (K,) or is carried away by photons (K,): 

K = K,  + K ,  (2.10) 

where the subscripts refer to ‘‘collision” and “radiative” interactions, respectively. 
For the case of neutrons as the indirectly ionizing radiation, the resulting charged 

particles are protons and heavier recoiling nuclei, for which K, is vanishingly small. 
Thus K = K,  for neutrons, and we need not consider the partition of K in that case. 

It will be convenient in discussing the concept of charged-particle equilibrium 
(CPE) in Chapter 4 if we now define the collision kmna (K,) in a manner corresponding 
to that employed for K in Eqs. (2.1) and (2.2). 

Let E:, be the related stochastic quantity called the nd eneru transferred, which can 
be defined for a volume Vas 

E:, = (Ri,,),, - (R,,,),”””‘ - R: + CQ = E ~ ,  - R: (2.1 1) 

where RI is the radiant energy emitted as radiative losses by the charged particles 
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which themselves originated in V, regardless of where the radiative loss events occur. 
This equation is identical to Eq. (2.1) except for the inclusion here of the term 
RI; the remaining terms are defined as in Eq. (2.1). Thus eIr and K include energy 
that goes to radiative losses, while and K, do not. 

Now we can define K, at a point of interest P as 

(2.12) 

where e:* is now the expectation value of the net energy transferred in the finite volume 
Vduring some time interval, uk:r is that for the infinitesimal volume dv at point P, 
and dm is the mass in dv. 

Thus the collision knma is the expectation value ofthe net energy tramfmed to chargedparticles 
per unit mass at the point of interest, excluding both the radiative-loss energy and enmgy passed 
from one charged partick? to another. The average value of K, throughout a volume con- 
taining mass m is given by (e:r)e/m. 

The radiative kerma K ,  need not be defined further than simply as the difference 
between K and K,, as in Eq. (2.10). However it can be written as K ,  = dRL/dm, having 
the same form as Eqs. (2.2) and (2.12). 

For monoenergetic photons K, is related to the energy fluence Q by another en- 
ergy- and material-dependent coefficient ( j ~ ~ , / p ) ~ , ~  called the mass energy-absorption 
co&ci.nt, so that the equation corresponding to Eq. (2.4) becomes 

(2.13) 

where the units are as given for Eq. (2.4). Likewise, for an energy spectrum \k ' (E) ,  
equations corresponding to (2.5) and (2.5a) can also be written for K, and 
(peJp)* ,(.q,z, respectively. 

The value of ( ~ ( ~ ~ l p ) ~ , ~  at a point Pis  not only characteristic of the atomic number 
2 of the material present there [as is the case for ( p , , / ~ ) ~ , ~ ] ,  but is also dependent 
to some degree upon the material present along the tracks of the electrons which 
originate at P. This is because radiative energy losses by electrons are greater in 
higher-Zmaterials, for which K ,  is larger and K, correspondingly less. All tabulations 
of ( p , , , / ~ ) ~ , ~ ,  including those of Hubbell given in Appendix D.3, are based on the 
assumption that the electrons spend their entire range in the same material in which 
they started, i.e., that the point Pis not near a boundary with another medium. Also, 
(p,,/p) for compounds usually has been calculated on the basis of weight fractions 
of the elements present. Although this is correct for p,,./p, it is not strictly so for 
pL,,/p, as will be discussed in Chapter 7.  

(penlp)E,Z is close to (pI , . /p)E,z  in value for low 2 and E where radiative losses are 
small; Table 2.1 lists the percentage by which (p,,Ip)E,z is less than ( ~ ~ , . / p ) ~ , ~  (and 
K, less than K)  for a few sample cases. 

The relationship of ( ~ ~ , . / p ) ~ , z  and (p,,lp)E,z to the basic interactions of photons 
will be discussed in Chapter 7.  
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TABLE 2.1 
~ ~~ 

100 (Ptl - PC"YPt* Y-raY 
Energy 
(MeV) 2 = 6  29 82 

0.1 0 0 0 
1 .o 0 1.1 4.8 

10 3.5 13.3 26 

E. KermaRate 
The kerma rate at a point P and time t [referring to Eq. (2.2)] is given by 

K = -  (2.14) 

in units of Jlkg s preferred, erg/g s, or rads, with other time units often substituted. 
Equation (2.14) can be used to define K for all times within some extended period 

of irradiation, thus providing the kerma rate as a function oft, k(t). The kerma 
occurring between selected time limits .#,-, and t ,  will then be 

W O ,  4 )  = j: A(t) dt (2.15) 

or, for a constant kerma rate, 

K(t0, 4) = K ( 4  - 10) 

average value of K during the time interval 1, - t,,. 

(2.16) 

In this equation K may be replaced by 8, thereby defining that quantity as the 
- 

111. ABSORBED DOSE 
The absorbed dose is relevant to all types of ionizing radiation fields, whether directly 
or indirectly ionizing, as well as to any ionizing radiation source distributed within 
the absorbing medium. 

A. Definition 
The absorbed dose D can best be defined in terms of the related stochastic quantity 
enngy imparted€ (ICRU, 1980). The energy imparted by ionizing radiation to matter 
of mass m in a finite volume V i s  defined as 

where 
of all the uncharged radiation leaving V,  ( 

and CQare defined the same as for Eq. (2.1). (Rout), is the radiant energy 
is the radiant energy of the charged 
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particles entering V, and (R,,,), is the radiant energy of the charged particles leaving 
V. We can now define the absorbed dose D at any point P in V as 

de 
dm 

D = -  (2.18) 

where e is now the expectation value of the energy imparted in the finite volume V 
during some time interval, d~ is that for an infinitesimal volume dv at point P, and 
dm is the mass in dv. 

Thus the absorbed dose D is the expectation valw of the energy imparted to mattcr per unit 
mars at apoint. The dimensions and units of absorbed dose are the same as those used 
for K. The average value of the absorbed dose throughout a volume containing 
mass m is (e)Jrn. (e), = &I is also called the inkgral dose, expressed in units of g rad 
or joules. 

It should be recognized that D represents the energy per unit mass which remains 
in the matter at P to produce any effects attributable to the radiation. Some kinds 
of effects are proportional to D, while others depend on D in a more complicated 
way. Nevertheless, if D = 0 there can be no radiation effect. Consequently, the ab- 
sorbed dose is the most important quantity in radiological physics. 

It is not possible to write an equation relating the absorbed dose directly to the 
fluence or energy fluence of a field of indirectly ionizing radiation, as was done for 
the kerma in Eqs. (2.4) and (2.8) and for collision kerma in Eq. (2.13). The absorbed 
dose is not directly related to such a field, being deposited by the resulting secondary 
charged-particles. The relation of absorbed dose to the fluence of charged particles 
will be discussed in Chapter 8. 

8. Absorbed Dose Rate 
The absorbed dose rate at a point P and time t is given by 

D = -  (2.19) 

Equations corresponding to Eqs. (2.15) and (2.16) may also be written for the 
absorbed dose, substituting D for K and D for 8. The time-averaged value of the 
absorbed dose rate D may likewise be defined by an equation corresponding 
to (2.16). 

IV. 
TRANSFERRED, AND NET ENERGY TRANSFERRED 
To see how these quantities can be applied, first consider Fig. 2 . 1 ~ .  Photon hv, is 
shown entering volume V,  and undergoing a Compton interaction which produces 
scattered photon hv, and an electron with kinetic energy T. The electron is assumed 
to produce one bremsstrahlung x-ray (hv,) before leaving V with remaining energy 

COMPARATIVE EXAMPLES OF ENERGY IMPARTED, ENERGY 
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FIGURE 2. In. Illustration of the concepti of energy imparted, energy transferred, and net en- 
ergy t r a n s f e d  for the CPIC of a Compton interaction followed by bremrrtrablung emission (At- 
tix, 1983). 

T'. It then produces another x-ray (hu,). In this example the energy imparted, energy 
transferred, and net energy transferred in V are, respectively, 

E = h ~ ,  - ( h ~ 2  + h ~ 3  + T ' )  + 0 
= hv, - hv2 f 0 = T 

E:, = hv, - hv, - ( h ~ 3  + hv,) + 0 

= T - (hv3 + hv4) 

A second example is shown in Fig. 2.16, illustrating the significance of the CQ 
term in Eqs. (2. l),  (2.1 l), and (2.17). A y-ray hu, is emitted by a radioactive atom 
in V. The photon undergoes pair production, giving kinetic energy TI to the electron 
and T2 to the positron. Both are assumed to run their course in V. The positron is 
then annihilated and the resulting two photons(0.511 MeV each) are shown escaping 
from V. For this case the quantities e, E , ~ ,  and e:, are all equal, and are given in MeV 
by 

= etr = E:r = o - 1.022 MeV + CQ 
where 

CQ = hu, - 2%~' + 2m,,c2 = hu, 

Hence 

c = etr = E;, = hv, - 1.022 MeV 

= TI + T2 
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=a511 MeV 

FIGURE 2 . lb .  
(Attix, 1983). 

Example involving y-ray emission, pair production, and positron annihilation 

Note that there are no radiative losses in this case, since the annihilation photons 
derive their entire energy from rest mass (the term +2%c2), not from kinetic energy. 

If the positron in Fig. 2. l b  had been annihilated in flight when its remaining ki- 
netic energy was T3, then the total quantum energy of the annihilation photons would 
have been 1.022 MeV + T3. Assuming they escaped from V, the quantities in ques- 
tion become 

E = 0 - (1.022 + T3) + hvi = TI + T, - T3 
E,, = 0 - 1.022 + hvi = Ti + T2 
~7~ = 0 - 1.022 - T3 + hv1 = Ti + T2 - T3 

Here T3 was derived from the charged-particle kinetic energy, hence it constitutes 
radiative loss. E;, is less than E ~ ,  by that amount. Also, e = e:, in this case, the sig- 
nificance of which will be discussed in Chapter 4. 

V. EXPOSURE 
Exposure is the third of the important fundamental nonstochastic quantities with 
which we are concerned in radiological physics. It is historically the oldest of the 
three, and in earlier times (before 1962) was known as “exposure dose”; still earlier 
(before 1956), it had no name but was merely the quantity that was measured in 
terms of the roentgen ( R )  unit, which had been defined by the ICRU in 1928. By 
convention exposure is defined only for x-ray and y-ray photons. 

A. Definition 
Exposure is symbolized by X, and is defined by the ICRU (1980) as “the quotient 
of dQ by dm, where the value of dQ is the absolute value of the total charge of the 
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ions of one sign produced in air when all the electrons (negatrons and positrons) 
liberated by photons in air of mass dm are completely stopped in air. ” Thus 

(2.20) 

In a note of clarification the ICRU also points out that “the ionization arising 
from the absorption of bremsstrahlung emitted by the electrons is not to be included 
in dQ.” (Presumably the same can be said for the small radiative losses of kinetic 
energy that occur through in-flight annihilation of positrons.) 

When one puzzles through the foregoing statements to reach a fundamental un- 
derstanding of their meaning, it will become clear that: 

The exposure Xis the ionization equivalent of the collision kerma K, in air, for x- and y- 
rays. 

B. Definition of IV 
We must define precisely what is meant by “ionization equivalent” in the above 
statement of exposure. Here we must introduce a conversion factor symbolized by 
W , the mcnn energy arpmdul in agarper wnpair fd. We will discuss more generally 
in Chapter 12; hence the present considerations will be minimal and specific to its 
relationship with the exposure (see ICRU, 1971). 

Let T. be the initial kinetic energy of the zth electron (or positron) set in motion 
by x- or y-rays in the infinitesimal volume of air dVat point Pduring some specified 
time interval. Let gi be the fraction of Ti that is spent by the particle in radiative 
interactions along its full path in air, so that 1 - gi is the remaining fraction spent 
in collision interactions. The sum of all the kinetic energy spent by all such electrons 
in collision interactions can then be written as C; q( 1 -gi). 

Now let Ni be the total number of ion pairs that are produced in air by the ith 
electron or positron of energy Ti, and let g: be the fraction of those ion pairs that 
are generated by the photons resulting from radiative loss interactions (i.e., mostly 
bremsstrahlung). Thus 1 - gt! is the fraction of the ion pairs that are produced by 
collision interactions that occur along the particle track, and Ni( 1 - gi) is the number 
of such ion pairs produced by that particle. Hence the sum of all such ion pairs pro- 
duced in collision interactions by all the electrons and positrons originating in dV 
is Ci N; (1 -gi ). 

Assuming that one sums over the energies and ionizations of a large enough num- 
ber of charged particles to allow to achieve its expectation value for the radiation 
and gas in question, we can write 

- 

- mi(1- -g i )  

c Nj(1 -g:) 
W =  (2.21) 

Thus by this definition does not count the energy going into radiative losses, nor 
the ionization produced by the resulting photons, since the exposure also excludes 



V. EXPOSURE 31 

them. is usually expressed in units of eV per ion pair, and the best current value 
forxandyrays - indry airis 33.97 eV1i.p. (BoutillonandPerroche, 1985). By dividing 
W by the charge of the electron in coulombs (noting that only the ions of either sign, 
not both, are counted in the definition of exposure) and converting the energy from 
electron volts to joules, one obtains w in a form that is more convenient for relating 
( Kc)air and X:  

- 
Wail. - 33.97 eV1i.p. (or electron) - -  X 1.602 X 10-lgJ/eV 

e 1.602 X 10-*gC/electron (2.22) 
= 33.97 J/C 

We see that the conversion constants cancel each other so as to give @/e in J/C 
the same numerical value as @ has in eV/i.p., which is a convenience. Moreover 
may be regarded as a constant for each gas, independent of photon energy, for x- and 
y-ray energies above a few keV. 

C. Relation of Exposure to Energy Fluence 
It is now possible to describe specifically what is meant by “ionization equivalent” 
in the statement of exposure at the end of Section 1II.A. Referring to Eq. (2.13), 
we can write that the exposure at a point due to an energy fluence ‘Zf of monoenergetic 
photons of energy E is given by 

X = 9 * (y)E.yr(e) air = (Qair(+) air = (K,),/33.97 (2.23) 

where \k is most conveniently expressed in J/m2, 

K, is in J/kg, 
(e/w)air = (1/33.97) C/J, and 
X is the exposure in C/kg. 

(Pen/p)E.aar is in m2/kg, 

The roentgen (R) is the customary and more commonly encountered unit of ex- 
posure. It is defined as the exposure that produces, in air, one esu ofcharge ofeither 
sign per 0.001293 g of air (i.e., the mass contained in 1 cm3 at 760 Torr, OOC) ir- 
radiated by the photons. Thus 

1 0 ~ ~  
X -  

0.001293g 2.998 X 109esu 1 kg 
1 esu 1 c  l R =  X 

= 2.580 x C/kg (2.24) 

serves as a conversion factor from R to C/kg. That is 

X(C/kg) = 2.58 X X(R) 
X (R) = 3876 X (C/kg) 

(2.25) 

If a spectrum of photon energy fluence \k ’ (E)  (in J/m2-keV) is present at the point 
of interest P, and if (pen/p)E,air (in m2/kg) is the energy-absorption coefficient as a 
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function of photon energy E for air, then the exposure at P will be given by the fol- 
lowing integral: 

Em, 

x = (&n/P)E.air (e/v)air dE (2.26) 
E = O  

where (e/w)air = (U33.97) C/J, 
dE is in keV, and 
Xis in C/kg; 

multiplying the result by 3876 [see Eq. (2.25)J converts it into roentgens. 

energy limits would be given by Eq. (2.26) with those limits inserted. 
Likewise the exposure due to any segment of the spectrum lying between two 

One may speak of an “exposure spectrum” of x- or y-rays, by which is meant 

X ’ ( E )  = (&n/P)E,air (c/w)air (2.27) 

in typical units of R/keV or C/kg keV. Its integral from E = 0 to Em,, gives the 
exposure, as in Eq. (2.26). 

D. Exposure Rate 
The exposure rate at a point P and time t is 

dx 
dt 

x = -  (2.28) 

which can be used to define Xfor all times within some extended period of irradiation, 
thus providing the exposure rate as a function of t ,  X(t) .  The exposure occurring 
between selected time limits to and t will then be 

(2.29) 

where k(t) has units the same as for X at any instant: C/kg-sec or R/sec (or with other 
time units). 

For a constant kerma rate k this simplifies to 

x = k(tl - to) (2.30) 

where d may be replaced by d to define the latter as the time-averaged value of the 
exposure rate. 

- 

E. Significance of Exposure 
Exposure (and its rate) provides a convenient and useful means of characterizing 
an x- or y-ray field, for the following reasons: 

1. 
energy [see Eq. (2.23)] or spectrum [Eq. (2.26)]. 
2. 

The energy fluence \k is proportional to the exposure X for any given photon 

The mixture of elements in air is sufficiently similar in ‘‘effective atomic num- 
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ber" to that in soft biological tissue (i.e., muscle) to make air an approximately 
tissue-equivalent" material with respect to x- or y-ray energy absorption. Thus 

if one is interested in the effects of such radiations in tissue, air may be substituted 
as a reference medium in a measuring instrument. 
3. Because ofthe approximate tissue equivalence of air noted in item 2, the value 
of the collision kerma K,  in muscle, per unit of exposure X ,  is nearly independent 
of photon energy. This follows from the fact that for a given energy fluence * 
of photons of energy E, the exposure Xis  proportional to ( p , , , / ~ ) ~ . ~ , ~ ,  while K,  in 
muscle is proportional to (pen/p)E,,,ux [see Eqs. (2.13) and (2.23), and (pen/ 

P ) ~ ,  musc/(penl~)E. is nearly constant (1.07 f 3 % total spread) vs. Eover the range 
4 keV- lOMeV, as shown in Fig. 2 . 2 ~ .  That figure also shows corresponding ratios 
of for watedair, and Fig. 2.26 shows compact bone and acrylic plastic 

" 

7 1.2 

(bonelair) . 

0.8 

I 0.7 
/ 

0.6 - -1 

I 10 102 10' 10' 
PHOTON ENERGY, keV 

c 5  

C 3  t 

I 

FIGURE 2.26. Ratio of mass energy-absorption coefficients for acrylic plastic and compact bone 
relative to air. Acrylic plastic (C5H,02) is variously called Lucite, Plexiglas, and Perspex. Data 
sources as in Fig. 2.20. 
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relative to air. Watedair (1.07 f 5 a) is nearly as constant as musclelair, but 
both acrylic plastic and compact bone show larger differences from air, especially 
below 0.1 MeV, due to the photocccchiG gect, which will be discussed in Chapter 
7. 
4. One can characterize an x-ray field at a point by means of a statement of 
exposure or exposure rate rcgardiess of whether there is air actualb located at the point in 
question. The statement that “the exposure at point Pis X” simply means that the 
photon energy fluence ‘4’ [or its spectrum *‘(E)]  at the point is such that Eq. (2.23) 
[or (2.26)] would give the stated value of X. Similar remarks apply also to the 
kerma K or collision kerma K,, except that the reference medium is not necessarily 
air, and must therefore be specified. 

VI. 
PROTECTION 

QUANTITIES AND UNITS FOR USE IN RADIATION 

A. Quality Factor, Q 
The quality fator (2 is a dimensionless variable weighting factor to be applied to the 
absorbed dose to provide an estimate of the relative human hazard of different types 
and energies of ionizing radiations. Values of Qare selected from experimental values 
of the rehive bioh&al @ctiveness (RBE), which is the ratio of x- or y-ray dose to that 
of the radiation in question giving the same kind and degree of biological effect. Q 
is chosen by the International Commission on Radiological Protection (ICRP) to 
be a smooth function of the unrestricted linear energy tramfir (L,) of the radiation. This 
latter quantity is defined in Chapter 8 ,  Section 111.1. It is also called the collision 
stopping power. Figure 2.3 shows the currently accepted functional dependence of 

indicating that higher-density charged particle tracks are generally more bio- 
logically damaging per unit dose than low-density tracks. 

Information concerning radiobiology has been given by Hall (1973) among oth- 
ers, and will not be discussed here. However, it should be noted that the Q-values 
in Fig. 2.3 are appropriate only for routine radiation-protection applications, and 
should not be used in connection with high-level accidental exposures (ICRP, 197 1). 

B. Dose Equivalent, H 
The dose equivalent H, is defined as 

H = DQN (2.31) 

where D is the absorbed dose, Qis the quality factor, and Nis the product of all other 
modifying factors (currently assigned the value 1). 

If D is given in J/kg, then so is H, since Qis dimensionless. The J/kg has the special 
name gray (Gy) when applied to absorbed dose, but has the special name sievert (Sv) 
when applied to dose equivalent. Thus it is apparent that if Q has a value of, say, 
5, then a point in the body where the dose is 1 Gy = 1 J/kg would also have a dose 
equivalent of 5 Sv = 5 J/kg. This has the appearance of a paradox, since 1 J/kg # 
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5 J/kg. However, the situation is one in which two d i f f m t  quantities ( D  and H) are 
stated in terms of the same units. A similar case would be that of a room having a 
width of 3 meters and h g t h  of 5 meters. This does not mean that 3 meters = 5 meters. 

This kind of argument has been used by the ICRU (1980) as justification for as- 
signing the sievert the value 1 J/kg. However, the argument applies only to physical 
quantities, and dose equivalent is not strictly a physical quantity. An alternative 
approach to the problem would have been to assign only the special unit sievert to 
H, and let Q have the units Sv/Gy instead of making it dimensionless. The present 
situation is tenable, however, so long as one arbitrarily chooses to treat Has  a physical 
quantity . 

If the absorbed dose in Eq. (2.31) is stated in rad (=lo-* J/kg), then H is given 
in terms of the special unit rrn (= lO-'J/kg). These units are no longer recommended 
by the ICRU, however. 

In the common case where the dose is delivered by primary or secondary charged 
particles having a spectrum of values of L,, 

H = DQN (2.32) 

and 

(2 .33)  
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and D(L,) is the differential distribution of dose with respect to L,, in typical units 
of Gy pmIkeV. 

C. Specification of Ambient Radiation Levels 
To estimate the absorbed dose or dose equivalent in the presence of the perturbing 
(scattering and attenuating) influence of the human body in a radiation field, the 
quantities absorbed-dose indGx (DI) and dosc-cquiualent i& (HI) were defined (ICRU, 
1980). 

The absorbed-dose index at a point in a field of ionizing radiation is defined as 
the maximum absorbed dose occurring within a 30-cm-diameter sphere (simulating 
the body) centered at the point, and consisting of material equivalent to soft tissue 
with a density of 1 g/cm3. The preferred unit is Gy. 

The dose-equivalent index at such a point is the maximum dose equivalent oc- 
curring within the same sphere, also centered at the point. The preferred unit is the 
sv  . 

For this purpose, soft tissue is taken as 76.2% 0, 10.1 % H, 11.1 % C and 2.6% 
N, by weight. The outer 70 pm of the sphere’s surface is ignored, as it simulates 
the dead layer of skin, which is biologically irrelevant. Generally the maximum val- 
ues ofD, a and Hall occur at different locations in the sphere, although in practice 
&,, DI will not underestimate HI. 

Singh and Madhvanath (1981) have pointed out that this phantom is too small 
to adequately represent a human body with respect to the (n, y) generation ofy-rays, 
particularly for neutrons incident with energies below 10 keV. They suggest that 
the sphere should be replaced by a cylindrical phantom 60 cm tall and 30 cm in di- 
ameter, centered at the point of interest. This of course would require additional 
specification of orientation if the field is nonisotropic. Substitution of a 40-cm-di- 
ameter sphere should be considered in any future modification of these definitions, 
as it would retain the advantages of isotropic geometry while providing closer body 
simulation of n, y production. 

- 

PROBLEMS 

1. 
2. 

3. 

What is (KJair in Gy at a point in air where X = 47 roentgens? 
An electron enters a volume Vwith a kinetic energy of 4 MeV, and carries 0.5 
MeV of that energy out of V when it leaves. While in the volume it produces 
a bremsstrahlung x-ray of 1.5 MeV which escapes from V. What is the con- 
tribution of this event to: 
(a) The energy transferred? 
(b) The net energy transferred? 
(c) The energy imparted? 
A 10-MeV y-ray enters a volume V and undergoes pair production, thereby 
disappearing and giving rise to an electron and positron of equal energies. The 
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electron spends half its kinetic energy in collision interactions before escaping 
from V. The positron spends half of its kinetic energy in collisions in V before 
being annihilated in flight. The resulting photons escape from V. Determine 
(a), (b), and (c) as in problem 2. 
The flux density of 6-MeV y-rays is 3.4 X 106/cm2 s at a point in Pb. What 
are the values of K and K, there after one week? (Express in units of ergfg, rad, 
and gray.) (See Appendix D,3.) 
A field of 14.5-MeV neutrons deposits a kerma of 1.37 Gy at a point of interest 
in water. What is the fluence? (See Appendix F). 
In Chapter 1, problem 8,  assuming that the medium at P is aluminum. 
(a) Calculate the collision kerma there for the one-hour irradiation, in Gy. 
(b) Calculate the exposure there, in C/kg. (Note: You may use linear inter- 

polation in Appendix D.3.) 
Consider two flasks containing 5 and 25 cm3 of water, respectively. They are 
identically and homogeneously irradiated with y-rays, making the average 
kerma equal to 1 Gy in the smaller flask. 
(a) Neglecting differences in y-ray attenuation, what is the average kerma 

in the larger flask? 
(b) What is the energy transferred in each volume of water? 

4. 

5 .  

6. 

7. 

SOLUTIONS TO PROBLEMS 

1. 0.412 Gy. 
2. (a) 0 .  

(b) 0. 
(c) 2 MeV. 

3. (a) 8.98 MeV. 
(b) 6.73 MeV. 
(c) 4.49 MeV. 
K = 6.54 X lo5 ergfg = 6.54 X lo3 rad = 65.4 Gy, 
K, = 5.38 X lo5 ergfg = 5.38 X lo3 rad = 53.8 Gy. 

4. 

5 .  1.93 X 10" n/crn2. 
6. (a) 0.113Gy, 

(b) 6.45 X 10-4C/kg. 

(b) 0.005 J ,  0.025 J 
7- (a) 1 GY, 
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Expansntial Attenuation 

1. INTRODUCTION 
The rational study of radiological physics calls for the introduction of the concept 
of exponential attenuation at this point, as it plays an important role in Chapter 4 and 
following chapters. This concept is relevant primarily to unchrgcd ionizirg radiations 
(i.e., photons and neutrons), which lose their energy in relatively few large inter- 
actions, rather than charged particles (see Chapter 8),  which typically undergo many 
small collisions, losing their kinetic energy gradually. 

An individual uncharged particle (photon or neutron) has a significant probability 
of passing straight through a thick layer of matter without losing any energy, while 
a charged particle must always lose some or all of its energy. An uncharged particle 
has no limiting “range” through matter, beyond which it cannot go; charged par- 
ticles all encounter such a range limit as they run out of kinetic energy. For com- 
parable energies, uncharged particles penetrate much farther through matter, on 
the average, than charged particles, although this difference gradually decreases at 
energies above 1 MeV. 

II. SIMPLE EXPONENTIAL ATTENUATION 
Consider a monoenergetic parallel beam consisting of a very large number No of 
uncharged particles incident perpendicularly on a flat plate of material of thickness 
L, as shown in Fig. 3.1. We will assume for this ideal case that each particle either 
is completely absorbed in a single interaction, producing no secondary radiation, 
or passes straight through the entire plate unchanged in energy or direction. 

38 
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+jk FIGURE 3.1. Simple exponential attenuation. 

Let ( p  * 1) be the probability that an individual particle interacts in a unit thickness 
of material traversed. Then the probability that it will interact in an infinitesimal 
thickness dl is pdl. If N particles are incident upon df ,  the change dN in the number 
N due to absorption is given by 

dN = -pN df (3-1) 
where p is typically given in units of cm-’ or m-’, and dl is correspondingly in cm 
or m. 

The fractional change in N due to absorption of particles in dl is just 

_ -  - - p d l  
dN 
N 

Integrating over the depth I from 0 to L, and corresponding particle populations 
from No to NL,  gives 

NL 

NL 
NO 

In N, - In No = In - = - p L  

NL - - e-cL 

NO 
(3 .3)  

This is the law of exponential attenuation, which applies either for the ideal case 
described above (simple absorption, no scattering or secondary radiation), or where 
scattered and secondary particles may be produced but are not counted in NL.  More 
will be said about this point later. 

The quantity p is called the linear attenuation co&cient, or simply the attenuation cod- 
j c ient .  When it is divided by the density p of the attenuating medium, the mars at- 
tenuation co&cient p/p (cm2/g or m2/kg) is obtained. p is sometimes referred to as the 

narrow-beam attenuation coefficient,” the meaning of which will be discussed in 
Section IV. 

“ 
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Equation (3.3) can be replaced by the following infinite series: 

which may be approximated by its first two terms (1 - pL) if p L  is sufficiently small 
compared with unity. As a practical matter, if p L  < 0.05 (i.e., < 5% attenuation), 
this approximation 

is valid within about a tenth of one percent. 
The quantity 11p (cm or m) is known as the meanfrupath or relaxatwn h g t h  of the 

primary particles. It is the average distance a single particle travels through a given 
attenuating medium before interacting. It is also the depth to which a fraction l l e  
( 37 96) of a large homogeneous population of particles in a beam can penetrate. 
A distance of three mean free paths, 3/p, reduces the primary beam intensity to 5 % ; 
51p to <1%; and 7/p to < O . l % .  

111. 
ABSORPTION 
Suppose that more than one absorption process is present in the preceding case. 
Again we will assume that each event by each process is totally absorbing, producing 
no scattered or secondary particles. Then we can write that the total linear atten- 
uation coefficient p is equal to the sum of its parts: 

EXPONENTIAL ATTENUATION FOR PLURAL MODES OF 

p = pl + p2 + * - .  

or 

1 = p,/p + p2/p + - - - (3.6) 

where p, is called the partial linear attenuation coejkient for process 1, and likewise for 
the other processes. Substituting Eq. (3.6) into Eq. (3.3) gives 

which proves that the number NL of particles penetrating through the slab L depends 
on the total effect of all the partial attenuation coefficients. 

The total number of interactions by all types of processes is given by 

AN = No - NL = No - Noe-pL (3.8) 
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and the number of interactions by, say, a single process x alone is 

(3.9) 
P x  p L  P x  

ANx = (No - NL) - = No ( I  - e -  ) - 
P P 

where pJp is the fraction of the interactions that go by process x. 

example: 
The significance of the preceding equations can be illustrated by the following 

Example 3.1: Let p1 = 0.02 cm-' and p2 = 0.04 cm-I be the partial linear at- 
tenuation coefficients in the slab shown in Fig. 3.1. Let L = 5 cm, and No = lo6 
particles. How many particles NL are transmitted, and how many are absorbed by 
each process in the slab? 

Solution: 
N,  = N ~ - ( F I  + p z ) L  = 106 e-(0.02 +0.04)5 

= 7.408 x lo5 

The total number of particles absorbed is 

No - NL = (lo6 - 7.408 X lo5) = 2.592 X lo5 

The number absorbed by process 1 is 

0.02 
0.06 

= (No - N t ) :  = 2.592 X lo5 X - = 8.64 x lo4 

and by process 2,  

0.04 P2 
c1 0.06 

- 1.728 X lo5 A N 2  = (No - NL) - = 2.592 x lo5 x - - 

Notice that in this problem we cannot derive the number of process-1 events on 
the basis of pLI alone, since the number of particles available for interaction at any 
depth in the slab depends on the total attenuation coefficient p .  Confusion on this 
point sometimes results from the fact that in an injnitesimaf layer the number of in- 
teractions by each process can be gotten from Eq. (3.1): 

dNl = -p,NdL 

dN2 = - P2N dl 

However, for noninfinitesimal layers this formula does not apply. If one attempts 
to use this equation to solve the foregoing Example 3.1, one obtains 

AN, # -0.02 cm-' x 106 x 5 cm = 1 x lo5 interactions 

by process No. 1 and 
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AN2 # -0.04 cm-’ x lo6 x 5 cm = 2 X lo5 interactions 

by process No. 2, which overestimate the correct answers by 16% in this case. The 
thicker the layer, the greater the error due to assuming it to be infinitesimal. 

Another common error in doing Example 3.1 is to try to calculate the number 
of individual-process interactions from the following incorrect equations: 

and 

m2 # N, - N&-PZL = 106 - 1 0 6 ~ - 0 . 0 4 X 5  = 1.813 X lo5 

which overestimate the correct answers by 10% and 5%, respectively. The latter 
answer is the more nearly correct because p2 more closely approximates the value 
of p. The closer a partial attenuation coefficient approximates the total coefficient 
p, the more nearly the foregoing statements approach the correct Eq. (3.9). 

Mathematically the treatment of partial attenuation coefficients will be found very 
similar to that of partial decay constants in radioactivity (see Chapter 6). 

IV. 
We have seen that exponential attenuation will be observed for a monoenergetic 
beam of identical uncharged particles that are “ideal” in the sense that they are 
absorbed without producing scattered or secondary radiation. Real beams of photons 
or neutrons interact with matter by processes (to be described in later chapters) that 
may generate either charged or uncharged secondary radiations, as well as scattering 
primaries either with or without a loss of energy. The total number of particles that 
exit from the slab shown in Fig. 3.1 is hence greater than just the surviving un- 
scattered primaries, and one must decide which kinds of particles should be included 
in NL in Eq. (3.3). That equation will not be valid in every case, as we shall see. 

Secondary charged particles are certainly not to be counted as uncharged par- 
ticles. This exclusion on logical grounds is further supported by the practical con- 
sideration that charged particles are usually much less penetrating, and thus tend 
to be absorbed in the attenuator. Those that doescape can be prevented from entering 
the detector by enclosing it in a thick enough shield. Energy given to charged particles 
is thus regarded as having been absorbed, inasmuch as it does not remain a part of 
the uncharged radiation beam. 

The scattered and secondary uncharged particles can either be counted in NL, 
or not. Ifthey are counted, then Eq. (3.3) becomes invalid in describing the variation 
of NL vs. L, due to violation of its underlying assumption that only simple absorbing 
events can occur. Such cases are referred to generally as broad-beam attenuation, which 
will be discussed in the next section. 

If scattered or secondary uncharged radiation reaches the detector, but only the 
primaries are counted in NL, one has broad-beam geometry but narrow-beam atten- 

“NARROW-BEAM” ATTENUATION OF UNCHARGED RADIATION 
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uation. As a consequence Eq. (3.3) remains valid under these conditions even for 
real beams of uncharged primary radiation. 

The value of the attenuation coefficient p includes the partial coefficients for all 
types of interactions by the primary particles [see Eq. (3.6)], since a particle ceases 
to be primary when it undergoes its first interaction of any kind, even small-angle 
scattering with no energy loss. Therefore must be numerically larger than the value 
of any corresponding eJectaue attenuation co@caent p’ that is observed under broad-beam 
attenuation conditions. That is, p is an upper limit for the value of p ‘ ,  which will 
be discussed further in the next section. If one gradually reduces the fraction of scat- 
tered and secondary radiation measured, broad-beam attenuation gradually ap- 
proaches narrow-beam attenuation, and p‘ increases to approach p.  

There are two general methods of achieving narrow-beam attenuation: 

a. Discrimination against all scattered and secondary particles that reach the de- 
tector, on the basis of particle energy, penetrating ability, direction, coin- 
cidence, anticoincidence, time of arrival (for neutrons), etc. 
Narrow-beam geometry, which prevents any scattered or secondary particles from 
reaching the detector. 

b. 

Figure 3.2 illustrates the essential features of narrow-beam geometry. The detector 
is placed far enough from the attenuating layers so that any particle S that is deflected 
in an interaction will miss the detector. The beam is collimated to be just large enough 
to cover the detector uniformly, thereby minimizing the number of scattered or sec- 
ondary particles generated in the attenuator. The radiation beam source is located 
a large distance from the attenuator so that the particles are almost perpendicularly 

ATTENUATING 

PERFECT SHIELD 

FIGURE 3.2. Narrow-beam geometry. The diameter of the primary photon or neutron beam 
is made just large enough to cover the detector uniformly. The detector is placed at a large enough 
distance from the attenuator that the number of scattered or secondary particles (S) that reach 
the detector is negligible in comparison with the number of primary rays. 
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incident. Moreover, the intensity of the primary beam at the detector will then be 
nearly independent of distance from the attenuator, while the intensity of the scat- 
tered and secondary particles will decrease as the inverse square of that distance. 
Thus the relative strength of the primary beam increases with detector distance, 
allowing reduction of the nonprimary radiation fraction to a negligible level at the 
detector. 

The shield is assumed to stop all radiation incident upon it except that passing 
through its aperture. If it allows any leakage, it may be necessary to put a supple- 
mentary shield around the detector, as shown in Fig. 3.2, that allows entry of ra- 
diation only at angles 0 Oo. Lead is the usual shielding material for x- or y-rays, 
especially where space is limited. Iron and hydrogenous materials are preferable for 
fast neutrons. Radiation shielding generally is beyond the scope of this book, be- 
longing more properly to the disciplines of radiation protection (NCRP 1976, 1977) 
and nuclear engineering (e.g., see Schaeffer, 1973). It can be said however that 
shielding usually involves broad-beam geometry. 

It is not difficult in practice to achieve reasonably narrow-beam geometry ex- 
perimentally, and thus closely to approximate narrow-beam attenuation as required, 
for example, in specifying x-ray half-value layers (see Chapter 9). Published values 
of the attenuation coefficients for various materials and energies are based on mea- 
surements done under rigorous conditions of narrow-beam geometry, whence the 
alternative name ‘ ‘narrow-beam attenuation coefficient” for p .  Appendixes D.2 and 
D.3 contain tabulations of p/p for photons, as discussed in Chapter 7. The corre- 
sponding data for fast neutrons are usually given in the form of atomic interaction 
cross sections .uT = pA/pNA (cm2/atom or m2/atom), where A is the atomic weight, 
p is the density of the attenuating medium, and NA is Avogadro’s constant. 

Narrow-beam geometry is sometimes referred to as “good” geometry (e.g., Ev- 
ans, 1955). 

V. 
Any attenuation geometry other than narrow-beam geometry-i.e., in which at least 
some nonprimary rays reach the detector-is called broad-beam geometry. While 
one can easily understand what is meant by “ideal” narrow-beam geometry (i.e., 
that in which no scattered or secondary particles strike the detector), the corre- 
sponding concept of an ideal broad-beam geometry is more difficult to define, and 
is experimentally less accessible. Nevertheless it will be found useful to establish such 
a concept for comparison with actual cases. It may be defined as follows: 

In ideal broad-beam geometry every scattered or secondary unchargedparticle strikes the detector, 
but only i f  generated in the attmuator by a primary particle on its way to the detector, or by a 
secondary charged particle resultingfrom suth a primary. 

This requires that the attenuator be thin enough to allow the escape of all the 
uncharged particles resulting from first interactions by the primaries, plus the x-rays 

BROAD-BEAM ATTENUATION OF UNCHARGED RADIATION 



V. BROAD-BEAM ATTENUATION OF UNCHARGED RADIATION 45 

and annihilation y-rays emitted by secondary charged particles that are generated 
by primaries in the attenuator. Multiple scattering is excluded from this ideal case. 

If, in addition to having (or accurately simulating) ideal broad-beam geometry, we 
require the detector to respond in proportion to the radiant energy of all the primary, 
scattered, and secondary uncharged radiation incident upon it, then we have a case 
that may be called ideal broadbeam attenuation. For this case we can write an exponential 
equation in the form of Eq. (3.3): 

(3.10) 

where Ro is the primary radiant energy incident on the energy detector when L = 
0, RL is the radiant energy of uncharged particles striking the detector when the 
attenuator is in place, L is the attenuator thickness, which must remain thin enough 
to allow escape of all scattered and secondary uncharged particles, and pen is the 
energy-absorption coefficient, as already defined in Eq. (2.13). 

pen is often used as an approximation to the effective attenuation coefficient p' 
for thin absorbing layers in broad-beam attenuation situations, even though they 
may be less than ideal. This application of pen is referred to by Goldstein (1957) as 
the "straight-ahead approximation," to convey the idea that the scattered and sec- 
ondary particles are supposed to continue straight ahead until they strike the de- 
tector. In real broad-beam attenuation experiments the observed p' may approx- 
imate pen only poorly, even for thin absorbers. Nevertheless pen is often employed 
in this connection where better values of effective broad-beam attenuation coeffi- 
cients are not available. It gives fairly good results, for example, in calculating photon 
attenuation in the wall of a cavity ionization chamber made of low-2 material. 

Practical broad-beam geometries usually fall short of the ideal case because some 
of the scattered and secondary radiation that is supposed to reach the detector fails 
to arrive. This loss of radiation can be called ouf-scattering, illustrated by particles 
labeled S, in Fig. 3.3,  6-f(Section VI below). Similarly, we can define in-scattering 
as the arrival at the detector of scattered and secondary uncharged particles that are 
generated in the attenuator by primaries that are not aimed at the detector (particles 
S, in Fig. 3.3, b-f ) .  Ideal broad-beam geometry may be simulated to the extent that 
in-scattered particles replace those being out-scattered, with respect to both type and 
energy. For perfect balance an energy detector would then respond in accordance 
with Eq. (3.10). 

Generally, however, out-scattering is not exactly compensated by in-scattering. 
Usually out-scattering exceeds in-scattering, resulting (for a radiant-energy detec- 
tor) in a value of p '  that exceeds pen (i.e., pen < I*' < p).  If in-scattering is the 
greater, then p' < pen for a radiant-energy detector. In-scattering may so strongly 
exceed out-scattering that p' may be less than zero, i.e., the detector response may 
initially increase with L. This effect is shown in the data in Fig. 3.46 and in Fig. 3.56, 
curve D (Section VI below). 
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As L is increased to great thicknesses of attenuator, the value of p' observed in 
broad-beam attenuation of monoenergetic radiation gradually increases to approach 
I(. This happens in the following way: For small L, the scattered+secondary (s+s) 
particles generated in an increment of thickness dL exceed those absorbed+ out-scat- 
tered in dL. Gradually with increasing L the rate of generation of s+s particles by 
primaries decreases, while the rate of absorption +out-scattering of s+s particles 
increases as their population increases, until equilibrium is reached. If a narrower 
beam is employed, out-scattering is increased so that the equilibrium is reached at 
a smaller value of L. For a very narrow beam, out-scattering equals generation for 
all values of L; hence p' = p and again one has narrow-beam geometry. 

The different types of geometries and attenuations can be summarized as follows: 

1. Only primaries strike the detector; p is observed for 
monoenergetic beams. 
2 .  Narrow-beam attenuation. Only primaries are counted in NL by the detector, 
regardless of whether secondaries strike it; p is  observed for monoenergetic beams. 
3 .  Broad-beam gcomctty. Other than narrow-beam geometry; at least some scat- 
tered and secondary radiation strikes the detector. 
4. Broad-beam attenuation. Scattered and secondary radiation is counted in NL 
by the detector. p' < p is observed. (Note: Narrow-beam attenuation can be 
obtained in broad-beam geometry if only the primaries are counted in NL. )  
5 .  ZdGal broad-beam geometry. Every scattered or secondary uncharged particle 
that is generated directly or indirectly by a primary on its way to the detector, 
strikes the detector. No other scattered or secondary radiation strikes the detector. 
(Note: Ideal broad-beam geometry can be simulated if each out-scattered particle 
is replaced by an identical in-scattered particle.) 
6. Z&al broad-beam attenuation. Ideal broad-beam geometry exists (or is simu- 
lated), and the detector responds in proportion to the radiant energy incident on 
it. In that case p' = pen. 

In the next section several types of broad-beam geometries will be examined in 

Narrow-beam geometry. 

relation to these concepts. 

VI. SOME BROAD-BEAM GEOMETRIES 
Figure 3.3 illustrates some arrangements which are characterized in varying degree 
as broad-beam geometries. The detector in each case is taken to be isotropically sen- 
sitive to uncharged radiation, but totally insensitive to incident charged particles 
(e.g., a thick-walled spherical ionization chamber). 

In Fig. 3 . 3 ~  the radiation beam (which in this case is narrow) enters through a 
small hole and impinges on the attenuating layers of material inside of a (hypo- 
thetical) spherical-shell detector, so that practically all scattered rays (S,) originating 
in the attenuator will strike the detector, regardless of their direction (except 1 180"). 
A deep well-type detector could roughly approximate this geometry. This approaches 
ideal broad-beam geometry, as defined in the preceding section. 
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In Fig. 3.36 the situation is reversed: The attenuating material is arranged in 
spherical shells surrounding the detector. The beam is made large enough to irradiate 
the attenuators fully. In this case the out-scattered rays such as S,  generated in the 
attenuator upstream of the detector, but not striking it, tend to be compensated by 
in-scattered rays such as S, originating elsewhere in the attenuator. This probably 
simulates ideal broad-beam geometry at least as closely as any arrangement that 
relies on such compensation, i.e., any geometry other than that in Fig. 3.3a.  

Figure 3 . 3 ~  shows a plane beam that is infinitely wide compared to the effective 
maximum range of scattered and secondary radiation, and incident perpendicularly 
on similarly wide attenuating plates. The detector is kept as close as possible to the 
attenuator to allow laterally out-scattered rays such as S,  to be maximally replaced 
by in-scattered rays such as S,. In practice this usually means that the detector is 
kept stationary, and the attenuating slabs are added in sequence of increasing dis- 
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tance forward of the detector ( u  + 2). For a perfectly plane-parallel beam the same 
result would be observed by adding the slabs in reverse order (z + u),  so long as 
the chamber were kept in contact with the rearmost slab, moving back as slabs were 
added. In a diverging beam this would exaggerate the observed attenuation by a loss 
of intensity in proportion to the inverse square of the distance from the source. For 
this reason experimental attenuation measurements are usually made with the de- 
tector in a fixed position. Our discussion in this chapter will assume (unless otherwise 
specified) that the inverse-square effect is absent, either because the detector is fixed, 
or the radiation beam is plane-parallel. 

In the geometry of Fig. 3 . 3 ~  it is clear that the detector receives no back-scattered 
radiation, since there is no material behind it. The irradiated attenuator thus sub- 
tends a solid angle at the detector ofonly about 2r radians, as compared to 4a radians 
for Fig. 3.36 (and effectively also for Fig. 3.3~2, where the detector subtends ap- 
proximately 4r radians at the attenuator). The smaller the subtended solid angle, 
the poorer the “coupling” between the detector and the attenuator, and the less 
scattered radiation will reach the detector. However, as will be shown in later chap- 
ters, scattered rays predominately tend to move in a forward direction (i.e., 8 < 90’ 
relative to the primary particle direction). This is because of conservation of mo- 
mentum, the effect ofwhich becomes more pronounced for primary particles ofhigher 
energies. The result is that the attenuators upstream from the detector generally 
contribute most of the scattered rays. 

Figure 3.3d shows a detector that may be positioned at a variable depth x from 
the front surface of a large mass of solid or liquid medium, which is designed to sim- 
ulate the attenuating properties of the human body. Such a mass, called aphantom, 
often consists of a Lucite-walled cubic tank 30 or 40 cm on an edge, filled with water. 
Uncharged particle (usually photon) beams of various cross-sectional dimensions are 
directed perpendicularly on the phantom, as shown, and the detector response is 
measured vs. depth. The resulting function is used in cancer radiotherapy treatment 
planning, and is usually referred to as the “central-axis depth-dose” of the beam, 
for a specified SSD (source-to-surface distance). 

Ordinarily in such measurements the detector is moved to vary the depth, and 
since the SSD is finite, the observed depth-dose function includes the inverse-square- 
law effect as well as attenuation in the medium. However, we will assume for our 
discussion that the detector remains fixed while the tank is moved, or that the source 
is very distant. In that case, if the beam and tank were very wide, the attenuation 
function observed would be similar to that in the geometry of Fig. 3 . 3 ~ .  The detector 
response enhancement due to the presence of the back-scattering material behind 
the detector in the phantom remains nearly a constant fraction for all depths (in- 
cluding zero depth), until the rear surface is closely approached. 

If a smaller beam size is used in the geometries of Fig. 3 . 3 ~  and d,  out-scattered 
rays such as S, are less fully compensated by in-scattered rays (&), and the response 
of the detector to scattered radiation decreases relative to its response to primary 
radiation. Thus the effective attenuation coefficient p’ observed at a given depth will 
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be closer to p ,  as discussed in the preceding section. This trend is even more ac- 
centuated by moving the detector a distance d away from the attenuators, as in Fig. 
3 . 3 ~ .  For a given beam width, this results in fewer scattered rays at the detector than 
for the cases shown in Fig. 3 . 3 ~  and d. The larger the ratio d/w (for beam width w 
large enough to cover the detector), the closer the situation approaches narrow-beam 
geometry. 

Still another broad-beam geometry is shown in Fig. 3.3f, in which a point source 
and a detector are immersed in an infinite homogeneous attenuating medium (e.g., 
water) separated by a variable distance. The effect of attenuation can be separated 
from that of the inverse square law by comparing the detector response in the medium 
with that in a vacuum for the same distance. Note that out-scattered rays like s, are 
compensated by in-scattered rays like s2, but additional backscattered rays such as 
s3 may also strike the detector, especially when it is close to the source and the primary 
energy is low. 

Examples of attenuation curves obtained with point y-ray sources of 6oCo (E 3 
1.25 MeV) and 203Hg (0.279 MeV) in the geometry of Fig. 3.3f, with water for the 
attenuator, are shown in Fig. 3 . 4 ~  and b. Also shown are lines of slope - p ,  indicating 
the attenuation of the primary photons only (i.e., narrow-beam attenuation), and 
-pen, the slope equivalent to the effective attenuation coefficient for ideal broad-beam 
attenuation. The slope -p ‘  of the broad-beam attenuation curve is not a constant, 

I I I I I  
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Distance, cm Distance!, cm 

(4 (6) 
FIGURE 3.4. Broad-beam attenuation of (a) %o (1.25 MeV) and (6) “’Hg (0.279 MeV) gamma 
rays as a function of distance from a point souree in an infinite water medium. Also shown are 
liner of slope - p and -am. The measured attenuation was gotten as the ratio of the ion chamber 
response with (Q) to that without (Q) the water medium present. (From the thesis of M. A. Van 
Dilla, as quoted by Evans, 1955.) Figures reproduced with permission of R .  D. Evans and the 
McGraw-Hill Book Company. 
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but becomes progressively steeper with increasing depth to approach the value - p ,  
as discussed in Section V. The case of *03Hg is particularly striking because, out to 
a distance of about 10 cm, more radiation is detected in the presence of the water 
than when it is removed. In other words, the slope is initially positive in this case. 
There are two general causes for such an observation in broad-beam geometry: 

1. Excessive in-scattering, for example caused by backscattering from an atten- 
uating medium located behind the source or the detector, or by crowding 
of scattered rays in proportion to the cosine of the mean scattering angle 8, 
so that the particle fluence increases as l/cos 8 behind a thin plane scatterer 
in a plane parallel beam (see Fig. 1.5). 
Energy-&pendence of tht &tector, causing it to over-respond to the arriving scat- 
tered rays. 

2. 

Ideal broad-beam geometry, as defined in Section V and illustrated in Fig. 3.3~2, 
could only result in an increase in detector response with attenuator thickness for 
an energy-dependent detector as in item 2 above. This is because ideal broad-beam 
geometry does not depend on the compensation of out-scattered by in-scattered rays. 
Practical simulations of this geometry all rely on such compensation, however, and 
thus are subject to imbalance of in- vs. out-scattered particles in varying degree. 

Some experimental results obtained with narrow- and - broad-beam geometries 
in measuring the attenuation of a fast-neutron beam (E 14 MeV) are shown in 
Fig. 3.5. The procedure is described in the legend; other experimental details are 
given by Attix et al. (1976). The figure inset shows the geometrical arrangement. 
An ionization chamber was used as the detector. 

Curve A is for nearly narrow-beam geometry and is nearly straight (i.e., ex- 
ponential), with a final slope of p = 0.209 crn-'. The slight curvature results from 
the beam being nonmonoenergetic, with the steel filtering out the easiest-to-stop 
components first. Curve B is for a broader beam, with the attenuator close to the 
detector. The beam was still broader for curve C ,  and for curve D equal slabs of 
attenuator were synchronously added in back and front of the detector. The extra 
effect of backscattering is evident from the comparison of curves C and D. Curve 
D shows an initial rise above unity, not shown by C; then they tend to be parallel 
at greater depths. 

VII. SPECTRAL EFFECTS 
So far we have ignored the energy response function of the detector, except to require 
a constant response per unit of radiant energy for ideal broad-beam attenuation. For 
monoenergetic homogeneous primaries in narrow-beam geometry, there is only one 
type and energy of particle to be detected. For that simple case the same exponential 
attenuation vs. depth would be observed irrespective of the physical quantity mea- 
sured, be it particle fluence, energy fluence, exposure, or other relevant parameter. 

Since any broad-beam geometry delivers scattered and secondary particles to the 
detector, one must consider the relative sensitivity of the detector to those particles 
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vs. primary radiation. In general scattering tends to degrade primaries to lower ener- 
gies. Moreover neutrons usually also generate secondary y rays, and conversely, y 
rays above a few MeV can generate secondary neutrons in (y, n) nuclear interactions. 
Thus the sensitivity of the detector to radiations of differing energies as well as types 
(n vs. y) can influence the observed attenuation in broad-beam geometry. 

We need not dwell here on the special problem of y-rays generated by neutron 
beams and the measurement of such mixed beams. Chapter 16 on neutron physics 
and dosimetry will discuss this. It is worth mentioning however that the data shown 
in Fig. 3.5 were gotten with a “tissue-equivalent” ion chamber which measured the 
beam in terms of the total neutron +?-ray absorbed dose in muscle. (y, n) reactions 
are relatively unimportant contributors to photon-beam attenuation even at high 
energies, as will be discussed in Chapter 7. Hence we may focus our attention on 
the influence of the detector’s energy dependence on attenuation measurements or 
calculations. Note, in the latter connection, that one must assign a response function 
to the detector in a Monte Carlo radiation-transport calculation. 

The simple counting of transmitted particles, irrespective of their energies, is 
generally not a useful measure of the attenuation of radiation except for narrow beams 
of monoenergetic radiation. In radiological physics and dosimetry our interest is 
usually directed toward the ability of radiation to deposit energy or produce ionization 
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FIGURE 3.5. Narrow vs. broad-beam attenuation of a fast-neutron beam (z 3 14 MeV) in 
steel. (After Attix et al., 1976.) The detector waa a l-cms ion chamber, locatedf = 161 cm from 
the shield. The beam at that distance was 3 cm in diameter for curve A, 13 X 13 cm2 for curve 
B,  and 28 X 28 cm2 for curves C and D. The attenuators were located at position b for curve A, 
position c for curves B, C, and D, and also position e for curve D. Curve A is for narrow-beam 
geometry; curves B, C, and D for progressively broader-beam geometry. Reproduced with per- 
mission of Physics in Medicine and Biology. 
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in matter. Thus it is more relevant to weight transmitted particles by the energy they 
carry, in other words, to measure the energy fluence or the radiant energy arriving 
at the detector. This can be done by a beam-stopping calorimeter, for example, but 
such a device may be quite large and massive. Moreover the measurement of ab- 
sorbed dose in a suitable detector material, or exposure (for photons only) in an air- 
equivalent detector, is usually even more relevant as a measure of attenuation. In 
other words, the question “How much is the dose in tissue, or the exposure, di- 
minished as a result of an attenuating layer?” is often of greater interest than “HOW 
many photons are counted?” or even “HOW much energy is measured?” Never- 
theless the energy fluence * remains an important fundamental measure of atten- 
uation, since both the exposure and the absorbed dose (which equals the collision 
kerma under charged-particle-equilibrium conditions; see next chapter) are pro- 
portional to * for a given value of pcn/p, as discussed in Chapter 2. 

While the detector response function can have no influence on the observed nar- 
row-beam attenuation coefficient p for monoenergetic beams, that is not true for a 
spectrum consisting of multiple lines or a continuous distribution. Since p is energy- 
dependent, different parts of the primary spectrum are attenuated at different rates. 
Thus, even for narrow-beam attenuation, the observed slope -T; of the attenuation 
curve changes with depth, generally becoming flatter as the less-penetrating com- 
ponents are removed. Figure 3.5 (curve A) shows a slight curvature due to this effect. 
Chapter 9, Figs. 9.12 and 9.13 contain examples for x-ray bremsstrahlung spectra. 

The narrow-beam attenuation coefficient for a given medium will have a mean 
value T; that depends on the attenuator thickness L as well as on the detector response 
function. For the case where the detector responds in proportion to the incident en- 
ergy fluence (or the radiant energy), the mean narrow-beam attenuation coefficient 
observed at depth L is given by 

(3.11) 

where * t ( E )  is the differential energy-fluence spectrum (e.g., in J/m2 keV) reaching 
the detector through attenuator thickness L, and pE,zis the narrow-beam attenuation 
coefficient for energy E and atomic number 2. 

If the primary beam consists of n spectral lines, Eq. (3.11) is replaced by 

(3.12) 

where (*JL is the energy fluence of the ith spectral line at depth L.  
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Corresponding equations can be written where the detector responds in pro- 
portion to other parameters such as particle fluence or exposure. 

VIII. THE BUILDUP FACTOR 
The concept of buildup factor B is very useful in describing broad-beam attenuation 
quantitatively. It can be applied with respect to any specified geometry, attenuator, 
or physical quantity in radiological physics (e.g., numbers of particles, energy flu- 
ence, exposure, kerma, or dose). The general definition can be written as 

quantity due to primary 
+ scattered and secondary radiation 

quantity due to primary radiation alone 

(3.13) 
B =  

For narrow-beam geometry it follows that B = 1 exactly, and for broad-beam 
geometry B > 1. The value of B is a function of radiation type and energy, atten- 
uating medium and depth, geometry, and the measured quantity. 

Restating Eq. (3.3) in terms of, say, energy fluence 9, and incorporating the 
depth-dependent buildup factor B to allow the equation's application in broad-beam 
geometry, we have 

(3.14) 

in which '4fo is the unattenuated primary energy fluence, 4, is the total energy fluence 
arriving at the detector behind a medium thickness L, and p is the narrow-beam 
attenuation coefficient. Equation (3.14) follows from Eq. (3.13), since 9 o e - c L  is the 
attenuated energy fluence due to primaries alone penetrating L.  

When L is zero in Eq. (3.14) (i.e., no attenuator thickness between source and 
detector), B becomes equal to Bo = '4fLlqo, which has the value unity for most broad- 
beam geometries (e.g., Fig. 3.3a, b, c, e, f ). For the case shown in Fig. 3.3d, however, 
when the detector is at the phantom surface (depth = x = L = 0), backscattered 
rays will still strike it. Hence q, > 9, in Eq. (3.14), so Bo > 1 even for L = 0. In 
that case Bo is called the bockscatter factor. For 6oCo y-rays ( 3 1.25 MeV) incident in 
a very broad beam on a water phantom, B, 1.06 in terms of the exposure or tissue 
dose. For lower energy its value is greater (see depth-dose tables, e.g., Johns and 
Cunningham, 1974). 

Some typical calculated buildup factors are given in Fig. 3.6 for the exposure 
delivered by an infinitely wide plane homogeneous photon beam perpendicularly 
incident on a semi-infinite water medium. The abscissa is given in terms of p L ,  the 
depth of the point of measurement in units of the mean free path, 1/p. The buildup 
factor B for exposure is seen to increase steadily with depth in all cases. Corre- 
sponding buildup factors for other related quantities (energy fluence, dose) generally 
show similar behavior. Berger (1968) has calculated useful tables of dose buildup 
factors for y-ray point sources in water. 
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FIGURE 3.6. Exposure buildup factors for a plane, infinitely wide beam of photons perpen- 
dicularly incident on semi-infinite media of (A)  water and (B)  lead. Curves are labeled with 
photon energies in MeV. Abscissae indicate the depth in units of the mean fret path Up. (Gold- 
stein, 1957.) Reproduced with the author's permission. 

It will also be seen that, for equal depths in terms of mean free paths, B is less 
in lead than in water for y-rays below 4 MeV. This results from the much greater 
photoelectric effect in lead, which absorbs the Compton-scattered photons, pre- 
venting their propagation. At higher energies the production of annihilation photons 
through pair production in lead makes B larger than it is in water. These processes 
are discussed in Chapter 7. 

An alternative concept to the buildup factor is the mean effective attenuation coejicient, 
ii', which can be defined by the following equation: 

(3.15) kL. - - B ~ - N L  ,-;'L 

9 0  

or, solving for F ' ,  
In B 

i i ' = p - -  L (3.16) 

- 
p '  has the computational advantage of being less strongly dependent upon depth L 
than is the corresponding buildup factor B, as can be seen in Table 3.1. 
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TABLE 3.1. 
Attenuation Coefficient ji' for a Plane Beam of 1-MeV r-Rays in Water" 

Comparison of Exposure Buildup Factor B and Mean Effective 

-I 

X L K  L 7;' 
(cm) (cm-') F f P  P fPm B P L  = &-& 

3 1 . 7  0.548 24 0.025 0.35 0.81 
6 4.0 0.110 57 0.039 0.55 1.26 

10 6.3 1.84 X 89 0.045 0.64 1.46 
20 10.9 3.69 x lo-+ 154 0.051 0.72 1.65 
30 14.6 1.37 x 1 0 - ~  207 0.054 0.76 1.75 

' p  = 0.0706 cm-'; p., = 0.0309 cm-'. 

The exposure buildup-factor data in the first column were taken from the 1-MeV 
curve in Fig. 3.6a, varying from B = 3 to 30 as /.LL goes from 1 . 7  to 14.6. The cor- 
responding;'-values derived from Eq. (3.16) change gradually from 0.025 to 0.054 
cm-'. 

Figure 3.7 illustrates the data in Table 3.1. The curve is a plot of Be-pL vs. p L .  
Its slope at any depth is -l', which gradually gets steeper, approaching - p  for large 
values of pL. Also plotted in Fig. 3.7 are the slopes -ji' from Table 3.1,  which can 
be seen as chords joining the curve origin and its values at tabulated depths, so that 
ji' < p' < /.L at each depth. 

IX. THE RECIPROCITY THEOREM 
In the simplest case, for which it is exact, the reciprocity theorem for the attenuation 
of any kind of radiation is self-evident: Reversing the positions of a point detector and a 
point source within an infinite homogeneous medium docs not change the amount of radiation 
detected. This is shown schematically in Fig. 3.8. If we assume that media P and Q 
are identical, then clearly it makes no difference whether the rays go from left to right, 
or vice versa on mirror-image paths. 

If P and Q are different with respect to their scattering and/or attenuating prop- 
erties, the transmission ofprimary rays still remains the same, leJl or right. However, the 
generation and/or transmission of a scattered ray such as that shown in Fig. 3 . 8 ~  
vs. b may differ. For example, if the scattered ray is absorbed more strongly in me- 
dium Q than in P, all else being equal, it is more likely to reach the detector in case 
b than in case a ,  since its path length in medium Q is longer in case a .  

Though no longer exact (except for primary rays), the reciprocity theorem re- 
mains useful in calculating the attenuation of radiation in dissimilar or nonhom- 
ogeneous media, so long as either the primary rays dominate, or the generation and 
propagation of scattered rays is not strongly dissimilar in the different media. Such 
is the case, for example, for y-rays in low-2 media, for which the Compton effect 
dominates the production and attenuation of scattered rays (see Chapter 7). 

Mayneord (1945) extended the reciprocity theorem to the case where the source 
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FIGURE 3.7. Graph of data in Table 3.1, for a broad plane beam of 1-MeV y-rays in water. 
Note that any slope in this graph is equal to [In (XL/Xo)/[L(cm)], even though the abscissa is 
labelled wL, that is, the depth L in units of mean free path Up. 

and detector  were both extended volumes such as those shown in Fig. 3.9. He con- 
cluded that: 

The integral dose* in a volume Vdue to a y-ray source uniformly distributed throughout 
source volume S is equal to the integral dose that would occur in S if the same activity 
density per unit mass were distributed throughout V. 

Clearly this can be exact  with respect t o  the  dose resulting from primary rays only, 
unless Vand S are parts of an infinite homogeneous medium. Furthermore,  a t  the 

'Assuming charged-particle equilibrium (see Chapter 4), so that D is proportional to 8 throughout V 
and S. Note also that integral dose = (e)& see Section 1II.A in Chapter 2. 



IX. THE RECIPROCITY THEOREM 

MEDIUM P 

?/- 
PRIMARY 

SOURCE 

DETECTOR 

57 

MEDIUM 0 

..:i: . .... 5 .:. . 

DETECTOR 

PRIMARY \o 

FIGURE 3.8. The reciprocity theorem in radiation transport (see text). 

time it was written no distinction was being made between exposure and dose, and 
Mayneord stated his “dose” in roentgens, thus implicitly assuming air as the dosed 
medium in both Sand V. Consequently the theorem as stated is only true if the mass 
energy-absorption coefficients are the same for the materials in S and V. This can 
be seen in the following derivation. Although y-rays are discussed, it is applicable 
in principle to neutrons as well. 

Figure 3.9 shows a source region Scontaining matter of density p ,  , and a detector 
region Vof density pz, set at a distance from one another in an infinite medium of 
density p3 (kg/m3). Each region is assumed to be homogeneous. 

The region S contains a uniformly distributed y-ray source with specific activity 
A‘ (Bq/kg).* Thus the elementary volume ds (m3) contains an activity dA = A ’  - p1  
ds (Bq). We will assume that each atomic decay emits one y-ray, with the single 
energy E (MeV). (Note that although we assume a monoenergetic source here for 
convenience, the theorem works as well for multienergy sources.) The narrow-beam 
attenuation coefficient for y-rays of quantum energy E in S is p1 (cm-’), in V i t  is 
pz, and in the matrix medium p3. 

Consider now a volume element dv in V, at a distance r1 + r2 + r3 = Y away from 

‘1 Bq 5 1 becquerel SE one radioactive disintegration per second, as discussed in Chapter 6, Section 
111. 
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FIGURE 3.9. Illustration of reciprocity theorem according to Mayneord (1945). 

dr. If there were no attenuation, the photon fluence a at du for an irradiation time 
of At (seconds) would be 

a=- *‘ (photons/m2) 
4%T2 

and the energy fluence would be 

= 1.602 X QE (J/m2) 

giving a collision kerma at du of 

(3.17) 

(3.18) 

(3.19) 

where (pen/p2)E,y is the energy absorption coefficient for y-ray energy E in medium 
V, in m2/kg [see Eq. (2.13)]. 

It will be shown in the next chapter that when acondition called “charged-particle 
equilibrium” applies, one has K, = D, the absorbed dose. We will assume that to 
be the case here, so that the absorbed dose to the material in du due to the source 
in a!r is given in Jfkg by 

D = 1.602 X 10- 13A ’p1 
E ( k n / P 2 ) E .  V ds 

4ar2 
(3.20) 

-still assuming no attenuation. T o  confine ourselves to the attenuation of primary 
rays in traveling from cis to du, Eq. (3.20) must be multiplied by &-~i‘i-”z‘z-p3’3). 

The total absorbed dose at dv due to the entire radioactive source in region S is 
gotten by integration of Eq. (3.20) over the volume S: 

1.602 X A ‘ p ,  At E ( ~ , , , / P ~ ) ~  1, e - (r ip i  +ry +rum) 
ds (3.21) 

4r Q.3, = 

The element of integral dose in du is equal to D,,,p, du. Thus the integral dose o( V, 
S) in the volume Vas a result of the source throughout S is gotten in joules from 
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(3.22) 

It can be seen from this equation that the corresponding relation for the integral 
dose in S due to the same source density A in V would be 

(3.23) 

Since the order of integration doesn't matter, Eqs. (3.22) and (3.23) are identical 
for the case where (pCnlp2)E, v = (pen/pI)E,p Thus Mayneord's statement of the re- 
ciprocity theorem is proved for primary rays only, where the two volumes contain 
media having the same penlp, and charged-particle equilibrium obtains throughout 
both. Note that symmetry arguments alone suffice to guarantee reprocity for a" ra- 
diation in an infinite homogeneous medium. 

As a corollary to this theorem, one can state that: 

If S and V in Fig. 3.9 contain identical, uniformly distributed total activities, they will 
each deliver to the other the same average absorbed dose. 

Furthermore: 

If all the activity in S is concentrated at an internal point P, then the dose at Pdue to the 
distributed source in V equals the average dose in V resulting from an equal source at P. 

This latter statement can be taken a step further to say that: 

The dose at any internal point P in S due to a uniformly distributed source throughout 
S itself is equal to the average absorbed dose in S resulting from the same total source con- 
centrated at P. 

This relationship, though exact only in an infinite homogeneous medium, or for 
primary radiation, is nevertheless practically useful in calculation of internal dose 
due to distributed sources in the body (see Chapter 5). It is a central feature of the 
MIRD method for internal dosimetry (Ellett et al., 1964, 1965; Loevinger and Ber- 
man, 1968; Brownell et al., 1968; Snyder et al., 1975). 

Loevinger et al. (1956) applied the reciprocity theorem to &rays for sources 
imbedded in infinite homogeneous media, substituting an empirically derived func- 
tion to replace the exponential attenuation term in Eqs. (3.22), (3.23). This em- 
phasizes the fact that in an infinite homogeneous medium the reciprocity theorem 
depends only on symmetry arguments (see Fig. 3.8,  with P = Q, and therefore is 
valid for all kinds of radiations, both primary and scattered. 
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PROBLEMS 

EXPONENTIAL ATTENUATION 

1. 

2. 
3. 

4. 

5.  

6. 

A plane-parallel monoenergetic beam of 1OI2 uncharged particles per second 
is incident perpendicularly on a layer of material 0.02 m thick, having a density 
p = 11.3 X lo3 kg/m3. For values of the mass attenuation coefficient pip = 1 
x 3 X lo-', and 1 X lo-' m2/kg, calculate the number of primary par- 
ticles transmitted in 1 minute. Compare in each case with the approximation 
in Eq. (3.5); give percentage errors. 
What is the relaxation length in each case in problem l? 
Suppose that the beam in problem 1 is attenuated simultaneously by three dif- 
ferent processes having the given attenuation coefficients. 
(a) How many particles are transmitted in 1 minute? 
(b) How many interactions take place by each process? 
Suppose a beam of uncharged radiation consists one-third of particles of energy 
2 MeV, for which p/p = 1 X m2/kg, one-third of 5-MeV particles, with 
p / p  = 3 X lo-* rn2/kg, and one-third of 7-MeV particles, with pIp = 1 X 
m2/kg. 
(a) What average value (pip)* will be observed by a particle counter when a 

thin layer of the attenuator is interposed in the beam, with narrow-beam 
geometry? 

(b) Calculate the average ( p / p ) w  that will be seen by an energy fluence meter. 
Let the beam in problem 4 first pass through a layer of the attenuator 250 kg/ 
m2 thick, in narrow-beam geometry. Then repeat (a) and (b). 
At a depth of 47 cm in a medium the absorbed dose is found to be 3.95 Gy, 
while that resulting only from primary radiation is 3.40 Gy. At the front surface 
of the medium, the dose from primary radiation is 10.0 Gy. Calculate the dose 
buildup factor B, the linear attenuation coefficient p, and the mean effective 
attenuation coefficient p'. Assume CPE and plane, monoenergetic primaries. 

- 

- 

SOLUTIONS TO PROBLEMS 

1. 4.786 X loi3, 5.607 X lOI3 ,  5.866 X 
X l O I 3 ;  3, 0.25, and 0.03% low. 

4.644 X l O I 3 ,  5.593 X loL3, 5.864 

2. 0.0885, 0.295, 0.885 m. 
3. (a) 4.373 x 1 0 ' ~ .  

(b) 1.162 X 3.49 X los2, 1.16 X 

4. (a) 4.67 X 10-'m2/kg; 
(b) 3.00 X lo-' m2/kg. 

5.  (a) 4.31 X lo-' m2/kg; 
(b) 2.79 X lo-' m2/kg. 

6. B = 1.162, p = 2.295 m-', j i '  = 1.976 m-'. 
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Radiation Equilibria 

1. INTRODUCTION 
The concepts of radiation equilibrium (RE) and charged-particle equilibrium (CPE) 
are useful in radiological physics as a means of relating certain basic quantities. That 
is, CPE allows the equating of the absorbed dose D to the collision kerma K,, while 
radiation equilibrium makes D equal to the net rest mass converted to energy per 
unit mass at the point of interest. 

II. RADIATION EQUILIBRIUM 
Consider an extended volume V, as in Fig. 4.1, containing a distributed radioactive 
source. A smaller internal volume v exists about a point of interest, P. Here V is 
required to be large enough so that the maximum distance of penetration d of any 
emitted ray (excludingneutrinos) and its progeny (i.e., scattered and secondary rays) 
is less than the minimum separation s of the boundaries of V and v. Radioactivity 
is emitted isotropically on the average. 

If the following four conditions exist throughout V, it will be shown that radiation 
equilibrium (RE) exists for the volume v (in the nonstochastic limit): 

a. 
b. 
c. 

The atomic composition of the medium is homogeneous. 
The density of the medium is homogeneous. * 
The radioactive source is uniformly distributed. * 

* A  theorem due to Fano (1954) says that the density ofthe medium need not be homogeneous if the source 
strength per unit mass is homogeneous. However. this theorem lacks rigor in the presence of the po- 
larization effect (see Chapter 8). Hence for generality we require condition b. 

61 
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FIGURE 4.1. Radiation equilibrium. Extended volume Vcontains a homogeneous medium and 
a homogeneous isotropic source distribution. Radiation equilibrium will exist in the smaller in- 
ternal volume u if the maximum distance of penetration (d )  of primary rays plus their secondaries 
is less than the minimum separation (s) of u from the boundary of V. Neutrinos are ignored. (See 
text.) 

d. There are no electric or magnetic fields present to perturb the charged-par- 
ticle paths, except the fields associated with the randomly oriented individual 
atoms. 

The type of radioactive material distributed in the medium need not be specified for 
purposes of the present argument; radioactivity will be discussed in the next chapter. 
However, it should be pointed out here that all radioactive sources derive their emit- 
ted energy from a reduction in the rest mass of the atoms involved, through Einstein's 
mass-energy equation E = mc2, where c is the velocity of light in vacuum. In the case 
of positive or negative &ray emission, a large part of this energy is carried away 
kinetically by the associated neutrinos. Because of their exceedingly small interaction 
probability, they can carry their kinetic energy through thousands of kilometers of 
matter. For this reason the size requirement on the volume V above ignores neu- 
trinos; otherwise V would have to have unattainable dimensions. 

We have seen in Chapter 3 that the other indirectly ionizing radiations (photons 
and neutrons) are attenuated in matter more or less exponentially, hence they do 
not have a true "range" beyond which no particle will penetrate. However, one can 
(in principle, at least) require Vto be large enough to achieve any desired reduction 
in numbers of rays penetrating from its boundaries to reach u. 

Imagine now a plane T (Fig. 4.1) that is tangent to the volume v at a point P , 



11. RADIATION EQUILIBRIUM 63 

and consider the rays crossing the plane per unit area there. In the nonstochastic 
limit there will be perfect reciprocity of rays (see arrows in Fig. 4.1) of each type 
and energy crossing both ways, since the radioactive source distribution within the 
sphere S of radius d about point P' is perfectly symmetrical with respect to plane T. 
This will be true for all possible orientations of tangent planes around the volume 
v; hence one can say that, in the nonstochastk limit, for each t&be and energy of ray CnUring 
u ,  another identical ray leaves. This condition is called radiation equilibrium (RE) with re- 
spect to v. 

Recalling Eq. (2.17), we can write as a consequence of radiation equilibrium that - .  

the following equalities of expectation values exist: 

(xi"), = (xout)u 

and 

(EinIc = (R,ut)c  

(4.la) 

(4. lb) 

-that is, the energy carried in and that carried out of v are balanced for both in- 
directly and directly ionizing radiation, where the bars signify expectation values. 

The energy imparted (Eq. 2.17) can then be simplified to 

z = c Q  (4.2) 

which means that under RE conditions the expectation value of the energy imparted 
to the matter in the volume u is equal to that emitted by the radioactive material in 
u ,  excluding that given to neutrinos. 

Because we are dealing with the nonstochastic case, for which the concept of ra- 
diation equilibrium is of practical interest, the volume u may be reduced to an in- 
finitesimal du about point P, and R E  may then be said to exist at that point. The 
absorbed dose at P will then be given by Eq. (2.18), D = dddm,  where c is equal 
to in Eq. (4.2). Thus we can make the following statement: 

If radiation equilibrium exists at a point in a medium, the absorbed dose is equal to the 
expectation value of the energy released by the radioactive material per unit mass at that 
point, ignoring neutrinos. 

The concept of radiation equilibrium has practical importance especially in the 
fields of nuclear medicine and radiobiology, where distributed radioactive sources 
may be introduced into the human body or other biological systems for diagnostic, 
therapeutic, or analytical purposes. The resulting absorbed dose at any given point 
in such circumstances depends on the size of the object relative to the radiation range 
and on the location of the point within the object. This will be discussed in the next 
chapter, and references will be given to more detailed treatments. 

A few additional comments about the above condition d for the existence of RE 
are called for. The absence of electric and magnetic fields from V allows the use of 
the simplest symmetry argument for proving that RE occurs, since radioactive point 
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sources emit radiation isotropically. The presence of a homogeneous, constant mag- 
netic and/or electric field throughout Vmakes the symmetry argument more difficult 
to visualize, since the flow of charged particles past a point such as P will no longer 
be isotropic. However, isotropicity is not a requirement for RE in the volume v; it 
is merely necessary that the inward and outward flow of identical particles of the same 
energy be balanced for all particles present. Even if all the particles flow in one side 
of u and out the other side, RE will stili obtain so long as the in vs out flow is balanced. 
Any source anisotropy, or distortion of charged-particle tracks, that is homoge- 
neously present everywhere throughout Vwill have no perturbing effect on the ex- 
istence of RE in v. 

This can be seen with the aid of Fig. 4.2. Consider an elemental volume dv at 
point of interest P, and two other elemental volumes dv' and dv" that are symmet- 
rically positioned with respect to do. We assume dv is located at a distance s from 
the boundary of volume V that is greater than the maximum range of radiation pen- 
etration, d. Throughout V both the medium and the distributed source are ho- 
mogeneous, as in Fig. 4.1, but now we allow the presence of a homogeneous electric 
and/or magnetic field, and the source itself need not emit radiation isotropically, so 
long as the anisotropy is homogeneous everywhere in V. 

Assuming that radiation moves preferentially from left to right in Fig. 4.2, ho- 
mogeneity and symmetry considerations require that the particles (A) traveling from 
dv' to dv are identical to those (B)  traveling from dv to du", in the expectation-value 
limit. Likewise the lesser flow (6)  of particles from dv" to dv is identical to that ( u )  

FIGURE 4.2. 
text.) 

Radiation equilibrium in homogeneous but anisotropic fields of radiation. (See ' 
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from dv to dv'. Consequently a + B = A + b, that is, the flow of particles from dv 
to dv' + dv" is identical to that from dv' + dv" to du. 

The pair of volumes dv' and du" can be moved to all possible symmetrical locations 
within V,  and their particle flows can be integrated. Locations outside of the sphere 
of radius dabout point Pof course neither receive particles from nor contribute par- 
ticles to dv. One may conclude from such an argument that each particle flowing out 
of du is replaced by an identical particle flowing in. Thus RE exists at P. 

This simple proof can also be viewed as an extension of Mayneord's statement 
of the reciprocity theorem to homogeneous but anisotropic sources in infinite ho- 
mogeneous media: The integral dose (i.e., expectation value of the energy imparted) 
in du due to the sources in dv' + dv" equals the integral dose in dv' + du" resulting 
from the source in du. Thus the integral dose throughout Vdue to the source in dv 
equals the integral dose in du resulting from the source throughout V. 

Although it is obvious that Eq. (4.la) would not be perturbed by the presence 
of a magnetic or electric field, since photons and neutrons are not significantly in- 
fluenced, the dose resulting from such fields is delivered by secondary charged par- 
ticles that are affected. For example, Galbraith et al. (1984) have demonstrated that 
when an electron beam stops in an insulating medium, the resulting nonhomoge- 
neous electric field created by the trapped charge can distort the absorbed dose dis- 
tribution deposited by a subsequent irradiation, whether x-rays or electrons. 

Finally it should not be forgotten that charged particles acquire kinetic energy 
from motion under the influence of an electric field, or a time-varying magnetic field. 
This extra energy is spurious with respect to the ionizing radiation field: it does not 
contribute to the true absorbed dose, even though it may elevate the reading of a 
dosimeter. Fortunately, such spurious dose contributions are rarely large enough 
to be significant except for the case of electron multiplication in a gas counter or an 
ion chamber biased at excessive voltage (see Chapter 12, Section V.A). 

111. CHARGED-PARTICLE EQUILIBRIUM 
Charged particle equilibrium (CPE) exists for the volume v if each charged particle 
of a given type and energy leaving v is replaced by an identical particle of the same 
energy entering, in terms of expectation values (Attix, 1983). If CPE exists, Eq. 
(4. lb) is of course satisfied. Evidently, where radiation equilibrium exists, so does 
CPE. In other words, the existence of RE is a su@cimt condition for CPE to exist. 
However, the practical importance of CPE stems from the fact that under certain 
conditions it can be adequately approximated even in the absence of RE. Two im- 
portant cases will be considered in the following subsections. 

A. CPE for Distributed Radioactive Sources 

1. 
Let us first consider the trivial case where only charged particles are emitted and 
radiative losses are negligible. Again referring to Fig. 4.1, the dimension s is taken 
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to be greater than the maximum range d of the particles. If the same four conditions 
(a-d) are satisfied throughout the volume V as required for RE in Section 11, then 
RE and CPE will of course both exist for the volume u,  since they are identical in 
this case. Figure 4.2 applies likewise to CPE. 

2. 
Consider now the more interesting case where both charged particles and relatively 
more-penetrating indirectly ionizing radiation are emitted. In Fig. 4.1 let the dis- 
tance d be the maximum range of the chutgedpurtic/ts only, and let V be just large enough 
so the minimum distance s separating Vfrom u exceeds d. If the indirectly ionizing 
rays are penetrating enough to escape from Vwithout interacting significantly with 
the medium, then they will produce practically no secondary charged particles. Only 
the primary charged particles then need be considered in the symmetry argument 
as before, where again we assume conditions a-d throughout V, as stated for ra- 
diation equilibrium. Since the passage of identical charged particles in and out of 
u is thus seen to be balanced, CPE exists with respect to the primary charged particles, 
and Eq. (4. lb) is satisfied. 

However, RE is not attained, and consequently Eq. (4. la) is not satisfied, since 
(Rout), > (Rin), for the volume u.  This is evident from the fact that the indirectly 
ionizing rays that originate in u and escape from V are not replaced, because there 
is no source outside of V. The equation for the expectation value of the energy im- 
parted in this case becomes [from Eq. (2.17)] 

Since we are assuming that the indirectly ionizing rays are so penetrating that 
they do not interact significantly in u, Z is equal to the kinetic energy given only to 
charged-particles by the radioactive source in v, less any radiative losses by those 
particles while in u. The average absorbed dose in u is thus equal to Eq. (4.3) divided 
by the mass in u,  for CPE conditions. 

Suppose now that the size of the volume V occupied by the source is expanded 
so that distance s in Fig. 4.1 gradually increases from being merely equal to the 
charged-particle range to being greater than the effective range of the indirectly ion- 
izing rays and their secondaries. That transition will cause the (xin),, term in Eq. 
(4.3) to increase until it equals ( ~ a u , ) u  in value. Thus RE will be restored, according 
to the symmetry argument applied to all rays in Section 11. The energy imparted, 
as expressed by Eq. (4.3) for the CPE case, would thence be transformed into Eq. 
(4.2) for RE. 

The calculation of the absorbed dose is evidently straightforward for either ofthese 
limiting cases (CPE or RE), but intermediate situations are more difficult to deal 
with, i.e., when the volume Vis larger than necessary to achieve CPE in u,  but not 
large enough for RE. In that case some fraction of the energy of the indirectly ionizing 
radiation component will be absorbed, and it is relatively difficult to determine what 
that fraction is. This problem will be discussed in the next chapter. 
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c 

PHOTONS 
OR 

N ELJTRONS - 
FIGURE 4.3. Charged-particle equilibrium conditions for an external source. The volume V 
contains a homogeneous medium, uniformly irradiated throughout by indirectly ionizing radia- 
tion (i.e., attenuation of the latter is assumed to be negligible). Secondary charged particles are 
thus produced uniformly throughout V, not necessarily iwotropically, but with the same direc- 
tional and energy distribution everywhere. If the minimum distance separating the boundaries 
of V and smaller internal volume u is greater than the maximum range of charged particles pres- 
ent, CPE exists in u. (Also see text.) 

3. 
Achieving CPE for the case of a distributed source of only indirectly ionizing ra- 
diation requires that RE also be obtained; hence the discussion in Section I1 applies. 

6. CPE for Indirectly Ionizing Radiations from External Sources 
In Fig. 4.3 avolume Vis shown, again containing asmaller volume v. The boundaries 
of v and Vare required in this case to be separated by at least the maximum distance 
of penetration of any secondary charged particle present. If the following conditions 
are satisfied throughout V, CPE will exist for the volume v(in the nonstochastic limit): 

a. 
b. 
c. 

The atomic composition of the medium is homogeneous. 
The density of the medium is homogeneous. * 
There exists a uniformfreldof indirectly ionizing radiation (i.e., the rays must 
be only negligibly attenuated by passage through the medium). 
No inhomogeneous electric or magnetic fields are present. d. 

It is possible for CPE to exist in a volume without satisfying all the above conditions 
under certain geometrical conditions. The ion-collecting region of a free-air chamber 
represents such a situation, to be discussed in Chapter 12. Another example is the 

*The remarks about the Fano theorem in the footnote in Section I1 also apply here, replacing “source 
strength” by “number and type of interactions.” 
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trivial case of a point source within a volume large enough so the radiation cannot 
reach the boundary surface, hence no replacement particles are required. 

It will be evident that the above assumed conditions are similar to those listed for 
radiation equilibrium in Section 11, except that a uniformJicM of indirectly ionizing 
radiation throughout V replaces the uniform radioactive source in condition c, and 
the separation of the boundary of V from that of u now only has to exceed the sec- 
ondary charged particle range rather than having to be larger than the range of the 
most penetrating radiation, which is usually the indirectly ionizing radiation present. 
Condition d was demonstrated by means of Fig. 4.2 to be a sufficient substitute for 
requiring the absence of electric or magnetic fields. 

Because of the uniformity of the indirectly ionizing radiation field and of the me- 
dium throughout V, one can say that the number of charged particles produced per 
unit volume in each energy interval and element of solid angle will be uniform every- 
where in V (for the nonstochastic limit). However the particles are not emitted 
isotropically as in the case of radioactive point sources. Neutron and photon in- 
teractions generally result in anisotropic angular distributions of secondary and scat- 
tered radiations, as will be seen in later chapters dealing with such interactions. How- 
ever this anisotropy will be homogeneous throughout V. This condition, together 
with a uniform medium in which the charged particles can slow down throughout 
V(as guaranteed by conditions a and b) is sufficient to produce CPE for the volume 
v, as shown by the reciprocity argument illustrated in Fig. 4.2. 

This is further demonstrated in Fig. 4.3 for the simplified case of straight charged- 
particle tracks, all emitted at angle 0 with respect to the monodirectional primary 
rays. Consider first the track of charged particle el ,  generated by the total absorption 
of an indirectly ionizing ray at a point P, just inside the boundary of v. Particle el 
crosses u and carries out of that volume a kinetic energy of, say $ of its original energy. 
A second identical interaction occurring at point P2 generates charged particle e,, 
which enters u with 3 of its original energy, and leaves with 4 of that energy. Likewise 
a third identical interaction at P3 generates charged particle e3, which enters u with 
4 of its original energy, and expends all of that energy in u. Thus CPE exists for the 
nonstochastic limit, and the total kinetic energy spent in u by the three particles equals 
that which el alone would have spent if its entire track had remained inside of u .  

Substituting Eq. (4.3) into Eq. (2.11) assuming the non-stochastic limit for the 
latter, we see that for CPE conditions, 

- - 
zy, = E + ( E  ) - ( R  )"On-' - RI 

OUI " out u (4.4a) 

However, under those same conditions we may also assume that any radiative in- 
teraction by a charged particle after it leaves u will be replaced by an identical in- 
teraction inside of u,  as shown in Fig. 4.4. Thus 

(Rout), = (Eo"t)y- l  + Fu (4.4b) 

provided that the volume u is small enough to allow radiative-loss photons to escape, 
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FIGURE 4.4. Illustrating Eqs. (4.4b) and (4.4~). CPE exists (in the nonstoc astic lim ) be 
cause electron ez enters the volume u with a kinetic energy T e q d  to that carried out by electron 
e,. If el then emits an x-ray hv,, c2 will also emit an identical x-ray hvZ (on the average). If hv2 
escapes from u, then (z& = hvZ = hvl = I", and since %o&m-' = 0, Eq. (4.4b) is satisfied. 
However, if hvz is absorbed within u, producing secondary electron e;, then (zo,,), = 0 but 
still equals hv, and ( ~ o u , ) ~ o m - r  = 0 as before, so Eq. (4.4b) i s  no longer satisfied. Therefore Eq. 
(4.4~) also is only valid for small enough volumes to allow the escape of radiative losses. Equations 
(4.5) and (4.6) are surely valid because the relevant volume is infinitesimal. 

as shown in the same figure. For that case Eqs. (4.4a) and (4.4b) can be simplified 
to the equality 

z = qr (4.4c) 

Reducing u to the infinitesimal volume du, containing mass dm about a point of 
interest P, we can write 

and hence 

E l  D = K ,  

(4.5) 

where the CPE above the equality sign emphasizes its dependence upon that con- 
dition. Notice that since Eqs. (4.5) and (4.6) apply to an infinitesimal volume, the 
required equality of Eq. (4.4b) is assured, since radiative-loss photons will certainly 
escape in that case. 
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The derivation of Eq. (4.6) proves that under CPE conditions at a point in a 
medium, the absorbed dose is equal to the collision kerma there. That is true ir- 
respective of radiative losses. This is a very important relationship, as it equates the 
measurable quantity D with the calculable quantity K, (= q * pen/p) .  

Moreover, if the same photon energy fluence 9 is present in media A and B having 
two different average energy absorption coefficients ( ~ J P ) ~  and ( C ( ~ , , / P ) ~ ,  the ratio 
of absorbed doses under CPE conditions in the two media will be given by 

- - 

(4.7a) 

- 
where (penlp)A,B can be calculated for the photon fluence spectrum 4 ' ( E )  from a 
formula corresponding to Eq. (2.5a). Likewise for the same neutron fluence @ ' ( E )  
present in the two media, 

(4.7b) 

where the average kerma factors (F,)A,B can be calculated from Eq. (2.9a). 
Note that DA can differ from DB in Eqs. (4.7a, b) either because the atomic com- 

positions of A and B are different, or because the radiation spectra present are not 
identical, 

Equation (4.6) is evidently a necessary condition for the existence of CPE at a 
point in a field of indirectly ionizing radiation, on the basis of Eq. (2.11), (2.12), 
(2.17), (2.18), and (4. lb). It may also be regarded as a sufficient condition for CPE 
in terms of m e r ~  carried by the charged particles, but in the strictest sense CPE must 
be defined to require not only energy balance but also equal numbersof the same types 
of charged particles passing in and out of the volume in question. Otherwise, to the 
limited extent that the value ofw[see Eqs. (2.21)-(2.23)] depends on particle type 
and energy, the ionization produced within the volume might not be the same as 
that produced everywhere by the charged particles originating in that volume. 

IV. CPE IN THE MEASUREMENT OF EXPOSURE 
It was pointed out in Eq. (2.23) that exposure X(which is only defined for x and y 
rays) is equal to the product of K,  and elWfor air. This poses a practical difficulty 
in the measurement ofX, since collision kerma ( K J  cannot be readily measured by 
any direct means. The attainment ofCPE in an ionization chamber, however, allows 
the measurement of the ionization collected within a defined volume and mass of 
air, in place of the ionization produced everywhere by all the secondary electrons 
that start within the defined volume, as called for by the exposure definition. With 
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FIGURE 4.5. The role of CPE i n  the measurement of exposure X. The average exposure in the 
finite air  volume u equals the total charge of either sign released in air by all electrons (el) that 
originate in v ,  divided by the air mass m in u. If CPE exists, each electron carrying an energy 
(say, T) out of v is compensated by another electron (q) carrying the same energy in. Thus the 
same ionization occurs in v as if all electrons el remained there. The measurement of that charge 
divided by m is thus equivalent to a measurement of the average exposure in v. Radiative losses 
are assumed to escape from v ,  and any ionization they produce is not to be included in X. 

one exception discussed in Chapter 12, all types of standard free-air chambers and 
cavity ion chambers depend in this way on CPE for measuring exposure. 

Figure 4.5 illustrates how such ion chambers operate, in principle. All involve 
a finite defined volume u (and mass rn) of air, hence they actually measure an average 
exposure for that mass. u must be small enough to allow the escape of radiative losses, 
as noted in Fig. 4.4, and as required by the definition of exposure. Corrections must 
be made for larger volumes, as discussed in Chapter 12, Section III.A.4. 

V. RELATING ABSORBED DOSE TO EXPOSURE FOR X- AND y- 
RAYS 
It is sometimes useful to know how much absorbed dose would be deposited at some 
point in air as a result of an exposure X. The relationship is indeterminate in the 
absence of CPE, * since 

J/kg C l k g  33.97 J/C 

where the first equality is valid only if CPE exists at the point in question. 

*Or TCPE in the case of megavolt photons, see Section V1I.C. 
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If Dair is expressed in rads and X in roentgens, Eqs. (2.3) and (2.24) can be used 
for converting units to rewrite Eq. (4.8) as 

CPE 

o.omair = 0.01 ( K ~ ) ~ ~ ~  = 2.58 x lo-* x 3 3 . 9 7 ~  (4.9) 
or 

CPE 

Dair = (KJair = 0.876X (4.10) 

where (KJair and Dair are in rads, and X in roentgens. It should be emphasized that 
Eq. (4.10) is valid only where Xis the exposure at the point of interest in air, under 
CPE conditions. 

VI. 
IONIZING RADIATION 
There are four basic causes for CPE failure in an indirectly ionizing field, which can 
be identified from the list of CPE conditions given in Section 111, referring to Fig. 
4.3: 

CAUSES OF CPE FAILURE IN A FIELD OF INDIRECTLY 

a. 
b. 
c. 

d. 

Inhomogeneity of atomic composition within volume V. 
Inhomogeneity of density in V. 
Non-uniformity of the field of indirectly ionizing radiation in V.  
Presence of a non-homogeneous electric or magnetic field in V. 

Some practical situations where CPE failure occurs are the following: 

A. Proximity to a Source 
If the volume Vin Fig. 4.3 is too close to the source ofthe indirectly ionizing radiation, 
then the energy fluence will be significantly nonuniform within V, being larger on 
the side nearest the source, say on the left. Thus there will be more particles (e3) 
produced at points like P3 than particles el at P I ,  and more particles will enter u than 
leave it. CPE consequently fails for u.  

B. 
If the volume Vin Fig. 4.3 is divided by a boundary between dissimilar media, loss 
of CPE may result at u,  since the number of charged particles then arriving at u will 
generally be different than would be the case for a homogeneous medium. This dif- 
ference may be due to a change in charged-particle production, or a change in the 
range or geometry for scattering of those particles, or a combination of these effects. 

A case of special interest is illustrated in Fig. 4.6: that of a beam of megavolt 
photons incident on a solid unit-density phantom, simulating the body for radio- 
therapy beam calibration purposes. We will assume for simplicity that the phantom 
has the atomic composition of air, but with density p = 1 g/cm3, and that the photon 

Proximity to a Boundary of Inhomogeneity in the Medium 
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FIGURE 4.6. 
photons. (See text for discussion.) 

Dose buildup inside the surface of a phantom irradiated by a beam of megavolt 

beam is not contaminated by secondary electrons from the photon source or as- 
sociated hardware. The absorbed dose D in the phantom increases steeply (roughly 
as shown in Figure 4.7 below) from a relatively low value at the surface to a max- 
imum; then it decreases more gradually in a condition called transient charged-particle 
equilibrium, (TCPE), which will be described in the next section. For present purposes 
we may temporarily consider TCPE as being approximately the same as CPE, with 
D only slightly greater than K,. 

The question to be answered is this: Why is the dose strongly perturbed (i.e., why 
is it much less than K,) in the vicinity of the phantom surface, when only the density 
is discontinuous at that boundary? To simplify even further we may assume that 
the polarization effect (see first footnote in this chapter) is also negligible. Still the 
buildup of dose in the phantom will appear more or less as shown in Fig. 4.7.  The 
reason for this is shown in Fig. 4.6. We see there that the spherical volume V, having 
radius d equal to the maximum range of secondary electrons, must contain a uni- 
formly irradiated homogeneous medium throughout if TCPE is to be produced at 
point P. If P is too close to the surface, as shown, the portion V' of V will project 
out of the phantom surface. T o  replace the solid missing from that lenticular volume, 
a thousandfold larger volume V' of air is required (assuming its density to be 
g/cm3). Considering only straight electron paths, an electron which would have 
started at 6 andjust reached Pif V' were filled with solid, now must start at cin gaseous 
air. (Distance uc = 1000 ab.) However the photon beam is not wide enough to ir- 
radiate point G in air, although it does irradiate b. 

Thus the replacement of the solid volume V' with the gaseous volume V" fails 
to provide as many secondary electrons or as much dose at P, because V" is not 
homogeneously (nor even completely) irradiated. Each millimeter of solid air-equiv- 
alent medium missing from V' must be replaced by 1 meter of gaseous air, so V" 
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may be many meters in extent. Clearly it will not be uniformly irradiated in practice. 
Indeed, the source itself is usually 1 m or less from the phantom surface, and the 
beam width rarely exceeds 40 cm. 

To further complicate the situation, even if the volume V ”  were uniformly ir- 
radiated, electron out-scattering in air would make it less likely that an electron start- 
ing at point c would reach the vicinity of P than an electron starting at b if Y’ were 
filled with the solid. An electron scattered at a small angle near point c several meters 
away might miss the phantom altogether. 

Thus we see that the dose-buildup effect observed in phantoms irradiated by high- 
energy photon beams results from the combination of the density change at the in- 
terface and geometric factors involving both photon-beam dimensions and electron 
scattering. The Fano theorem is not applicable in such cases, even if the polarization 
effect is negligible. 

C. High Energy Radiation 
As the energy of indirectly ionizing radiation increases, the penetrating power of 
the secondary charged particles increases more rapidly than the penetrating power 
of the primary radiation. Table 4.1 expresses this for both y-rays and neutrons, and 
shows that, for example, a 7 %  attenuation of y-rays would occur in a water layer 
equal in thickness (3 5 cm) to the maximum range of secondary electrons produced 
by 10-MeV y-rays. The neutron effect is much smaller (1 %)at that energy, assuming 
hydrogen-recoil proton secondaries. 

As a result of this phenomenon, the same type of CPE failure occurs as described 
in Section V1.A above. That is, in Fig. 4.3, the number of charged particles gen- 
erated at point P3 is greater than at P I ,  because of the attenuation of the indirectly 
ionizing radiation in penetrating from the depth of P3 to that of PI in the medium. 
The degree of CPE failure becomes progressively larger for higher energies, as the 
table indicates. 

Because of this kind of CPE failure, and the usual dependence of x- and y-ray 
exposure measurements on the existence of CPE as noted in Section IV, exposure 

TABLE 4.1. 
Layer of Water Equal to the Maximum Range of Secondary Charged Particles 

Approximate Attenuationa of Gamma Rays and Neutrons within a 

Gamma-Ray Neutron 
Primary Attenuation ( 7 6 )  Attenuation ( 7 6 )  in 

Radiation in Maximum Maximum Proton 
Energy (MeV) Electron Range Range 

0.1 0 0 
1 .o 1 0 

10 7 1 
30 15 4 

a For “broad-beam” geometry, see Chapter 3,  employing pen as an effective attenuation coefficient. 
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measurements have been conventionally assumed to be infeasible for photon energies 
above about 3 MeV. This limitation is sometimes erroneously interpreted as a failure 
of the definition of exposure itself; hence the exposure would simply not be defined 
for high-energy photons, or indeed for any other situation where CPE cannot be 
achieved. This is not the case however; only the measurement of exposure usually de- 
pends upon CPE. Moreover, even that constraint has a “loophole”: If some other 
known relationship between Dair and (KJai, can be attained under achievable con- 
ditions, and substituted for the simple equality that exists for CPE, exposure can 
still be measured, at least in principle (Attix, 1979). Such a relationship does exist 
for a situation known as TCPE, which will be considered in the next section. 

VII. TRANSIENT CHARGED-PARTICLE EQUILIBRIUM (TCPE) 
TCPE is said to exist at all points within a region in which D is proportional to K,, 
the constant of proportionality being greater than unity. This relationship is illus- 
trated in Figs. 4.7aand b. In both cases a broad. “clean” beam of indirectly ionizing 
radiation (i.e., unaccompanied by charged particles) is shown falling perpendicu- 
larly on a slab of material whose surface is supposed to be coincident with the ordinate 
axis of the figure. In Fig. 4.7a the kerma at the surface is shown as KO, attenuating 
exponentially with depth as indicated by the K-curve. We assume in this case that 
radiative losses by the secondary charged particles are nil ( K ,  I 0), which would 
be strictly true only for incident neutrons. However, in carbon, water, air, and other 
low-Z media K ,  = K - K, remains less than 1 ’% ofK for photons up to 3 MeV. Figure 
4.76 shows the corresponding situation where K, is significant and the radiative-loss 
photons are allowed to escape from the phantom. 

The absorbed-dose curve is shown rising with increasing depth near the surface 
as the population of charged particles flowing toward the right is augmented by more 
and more interactions of indirectly ionizing rays. The dose curve reaches a maximum 

‘The beam diameter must be at least twice the maximum range of secondary charged particles, and points 
of interest must be distant from the edge of the beam by at least that range. - 

INDIRECTLY 
Y 

I YKO 

0 --DEPTH IN MEDIUM 
FIGURE 4.7a. Illustrating transient CPE for high-energy indirectly ionizing radiation incident 
from the left on a slab of material. Radiative losses (e.g., bremsstrahlung) are assumed to be 
absent, so K, = 0 and K = K,. 
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INDlRECTLY 
F 

IONIZING - 
RAMATION 
Y 

FIGURE 4.7b. 
= K,  (p,,./km), and the resulting photons are assumed to escape from the phantom. 

Same as Fig. 4.7a, except that radiative losses are significant, so K = K, + K, 

(D,,,,,) at the depth where the rising slope due to buildup of charged particles is bal- 
anced by the descending slope due to attenuation of the indirectly ionizing radiation. 
For a “clean7’ beam of indirectly ionizing radiation D,,, occurs at approximately 
the same depth as where the D-curve crosses the K,-curve.’ However, the presence 
of charged-particle “contamination7 ’ in the beam is often observed to shift the depth 
of Dmax doser to the surface, where it no longer approximates the depth at which 
D = K, (Biggs and Ling, 1979). Thus one should not assume that D = K, at Dmw. 

At a somewhat greater depth r,,,, equal to the maximum distance the secondary 
charged particles starting at the surface can penetrate in the direction of the incident 
rays, the D-curve becomes parallel to the K,- and K-curves, although all may grad- 
ually change slope together with depth. D therefore becomes proportional to K,, and 
we say that TCPE exists. Roesch (1958) suggested a relationship between the D- and 
K-curves for TCPE conditions, but he assumed that no radiative interactions oc- 
curred, and ignored scattered photons. In terms of present terminology we can write 
that: 

1 + p‘X + - + . . .) 
2! TCPE 

= K, (1 + p 5 )  

(4.11) 

where D and K,  are for the same given depth, at which TCPE is required, p‘ is the 
common slope of the.D, K, and K, curves at that depth; and X is the mean distance 
the secondary charged particles carry their kinetic energy in the direction of the pri- 

*The situation is mathematically similar to that of a radioactive material and its shorter-lived daughter 
product, as will be seen in Chapter 6. The K,-curve corresponds to the parent activity decayingwith time, 
while the D-curve is like the daughter-product activity. This similarity accounts for the adoption of the 
term “transient equilibrium” (which originated for radioactivity) in the present case. The  correspon- 
dence between the two situations is only approximate, however, since the initial activity of the daughter 
product is ordinarily taken to be zero, while the “initial” dose (i.e., that at the surface) is always > O  
because of incident and/or backscattered charged particles. 
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mary rays while depositing it as dose. Xis shown in Fig. 4 . 7 ~  as the distance separating 
the depths of the points PI and P2 where K, and D have equal values. p’ and j ;  of 
course must be expressed in consistent reciprocal units so their product is dimen- 
sionless. 

The “TCPE” above the equal signs in Eq. ( 4 . 1 1 )  indicates that these equalities 
are valid only where transient CPE exists. The final relation in Eq. ( 4 . 1 1 )  should 
actually be an approximation, since only the first two terms of the series are em- 
ployed. However, the higher-order terms are truly negligible in practical cases. 

The above discussion applies equally well to Fig. 4 . 7 ~  and b, where radiative losses 
are or are not negligible, respectively. The D-curve continues to bear the same re- 
lationship to the K,-curve, but where K, + 0 the K,-curve moves down below the 
K-curve by the amount K, = [(pt, - p,,)/pl ,]K. (We assume here that the radiative- 
loss photons escape from,the medium.) 

It is instructive to do a “GcciankctUxpcZirrmt” with respect to Figs. 4 . 7 ~  and b. Imag- 
ine a strong constant magnetic field being applied to the phantom with lines of force 
parallel to its surface plane. All charged particles would then be forced to remain 
near the depth plane of their origin, following helical paths with the helix axis lying 
in the plane of origin of the particle. For a sufficiently strong magnetic field the par- 
ticles hypothetically could be forced to remain arbitrarily close to their depth of or- 
igin. 

What happens to the D-curve under these conditions? It would align itself wi6h the 

K,-curve, coinciding with it at all depths, and CPE likewise would exist at all depths. * Since 
the magnetic field will not affect the bremsstrahlung losses in Figure 4.76,  the K,- 
curve remains below the K-curve by the same amount as before. It seems clear from 
this that the integral of the D-curve from depth 0 to 00, with or without the magnetic 
field and regardless of radiative losses, should equal the corresponding integrated 
value of K,  (neglecting losses of charged particles scattering out the front surface of 
the medium when the magnetic field is absent). 

In conclusion, with respect to Eq. ( 4 . 1  l), this relationship in principle allows the 
relating of D and K ,  where transient CPE conditions exist for high-energy indirectly 
ionizing radiations. However, a knowledge of 2 and the effective attenuation coef- 
ficient p‘ is required for each case, so Eq. ( 4 . 1 1 )  is not as readily applicable as the 
simple equality of D and K, that exists under CPE conditions. 

PROBLEMS 

1. Approximately what diameter for a sphere of water would be required to ap- 
proach radiation equilibrium within 1 % at its center, assuming it contains a 
uniform, dilute solution of 6oCo (1.25-MeV y-rays)? Use pen and p as ap- 

‘Limitedofcourse to the volume within the radiation beam, and remote from the beamedges byadistance 
at least equal to the range of the charged particles, which are still allowed to move with a velocity com- 
ponent aligned in either direction along the magnetic lines of force. 
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2. 

3. 

4. 

5 .  

6. 

7. 

CHARGED-PARTICLE AND RADIATION EQUILIBRIA 

proximations to the effective y-ray attenuation coefficient; this will over- and 
under-estimate the size, respectively. 
How large a diameter would be required in problem 1 if one wanted to achieve 
RE for the neutrinos as well? Assume the neutrinos' interaction cross section 
to be cm2/electron (it is probably smaller). (Note: The number ofelectrons 
in a gram of water is 6.02 X lo2' X 10118.) 

A radioactive source is distributed homogeneously throughout a medium, pro- 
ducing RE at a point of interest. What is the absorbed dose there if of 
the total mass present is converted to energy, 60 % of which is given to neutrinos? 
A point P in an x-ray beam receives an exposure of 275 R. 
(a) If there is air at the point, what is the value of (K,),,? 
(b) What is the absorbed dose in air at P? 
(c) What condition must exist at P for (b) to be answerable? 
Suppose the x-rays in problem 4 have an energy of 200 keV, and that the air 
at P is replaced by copper. For CPE conditions, what is the absorbed dose in 
the copper assuming that the exposure remains unchanged? 
Consider a beam of 3-MeV y-rays perpendicularly incident on an Fe foil that 
is very thin in comparison with the range of the secondary electrons. 

(a) What are the values of K, K,, and K, in the foil for a fluence of 5.6 X 1015 
photons/m2? (Assume k , / p  = 0.00212 and pJp = 0.00204 m*/kg). 

(b) Approximately what is the absorbed dose in the foil, assuming no charged 
particles are incident from elsewhere? 

(c) What would happen to K, K,, K,, and D if a strong magnetic field were 
applied with the lines of force lying in the foil? 

A broad beam of low-energy x-rays with 9 = 3.7 X lo-' J/cm2 s irradiates a 
plate of A1 perpendicularly, and is completely absorbed. 

(a) 
(b) 

( c )  

(d) 

What is the energy absorbed per cm2 in 5 min? 
If the slab is 2 cm thick and has a density of 2.7 g/cm3, what is the average 
value of (Kc)*, throughout the medium? 
Assuming no electrons enter or leave the plate, what is the average ab- 
sorbed dose? 
What would be-the average dose if the slab were 4 cm thick? 

SOLUTIONS TO PROBLEMS 

1. 312 cm, 144 cm. 
2. 2760 km. 
3. 3.60 Gy. 
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4. (a) 2.41 Gy.  
(b) 2.41 G y .  

(c )  CPE. 
5 .  5.37 Gy.  

6. (a) 

(b) 

(c )  

K = 5.70 Gy; K, = 5.49 Gy; K, = 0.22 Gy. 
D indeterminate, but --* 0 as foil thickness + 0, because all electrons leav- 
ing and none entering; .'. CPE fails. 
K, K,, and K, unchanged. D + K, as magnetic field strength increases, 
trapping the electrons in the foil, thus approaching CPE. 

7. (a) 0.111 J/cm2. 
(b) 20.6 Gy. 
( c )  20.6 Gy.  
(d) 10.3 Gy. 
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I. INTRODUCTION 
In this chapter we will consider radioactive processes and the deposition of absorbed 
dose in radioactive media. It was said in Chapter 4 that the computation of the ab- 
sorbed dose is straightforward for either CPE or RE conditions, but is more difficult 
for intermediate situations. If the radiation emitted consists of charged particles plus 
much longer-range y-rays, as is often the case, one can determine if CPE or RE is 
present, depending on the size of the radioactive object. Assuming the satisfaction 
of conditions a through d in Chapter 4, Section II.A, and referring to Fig. 4.1, we 
may consider these two limiting cases: 

1. In a small radioactive object V(i.e., having a mean radius not much greater 
than the maximum charged-particle range d), CPE is well approximated at any 
internal point P that is at least a distance d from the boundary of V. Then, if d 
<< 1 / ~  for the y-rays, the absorbed dose D at Papproximately equals the energy 
per unit mass of medium that is given to the charged particles in radioactive decay 
(less their radiative losses), * since the photons practically all escape from the object 
and are assumed not to be scattered back by its surroundings. 
2. In a large radioactive object (i.e., with mean radius >> 1/p for the most pen- 
etrating y-rays), RE is well approximated at any internal point Pthat is far enough 
from the boundary of V so y-ray penetration through that distance is negligible. 

'In low-Zmedia radiative losses are = 1 % or less for &rays, and nil forcu's, so they are ordinarily ignored. 

80 
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The dose at Pwill then equal the sum of the energy per unit mass of medium that 
is given to charged particles plus y-rays in radioactive decay. 

Deciding upon a maximum y-ray “range” for case 2 requires some kind of quan- 
titative criterion. Less than 1 % of primary y-rays penetrate through a layer 5 mean 
free paths in thickness, and less than 0.1 % through 7 mean free paths. (The mean 
free path is defined as the reciprocal of the attenuation coefficient p, see Chapter 3). 
However, one must take at least crude account of the propagation of the scattered 
photons, since we are dealing with a type of broad-beam geometry. 

Referring to the example in Fig. 3.7  (1-MeV y-rays, broad plane beam in water), 
we see that at a depth of 7 mean free paths the true attenuation is closer to lo-‘ than 

Roughly 10 mean free paths are evidently necessary to reduce beam pene- 
tration to < O .  1 % in this case. Assuming the “straight-ahead’’ approximation (i.e., 
substituting pen for I(’ as an effective attenuation coefficient; see Chapter 3 )  would 
evidently require about 16 mean free paths ( L  16/p 4 7 /pen)  to reach 0.1% pen- 
etration in Fig. 3 . 7 .  One concludes that if the relevant data for buildup factors or 
effective attenuation coefficients p’ are not available for a particular situation, the 
use of the straight-ahead approximation (F’ = pen) will overestimate the size of a 
radioactive object necessary to approximate RE at its center within desired limits. 
Assuming 5‘ = p will underestimate that size by ignoring scattered rays. 

To  estimate the y-ray dose at an internal point in an intermediate-sized radio- 
active object, it will be helpful to define a quantity called the absorbedfruction (Ellett 
et al., 1964, 1965): 

y-ray radiant energy absorbed in target volume 
y-ray radiant energy emitted by source 

AF = (5.1) 

(Ellett et al. use the symbol cp,  but we use AF to avoid confusion with the symbol 
for flux density). 

Figure 5.1 illustrates the situation to be considered. The volume V, representing 

FIGURE 5.1. 
point P within a homogeneous, uniformly radioactive object V. (See text.) 

Illustration of the reciprocity theorem as applied to estimate the y-ray dose at 



82 ABSORBED DOSE IN RADIOACTIVE MEDIA 

the radioactive object, is filled by a homogeneous medium and a uniformly dis- 
tributed y-ray source. It may be surrounded either by (1) an infinite homogeneous 
medium identical to that in V, but nonradioactive, or (2) an infinite vacuum. In the 
first case a y-ray escaping from Vmay be scattered back in; in the second case it will 
be irrevocably lost. The first case simulates more closely an organ in the body; the 
second an object surrounded by air. 

First let us consider case (1). The energy spent’ in the volume element du, at an 
internal point of interest P, by y-rays from the source in dv’ at any other internal 
point P, is equal to the energy spent in dv’ by the source in dv. (Outside volume 
elements such as du“ have no source, hence do not expend energy in du.) The re- 
ciprocity theorem is exact in this case, because of the infinite homogeneous medium. 
Since this equality holds for all points P throughout V, we may conclude that the 
energy spent in du by the source throughout Vis equal to the energy spent throughout 
V by the source in du. If ir,, is the expectation value of the y-ray radiant energy 
emitted by the source in du and &,, the part of that energy that is spent in V, then 
the absorbed fraction with respect to source dv and target V is 

For very small radioactive objects ( V  + du) this absorbed fraction approaches zero; 
for an infinite radioactive medium it equals unity. 

= zV,d., where zy,do is the energy spent in dv 
by gamma rays from the source throughout V. Thus we can make a substitution in 
Eq. (5.2), obtaining 

It has already been shown that Zdu, 

Evidently then, if one can calculate the absorbed fraction in Eq. (5.2), its value 
is equal to the ratio of photon energy spent in du by the source throughout Vto the 
energy emitted by the source in du. This equals the ratio of the photon absorbed dose 
at P to that under RE conditions. Thus if, say, 10% of the y-ray energy from the 
source in du escapes from V, this results in a 10% reduction in y-ray dose at Pbelow 
its RE value, and AFdu, v = 0.90. 

Assuming F’ to be the mean effective attenuation coefficient for y-ray energy flu- 
ence transmission through a distance r of the medium in Fig. 5.1, the fraction es- 
caping from Vin the direction of T from point Pis e-p“ .  In terms of the polar coordi- 
nates in Fig. 1.2, with point P at the origin, the value of the absorbed fraction in 
Eq. (5.2) is given by 

*For brevity we substitute “energy spent” for “expectation value of the energy imparted”. 
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Carrying out this integration is complicated by the fact that z' [or the buildup 
factor B; see Eq. (3.15)] is a function of r as well as hu; moreover - some radionuclides 
emit y-rays of many different energies. An average value of AFdu, for n different 
y-ray energy lines can be gotten by 

I n 

(AFdu, V)i(%u)i c (AF&, V)i(RdCr)i - i =  1 
n - (5.4a) 

Rdu 

- i =  1 - 
AFdn, V = 

C ( L ) i  
i =  1 

Calculations by Monte Carlo or moments methods have been reported by Ellett 
(1968), Berger (1968), Brownell et al. (1968), Ellett and Humes (1971), and Snyder 
et al. (1975). All but the first of these references were published as reports of the 
MIRD (Medical Internal Radiation Dose) Committee of the Society of Nuclear 
Medicine. 

A simple example of these results is shown in Fig. 5.2 (Brownell et al., 1968), which 
gives the radius of a unit-density tissue sphere required to produce absorbed fractions 
of 0.5 and 0.9, as a function of the photon quantum energy of a point source at the 
center. This example applies to case (l), in which the sphere is part of an infinite 
hom6geneous medium. The equality of Eq. (5.3) to Eq. (5.2) means that Fig. 5.2 
also gives the y-dose at the center of the sphere if it were uniformly radioactive, as 
a fraction of the RE y-dose there. 
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FIGURE 5.2. Radius of unit-density tissue sphere needed to absorb 50% and 90% of the emit- 
ted photon energy from a central point source in an infinite homogeneous medium. (After 
Brownell et al., 1968.) Reproduced with permission of the authors and The Society of Nuclear 
Medicine. 
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The dose decreases gradually as the point of interest is moved from the center 
of a y-active object toward its boundaries. In a radioactive volume Vlarge enough 
to have RE at its center, imbedded in an infinite homogeneous medium, the y-ray 
dose is reduced by approximately half in moving to the boundary of V. At the in- 
terface between a semi-infinite homogeneous radioactive medium and another 
semi-infinite volume of the same medium without radioactivity, the dose would of 
course be exactly 4 of its RE value. 

For purposes of internal dosimetry, one may be interested in the uueruge y-ray dose 
within a radioactive organ, rather than the dose at some specific point. For this pur- 
pose one wants the value of A F ,  v, which is just the average of AFB, for all points 
P throughout the source volume V. The MIRD literature already cited is mostly 
focused on such average-dose calculations, and Snyder et al. (1975) also give average 
doses deposited in one organ by y-rays emitted from another radioactive organ. 

Case (2) mentioned in connection with Fig. 5.1, for which the volume Vis sur- 
rounded by a void, is more difficult to calculate. The reciprocity theorem is only 
approximate in that case because of the lack of backscattering. Ellett (1968) has cal- 
culated the average absorbed dose in a uniformly radioactive tissue sphere of 780 
g (5.7-cm radius) and 2.3 kg (8.2-cm radius), with and without a surrounding tissue 
scattering medium. The results are given in Fig. 5.3. A maximum 30% dose increase 
is seen at 80 keV. This decreases at lower energies because of the increasing influence 
of photoelectric absorption, and at higher energies because scattered rays are more 
forward directed. These effects will be described in Chapter 7 
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FIGURE 5.3. Ratio of average absorbed doses in uniformly radioactive tissue spheres with/ 
without surrounding non-radioactive tissue medium. Lower CUNC: 780-g (5.7-em-radius) sphere; 
upper curve: 2.3-kg (8.2-em-radius) sphere. (Data from Ellett. 1968.) 
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T o  obtain a crude estimate of the dose at some point Pwithin a uniformly y-active 
homogeneous object, it may suffice to obtain the average distance 7 from the point 
to the surface of the object, either by inspection or using 

- Then one may employ pen a p' in the straight-ahead approximation to obtain 

AF,? 1 - e--pcnr (5.6) 

which roughly approximates the ratio of y-ray dose at P to that present if RE con- 
ditions existed. 

Example 5.1. An object contains a uniformly distributed 0- and y-ray source. The 
rest-mass loss is spent half in 1 -MeV y-ray production and half in @--decay, for which 
Em,, = 5 MeV and Eavg = 2 MeV. The point of interest P is  located > 5 cm inside 
the boundary of the object, and at an average distance 7 = 20 cm from the boundary. 
p,, = 0.0306 cm-' and p = 0.0699 an-' for the y-rays. For a total energy of lo-' 
J converted from rest mass in each kilogram of the object, estimate the absorbed dose 
at P. 

Solution: l/p is much larger than the maximum P-ray range (see Appendix E), 
which in turn is less than the distance of P from the boundary of the object. Thus 
CPE may be assumed to exist at P for the &rays, and they contribute $ X 5 X 

J/kg = 2 x J/kg to the dose there. (This will be ezplained in Section 1I.B.) 
1 - e-penr = 0.46 is the approximate 

fraction of the y-ray energy that contributes to the dose at P. Now 0.46 X 5 X 

J/kg = 2.3 X lO-'J/kg, so the total dose 3 4.3  X Jfkg = 4.3 X 10-'Gy. 
For a very large object the RE dose at P(inc1uding @-rays) would be 7.0 X lop3 J/ 
kg, the other 3.0 X 

If we had assumed the object to be a 40-cm-diameter sphere of unit density tissue 
with P a t  its center, we could compare our result with the Monte Carlo calculation 
of Brownell et a]. shown in Fig. 5 .2 .  It can be seen there that about 50% absorption 
of 1-MeV y-rays occurs; therefore the y-ray dose at the center is roughly half of its 
RE value of 5 X J/kg, or 2.5 X J/kg. This is fortuitously close to our 
estimate of 2.3 X J/kg. Furthermore, the central point is far enough from the 
boundary so that the effect of backscattering is negligible, whether the object is sur- 
rounded by inert tissue, or a void. According to Ellett (1968) the influence of y-ray 
backscatter affects the dose very little at points more than one mean free path from 
a boundary, and in this case l / p  

For the y-rays, e--pcnr = 0.54; hence AFh. v 

J/kg being carried away by the neutrinos. 

14 cm. 

The present chapter ignores temporal variations in source strength. Chapter 6 
will consider radioactive decay. Biological uptake, transfer, and elimination of ra- 
dioactive sources are beyond the scope of this book and are left to other references. 
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II. RADIOACTIVE DlSlNTECRATlON PROCESSES 
Radioactive nuclei, either natural or artificially produced by nuclear reactions, are 
unstable and tend to seek more stable configurations through expulsion of energetic 
particles, including one or more of the following,* where corresponding changes in 
the atomic number (Z) and number of nucleons (A) are indicated: 

A 2  AA 
~~ 

cr-particle -2 -4 
6 --particle t + 1  0 
6 + -particlet -1 0 
Y-raY 0 0 

The total energy (mass, quantum, and kinetic) of the photons and other particles 
released by the disintegration process is equal to the net decrease in the rest mass 
of the mtralatom, from parent to daughter. Energy, momentum, and electric charge 
are each conserved in the process. 

In this connection it should be noted that, according to Einstein’s mass-energy 
equation E = nu2, the energy equivalent of rest mass is as follows: 

1 atomic mass unit ( m u )  = of the mass of the ‘:C nucleus 

= 931.50 MeV 

1 electron mass (+ or -) = 0.51 100 MeV 

A. Alpha Disintegration 
Alpha disintegration occurs mainly in heavy nuclei. An important example is the 
decay of radium to radon, represented by the following mass-energy balance equa- 
tion: 

‘ERn + :He + 4.78 MeV 226 
8aRa +,,2 = 1 6 0 2 y  * (5.7) 

where T , , ~  symbolizes the ha@iJe, or the time needed for f of the original number 
of “parent” atoms of ‘ZRa to decay to the “daughter product”, ‘ZRn. &b ofthe 
elmuntal  tcnnr in Eq. (5.7) (and in other mass-mcrr3, balance quatiom to follow) represents the 
rest mass of a neutral atom of that eCmrent. Notice that when the a-particle (He nucleus) 
is emitted by the ‘ZRa atom, its atomic number decreases by 2 and it consequently 
sheds two atomic electrons from its outermost shell, to become a neutral atom of 
2igRn. After the a-particle slows down it captures two electrons from its surround- 

‘Other more complex decay modes, including spontaneous fission, are also possible; see the introduction 
to Lederer and Shirley. (1979). 
TAccompanied by neutrino emission. 
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ings, thereby becoming a neutral :He atom. The 4.78 MeV shown in the above 
equation is the energy equivalent of the rest mass decrease in transforming a neutral 
'gRa atom into neutral atoms of'gRn + :He. It nearly all appears as particle kinetic 
energy, except for a small part that is given to 0.18-MeV photons, as discussed below. 

The corresponding mass-energy-level diagram for this disintegration is shown in 
Fig. 5.4, where the vertical scale is given in terms of relative values of neutral atomic 
masses or their energy equivalents, as it will in later diagrams for other types of dis- 
integrations. Two branches are available for the disintegration of *%Ra. 94.6% of 
these nuclei decay directly to 'ZRn, making available 4.78 MeV, which is shared 
as kinetic energy between the a-particle (4.70 MeV) and the recoiling 'iERn atom 
(85 keV), the shares being proportional to the reciprocal of their masses to conserve 
momentum. 

The alternative branch for the decay of *gRa occurs in only 5.4% of the nuclei, 
which release 4.60 MeV of kinetic energy and give rise to a nuclear excited state of 
':fRn. This promptly relaxes to the ground state through the emission of a 0.18-MeV 
y-ray. The same total kinetic + quantum energy is released by either route, and 
the net reduction in atomic rest mass is identical for each. 

In Fig. 5.4 the rest masses ofthe 'ERn and :He atoms have been combined into 
the lower mass-energy levels to allow the diagram to emphasize the details of the 
kinetic and quantum energies released. The kinetic + quantum energy (4.78 MeV) 
comprises only about [4.78/(4 X 931)]100 0.1 96 of the energy equivalent to the 
total rest-mass decrease of the neutral atoms of *$Ra + '::Rn, since the rest mass 
of the or-particle is so large. 

FIGURE 5.4. Atomic energy level diagram for '::Rai + "'R Ic n, showing branching in the modes 
of disintegration. Note that the rest-mars energy of the 'ZRn atom has been augmented by that 
of the :He atom so that the vertical scale need not be expanded to include the loss of energy 
equivalent to the a-particle mass (3 4 X 938 MeV). 
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1. Absorbed Dose from @-Disintegration 
In computing the absorbed dose in a medium from radioactive disintegration pro- 
cesses the calculation is always made under the assumption of the nonstochastic limit, 
and therefore the average branching ratios are used. Again considering our example 
of radium decaying to radon, the average kinetic energy given to charged particles 
per disintegration is equal to 

E, = 0.946 (4.78 MeV) + 0.054 (4.60 MeV) 

= 4.77 MeV (5.8) 

Under CPE conditions in a small (1-cm-radius) radium-activated object, if n such 
disintegrations occurred in each gram of the matter, the resulting absorbed dose 
would be given by 4.77n MeV/g, convertible into more conventional dose units 
through Eqs. (1.10) and (2.3). 

Under RE conditions, on the other hand, the dose for the same concentration of 
radium would be simply 4.78~1 MeV/ g, since the small additional y-ray energy would 
then be included. 

The foregoing considerations deal exclusively with the energy released by the 
decay of radium to radon. Any further dose that may be deposited by the radon or 
its daughter products would have to be calculated separately. 

8. Beta Disintegration 
Nuclei having an excess of neutrons tend to emit an electron @--particle), thus leav- 
ing the nucleus with one less neutron and one more proton, i.e., the atomic number 
Zis increased by 1. Conversely, nuclei with excess of protons usually emit a positron 
( f l+ ) ,  effectively decreasing 2 by 1 while increasing the neutron count by 1. In either 
case the total number of nucleons (protons + neutrons) remains constant, so that 
the daughter product is an isobar of its parent. * &ray emission leaves many kinds 
of nuclei in an excited state, and one or more y-rays are then emitted to reach the 
ground state. 

The &rays emitted in a given mode of disintegration (averaged over many such 
disintegrations) have a spectrum of kinetic energies extending from zero to a fixed 
maximum Em,,, with a skewed bell-shaped differential distribution exemplified by 
the spectrum of P--rays from ::P shown in Fig. 5.5. The maximum 0- kinetic energy 
(Em,, = 1.7 1 MeV in this case) represents the net decrease in the rest mass of the 
neutral ::P atom in becoming a neutral ::S atom, since the ground state of the 
;:S is reached directly without y-ray emission. The atomic mass-energy balance 
equation is 

:;P + e- $S + p- + XY + 1.71 MeV (k.e.) (5.9) 
r1/2 = 14.3d 

*Nuclei with odd Z and an even number of nucleons, and having stable neighboring isobars at both Z 
+ 1 and Z - 1, can decay either by 8- ,  @+, or electron-capture processes, as for example in the case 
of !:Rb, (see Evans, 1955). 
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FIGURE 5.5. $--rry spectrum emitted from ::P. The averqc energy of the particles is 0.694 
MeV. The abrcirra may be alternatively labeled “1.71 - neutrino energy (MeV)’’ to make the 
curve indicate the neutrino spectrum. 

where the atomic mass decrease ::P - = 1.71 MeV, which appears as kinetic 
energy shared between the @- and the neutrino. 

The electron on the left of the equation is required to balance the charge and rest 
mass ofthe 8- on the right. Physically, when the ::€’nucleus emits theb-, apositively 
charged ion (::Sf) results, which promptly captures a bystanding electron to become 
a neutral ;fs atom. 

The symbol :v in Eq. (5.9) represents a neutrino, which is a nearly zero-mass,* 
zero-charge particle that is emitted along with each /3-particle, thus conserving en- 
ergy and momentum in the disintegration process. The difference between the P--  
ray kinetic energy and Em,, = 1.31 MeV in each disintegration is carried away by 
the associated neutrino, and the differential distribution of the neutrino kinetic en- 
ergy is therefore complementary to that of the @--particles, as also shown in Fig. 
5.5. Figure 5.6 shows the corresponding atomic energy-level diagram. 

The average kinetic energy of the /3-- or fl+-particles in a @-ray spectrum is found 
to be roughly 0.3-0.4 times Em,,., depending on the individual spectral shape, which 
is determined by the “forbiddenness” classification of the &ray transition. This 
matter is discussed by Evans (1955), and an excellent summary of the relation be- 
tween the average and maximum &ray energy has been written by Dillman and Von 
der Lage (1975). Often, for purposes of roughly estimating the absorbed dose de- 
posited by charged particles, Eavg $ Em,, is assumed for &rays, if more accurate 
information is not available. 

Since the neutrino is radiologically irrelevant, the energy spent in the material 

‘The actual neutrino mass is probably = 1117,000 of that of an electron (Lubkin, 1981) 
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FIGURE 5.6. 
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Atomic encrgy-level diagram for ::P + p--disintegration. 

in which the &ray emitter is located is just the product of the number of &rays by 
their uveruge energy, not their maximum energy. It is important not to confuse Eavg 
with Em,,. Extensive tables of such data for 122 radionuclides have been provided 
by Dillman and Von der Lage (1975); some EavB data are given in Appendix C. 

An excellent general reference on decay schemes, maximum &ray energies, and 
other relevant isotopic data has been prepared by Lederer and Shirley (1979). 

A simple example of b+-disintegration is that of IiO -B I:N, for which the atomic 
mass-energy balance equation is 

2% = 1.022 MeV 

'20 - I;N + e- + fl' + :v + 1.73 MeV (k.e.) (5.10) 

where the atomic-mass decrease from 'i0 to ':N = 1.022 MeV + 1.73 MeV = 2.75 
MeV, as illustrated in Fig. 5.7, and the 1.73 MeV kinetic energy is shared between 
the fl' and the neutrino. 

During B'-emission a valence electron is simultaneously released by the '20 atom. 
Thus both the 6' and the electron are lost by the parent atom and appear as free 
particles on the right of Eq. (5.10). The decrease in atomic mass is equal to the sum 
of the released kinetic energy (1.73 MeV) and the rest masses (0.51 1 MeV each) 
of the e- and the B+. When the @' stops, it combines in an annihilation interaction 
with a nearby electron, emitting 1.022 MeV in the form oftwo 0.5 1 1 -MeV oppositely 
directed y-rays. Sometimes the positron is annihilated "in flight" before it stops, 
in which case the photons also carry away the remaining kinetic energy. 

7,12 = 122 s 

1. Absorbed Dose from Beta Disintegration 
For present purposes we will ignore any radiative losses (bremsstrahlung and in-flight 
positron annihilation) by the @-rays, and simply assume that their kinetic energy 
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is all spent in collision interactions resulting in absorbed-dose deposition. Such ra- 
diative-loss corrections are relatively unimportant in low-Z media (e.g., water and 
tissue). 

Under CPE conditions the absorbed dose due to n &disintegrations per gram of 
medium is nE,,, (MeV/g). Additional absorbed-dose contributions due to any y-rays 
resulting from a particular radionuclide must be treated as described in Section I. 

Example 5.2. What is the absorbed dose rate (Gy/h) at the center of a sphere of 
water 1 cm in radius, homogeneously radioactivated by ::P, with 6 X lo5 disin- 
tegrations per second occurring per gram of water? (Assume time constancy.) 

Solution: The maximum energy of PI-rays from 7:P is 1.71 MeV, and the cor- 
responding maximum range of these electrons is = 8 mm of water (see Appendix 
E). Thus CPE will be produced at the center of the 1 -cm-radius sphere. The absorbed 
dose rate there will be 

S dis MeV 
D = 3600 - X 6 X lo5 - X 0.694- 

hr g sec dis 

X 1.602 X lo-''- GY 
MeV/g 

= 0.24 Gy/h - 

Example 5.3. A sphere of water with a radius of 5 cm contains a uniform dis- 
tribution of '580, with a level of activity of lo6 dis/g s. 
(a) What is the approximate absorbed dose rate (Gy/s) at the center of the sphere, 
estimated by the mean-radius (;) method [see Eqs. (5.5) and (5.6)]? 
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(b) What would the answer to (a) become if the radioactive water sphere were in- 
creased to a radius of 150 cm? 

Solution: 
8 mm of water. The absorbed dose rate contributed by the B+-rays is 

(a) CPE exists at the center, since the maximum P+-range is only about 

dis MeV GY Do+ = lo6 - X 0.721 - X 1.602 X 
g s  dis MeVIg 

= 1.155 X Gyls 

For each disintegration producing one @+-particle, two 0.51 1-MeV y-rays are pro- 
duced when the particle stops. For these y-rays pen = 0.0330 cm-' (Appendix D.3) 
for unit-density water. The absorbed fraction of the energy per unit mass emitted 
as y-rays that contributes to the dose is AF z (1 - e-knj = (1 - e-0.0330 5, = 0.15. 
Thus the dose rate contributed by y-rays is 

dis y-ray MeV produced 
g s  dis 

D7 = lo6- x 1.022 

y-energy absorbed 
y-energy produced 

X 0.15 

GY X 1.602 X lo-'' - 
MeVIg 

= 2.46 x Gyls 

Therefore the total absorbed dose rate at the center, including the @+-contribution, 
is 

b,,, = 1.155 X lo-* + 2.46 X = 1.40 X Gy/s 

(b) Increasing T to 150 cm increases the absorbed fraction to 0.993; hence the y- 
ray dose rate contribution at the center becomes 

1 - e-0.0330X 150 

b-, = 2.46 x 1 0 - ~  x 
0.15 

= 1.625 X lo-* Gy/s 

So the total dose rate is 

D,,, = 1.155 X + 1.625 X = 2.78 X Gy/s 

Note that since the sphere radius in (b) is so large ( = 141p), RE should be closely 
approximated at the center. This means that the atomic rest-mass decrease should 
nearly all appear as dose except for what escapes with neutrinos. From Fig. 5.7 it 
can be seen that the total energy derived from rest mass per disintegration of 'i0 
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+ I;N is 2.75 MeV, while the amount carried away by neutrinos is 1.73 - 0.721 
= 1.01 MeV. Thus the energy going into dose under RE conditions is simply 2.75 
MeV - 1.01 MeV = 1.74 MeV per disintegration (which approximates Em,, only 
by coincidence in this case). 

Therefore the dose rate assuming RE is 

dis MeV GY D,,, = lo6- X 1.74- X 1.602 X lo-'' ~ 

g s  dis MeVlg 

= 2.79 x G ~ I ~  

This figure is nearly the same as that obtained above, as it should be. 

C. Electron-Capture (EC) Transitions 
Radioactive disintegrations through electron capture (EC) are competitive with those 
by P+-disintegration. In the EC process the parent nucleus, instead of emitting a 
P+-particle, captures one of its own atomic electrons and emits a monoenergetic 
neutrino. The electrons most likely to be captured in the EC process are K-shell 
electrons (=go%), with L-shell electrons supplying practically all of the remainder 
( 3  10% ; see Evans, 1955). Resulting shell vacancies are promptly filled by an elec- 
tron from a higher orbit, with the release of a fluorescence x-ray (see Fig. 7.15). The 
probability that a fluorescence photon will escape from its native atom is called the 
Juorescence yield, YK or YL (see Fig. 7.14). 

The parallel atomic mass-energy equations for the case of ::Na -+ :ENe are given 
below in Eq. (5.11) for P+-decay and Eq. (5.12) for the EC process. The half-life 
for decay by both branches together is 2.60 y. The corresponding atomic energy- 
level diagram is shown in Fig. 5.8. 

1. a -Branch: 

Zm,, = 1.022 MeV 
A 

'i:Na --* :iNe + 2- + /3'1 + 8. + 0.546 MeV (k.e.) (5.11) 
+ 1.275 MeV (E,) 

where the atomic mass decrease is equal to 

::Na - :iNe = 1.022 MeV + 0.546 MeV + 1.275 MeV 

= 2.843 MeV 

2. EC Branch: 
::Na -+ :iNe + 8. + Eb + 1.275 MeV (E,) + 

I .568 MeV 

where the atomic mass decrease is equal to 

::Na - :iNe = 1.568 MeV + 1.275 MeV = 2.843 MeV 

(5.12) 



94 ABSORBED DOSE IN RADIOACTIVE MEDIA 

No 
2.843 MeV 

0.511 MeV 
0.511 MeV 

FIGURE 5.8. Atomic energy-level diagram for 8' and EC dirintegration of 
::Na f a e .  (E&- = 0.546 MeV; = 0.216 MeV. 

It will be seen From Fig. 5.8 that for P+-disintegration to take place in any radio- 
nuclide requires a minimum mass difference between the parent neutral atom and 
its daughter atom of 2% (= 1.022 MeV). Otherwise only EC can occur, since no 
kinetic energy would be available for as+-partide, and in that case the dose deposited 
in EC events becomes relatively important. 

In Eq. (5.12) the &-term indicates the electron binding energy in the K- or L- 
shell. The kinetic energy of the emitted neutrino equals the difference in atomic rest 
mass between ::Na and the excited state of :iNe (= 1.568 MeV), less the electron 
binding energy Eb ( p  1 keV for the K shell). 

1. Absorbed Dose for the EC Process 
When a 0' is emitted, it contributes its average kinetic energy to the production of 
absorbed dose, and then its annihilation y-rays may contribute more dose, de- 
pending upon the size and shape of the radioactive mass of material. If an EC event 
occurs instead of s+-emission, neither of these dose components is present, and vir- 
tually all of the energy they represent is carried away by the neutrino. The only re- 
maining energy available for absorbed dose in an EC event (if there is no subsequent 
y-ray emission from an excited state) is contained in the electron-binding term Eb, 
which is very small compared to the energy that is removed by the neutrino. An 
example based on ::Na will illustrate this. 

Example 5.4. A water sphere of 2-cm radius contains a uniformly distributed 
source of 7:Na which undergoes lo5 disintegrations per g-s. Estimate the absorbed 
dose deposited at the center in one week, using the mean-radius method [Eqs. (5.5) 
and (5.6)]. 
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Solution: CPE exists for the 0' particles. Thus the dose they deposit is 

95 

dis 8' MeV 
Do+ = lo5 - X 0.905 - X 0.216 - 

g s  dis P+ 

X 1.602 X lo-'' - Gy X 6.048 X lo5 s 
MeVlg 

= 1.89 Gy 

The very small additional dose due to the &term for EC events may be calculated 
as follows, although here, as in most cases, it will be found to be negligible unless 
the competing P+-transitions are forbidden by energy considerations. 

All of the binding energy of the electrons captured in the parent nuclei of '*Na 
is given either to Auger electrons or to fluorescence photons. Figure 7.15 shows that 
K-fluorescence photons from Ne (the daughter atom) have a very low energy (ac- 
tually 0.85 keV). Moreover the fluorescence yield Y, = YL % 0 for Ne (see Fig. 
7.14), which means that the Eb of the parent-atom electrons is entirely absorbed in 
the immediate vicinity of the atom in question. Eb for the K-shell of sodium is (Eb), 
= 1.07 keV, while (E& = 0.06 keV (from Appendix B). 

The dose contributed through EC events is 

dis EC events GY DEC = lo5 - X 0.095 X 1.602 X lo-" - 
g s  dis MeVlg 

MeV 
EC event 

X 6.048 X lo5 s XfEc 

The last term, containing the energy spent on the dose per EC event, can be ap- 
proximated by 

MeV 
EC event yEc = o ~ E , ) ,  + 0 . q ~ ~ ) ~  = 9.7 x 1 0 - ~  (5.13) 

Thus D, E 8.9 X Gy, which is of course negligible. 
Next we must calculate the y-ray contribution to the dose at the center of the 

sphere, for which 7 = 2 cm. For each disintegration, 0.905 @+-particles are emitted 
on the average; consequently 2 x 0.905 = 1.81 photons of 0.511 MeV each 
are emitted, for which pen = 0.0330 cm-I. The resulting dose is estimated by the 
straight-ahead approximation to be 

dis photons MeV 
D ~ . ~ , ~  = lo5 - x 1.81 - X 0.511 - 

g s  dis photon 

X 1.602 X lo-"- Gy X 6.048 X lo5 s X AF 
MeVlg 

= 0.572 Gy 
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where AF G 1 - e-0.0330 '. For the final relaxation y-ray from :iNe* + :iNe, which 
occurs for every disintegration, the energy-absorption coefficient hen is 0.0289 cm- I 

in water, and the dose is 

dis 

g s  
01.275 = 105 - x 1 

X 1.602 X 

= 0.694 Gy 

photon MeV 
X 1.275 - 

dis photon 

10-10 - Gy X 6.048 X lo5 s X AF 
MeVIg 

where AF 1 - e-0.0289x2 . Hence the total dose is 

= + DEC + D0.511 + D1.275 
= 1.89 + 8.9 X lo-* + 0.572 + 0.694 
= 3.16 Gy 

or 67% more than for @' alone. 

EC contributes a more significant fraction of the dose when @+-emission is pro- 
hibited and only EC can occur. An example is z:Fe + ::Mn, which emits Mn flu- 
orescence x-rays of 5.9 keV and no other radiation (besides monoenergetic neu- 
trinos). These photons are so easily attenuated that radiation equilibrium exists at 
the center of a 1-cm-radius water sphere. Thus the energy contributing to the dose 
there per EC event is equal to the electron binding energy Eb in each case, whether 
a fluorescence x-ray is emitted or not. Since approximately 88% of these EC events 
involve the K-shell, and the other 12% can be assumed to be with the L ,  the energy 
spent on the dose per EC event [Eq. (5.13)] is 

fEc = 0.88(6.54 keV) + 0.12(0.7 keV) 

= 5.84 keV 

where the binding energies are those for the daughter product, Mn (see Appendix 
B). 

D. Internal Conversion vs. y-Ray Emission 
An excited nucleus, instead of emitting a y-ray of energy hv, can impart the same 
amount of energy directly to one of its own atomic electrons, which then escapes the 
atom with a net kinetic energy of hv - Eb, where Eb is the binding energy of the 
electron's original shell. This process, called internal conversion (IC), has nothing to 
do with the photoelectric effect (see Chapter 7), since the nucleus emits no photon 
in this case. The ratio of the number N, of conversion electrons emitted to the number 
N, ofy-rays emitted by a given species of excited nucleus is called the internal-conuersion 
coejh5ent. 
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FIGURE 5.9. Atomic energy-level diagram for 'izCs ':lBa, illustrating competition 
between y-ray emission and internal conversion. Percentages all refer to disintegrations of parent 
atoms of '::Cs. (eK/y)  = 0.0916, K/(L + M + ...) = 4.41. 

An example of internal conversion is shown in Fig. 5.9 for 

It will be seen that 94.6% of the ':;Cs atoms decay to an excited state of 'gABa, in- 
dicated as 13:zBa, where the. m indicates a metastable or long-lived isomeric state with a 
half-life of2.55 minutes. (Isomers are nuclei having the sameZand the same number 
A of nucleons, but differing energy states.) These excited nuclei then decay in the 
following proportions: 89.9% y-ray emission (0.662 MeV), 8.2% conversion of K- 
shell electrons, and 1.9% other-shell conversion. 

This branching information is listed under the metastable I3$Ba by Lederer and 
Shirley (1979), in the following format: y 89.9%, e K / y  0.0916; K/L + M + * - * 

4.41. Normally IC branching is not shown on energy-level diagrams, but Fig. 5.9 
includes it for clarity. Note that the percentages shown there have been normalized 
to a total of 94.6%, so that, for example, there are 85.0 y-rays emitted per 100 dis- 
integrations of ':jcs. 

Internal conversion is always possible in place of y-ray emission by an excited 
nucleus. However, in many cases the probability of IC is negligibly small and can 
be ignored. 

1. Absorbed Dose for Internal Conversion 
When IC occurs in competition with y-ray emission, it generally results in a net 
increase in absorbed dose in small objects, since the penetrating y-radiation is thus 
replaced by a relatively short-range electron of nearly the same energy. That is, the 
energy of the conversion electron is 
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which will all be spent on absorbed dose under CPE conditions, neglecting radiative 
losses. In addition, the binding energy Eb also will be entirely contributed to the dose, 
provided that no part of it escapes from the radioactive body in the form of fluo- 
rescence x-rays. If the fraction p = 1 - AF of these x-rays can escape from the ra- 
dioactive body, then the energy contributed per IC event to dose under CPE con- 
ditions becomes 

(5.15) 

p e - k m i  (5.16) 

with pen and ? defined as before. 

Example 5.5. A sphere of water 10 cm in diameter contains a uniform source of 
137Cs undergoing lo3 disintegrations per g s. What is the absorbed dose at the center, 
in grays, for a 10-day period, due only to the decay of l3:;Ba? Use the mean-radius, 
straight-ahead approximation. 

Solution: 
days is 

For the y-rays of 0.662 MeV, pen = 0.0327 cm-', and the dose in 10 

dis y-rays MeV 
D~ = lo3 - x 0.85 - X 0.662 - 

g s  dis ?-ray 

X 1.602 X lo-''- Gy x 8.64 x 105 s x AF 
MeV/ g 

= 1.17 X 10-2Gy 

where AF p 1 - e-0-0327x5. 

For the K-shell conversion process, making use of Eq. (5.15). the dose contri- 
bution will be 

X 1.602 X lo-''- Gy x 8.64 x 105 
MeV/g 

= 1.080(0.662 - PKYKASK) X lo-' Gy 

From Fig. 7.15, hi;, = 0.032 MeV, and from Fig. 7.14, Y, = 0.90. Appendix D.3 
gives p,, P 0.13 cm-' for 0.032 MeV, by interpolation. Hence Eq. (5.16) becomes 

0.52 P K  = e-0.13x5 = 
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and D;K, = 6.99 x 1 0 - ~  G~ 

Likewise, for the IC process in the L + M + - * - shells, which we may assume 
to be all L, shell, hYL = E t  = 6 keV, for which pen = 24 cm-' water. ThuspL Q 

0, and 

MeV 
lc(L) X (0.662 - 0)- dis 

#c = lo3 - x 0.018 - 
P S  dis W L )  

X 1.602 X lo-'' - Gy x 8.64 x 105 
MeV/g 

= 1.65 X Gy 

Hence the total absorbed dose in 10 days due to the disintegration of I3z;Ba atoms 
is 

D,,, = Dy + f l c  + Dfc = 1.17 x lo-* + 6.99 x lov3 + 1.65 x 
= 2.03 X lO-'Gy 

E. Tables for Dose Estimation in Appendix C 
Appendix C contains data excerpted from the tables of Dillman and Von der Lage 
(1975), providing abbreviated dose information about a selection of radionuclides. 
For each source the table gives the types ofradiations emitted, the number of particles 
(or photons) of each type emitted per parent disintegration, the m c ~  energy per par- 
ticle, and the corresponding "equilibrium dose constant" in g rad/pCi h. The latter 
quantity can be converted into J/Bq h by multiplying by 2.703 X lo-". It represents 
the energy contributed to the absorbed dose, per unit activity and time, under RE 
conditions (or CPE conditions for @-rays). 

The use of these tables can be demonstrated by reference to Example 5.4, in which 
a source of "Na distributed in a 2-cm-radius water sphere undergoes lo5 dis/g s. 
That is equivalent to lo8 Bq/kg. The table in Appendix C shows that the main 0'- 
disintegration has an equilibrium dose constant of 0.4163 g rad/pCi h, which con- 
verts to 1.125 X 1O-IoJ/Bq h. The @+-dose under CPE conditions is then given by 

= 1.89 Gy 

For obtaining the dose due to the 1.2746-MeV y-rays under RE conditions one 
uses the equilibrium dose constant of 2.7148 g rad/pCi h, which converts to 7.338 
X 10-loJ/Bq h. Thus the dose is 

= 12.33 Gy 
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The absorbed fraction may be estimated as in Example 5.4, obtaining the value 
AF = 0.0562. Thus at the center of the water sphere Dy from these y-rays is 12.33 
X 0.0562 = 0.693 Gy, in good agreement with the value obtained before. 

PROBLEMS 

1. 

2. 

What is the mean radius f. from the midpoint of a cylinder of radius a and height 
h to its boundary surface? Evaluate 7 for a = h/2 = 10 cm. 
A ':;Cs source is homogeneously distributed throughout a right cylindrical 
bucket of water having diameter = height = 30 cm. What is the approximate 
absorbed dose rate in Gy per day in water at the center of the bucket if 160 atoms 
of ':$s disintegrate per g s? Use the straight-ahead approximation and the 
mean-radius method of calculating the photon dose. Give the answers for each 
component of the dose. 
Repeat problem 2 for a mouse-sized cylindrical mass of water 3 cm in diameter 
by 3 cm long. 
Redo Examples 5.2 through 5.5 in this chapter by application of Appendix C. 

3. 

4. 

SOLUTIONS TO PROBLEMS 

1. 11.32 cm. 
2. b p ( O . 4 2 7 )  = 5.1 X Gyld, 

b,p(o,r75) = 3.67 X 10-4Gy/d, 
D = 5.31 X 10-4Gy/d, dC = 1.14 X Gyld, 
Dfc = 2.6 X Gyld, 
b,,, = 1.09 X Gyld. 

3. b p ( O . 4 2 7 )  = 5.1 X Gyld, 
b8-(0.175) = 3.67 X Gyld, 
D = 6.7 X Gyld, 
L& = 1.10 X Gyld, 
b;", = 2.6 X 10-5Gy/d, 
D,,, = 6.22 X Gyld. 
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CHAPTER 6 
Radioactive Decay 

1. TOTAL DECAY CONSTANTS 
Consider a large number N of identical radioactive atoms. We define X as the total 
radiouctive &my (or transformation) constant, which has the dimensions reciprocal time, 
usually expressed in inverse seconds (s-I). The product of h by a time in consistent 
units (e.g., seconds), and that is << 1/X, is the probability that an individual atom 
will decay during that time interval. 

We make the (well-established) assumption that X is independent of the age of 
the atom (and of all physical and chemical conditions such as temperature, pressure, 
concentration, etc .). 

The expectation value of the total number of atoms in the group that disintegrate 
per unit of time very short in comparison to 1/X is called the activity of the group, 
AN. This is also expressed in units of reciprocal time, since N is a dimensionless 
number. 

So long as the original group is not replenished by a source of more nuclei, the 
rate of change in N at any time t is equal to the activity: 

AN 
dN _- = 
dt 

Separating variables and integrating from t = 0 (when N = No) to time t ,  we have 

101 
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whence 

RADIOACTIVE DECAY 

In N - In No = - (At  - 0)  

- N - - ,-At 

NO 
So we can write for the ratio of activities at time t to that at to = 0 

which is found to agree with the experimentally observed law of radioactive decay. 

II. PARTIAL DECAY CONSTANTS 
If a nucleus has more than one possible mode of disintegration (i.e., to different 
daughtcrproducts), the total decay constant can be written as the sum of the partial 
decay constants A; 

A = A A  + A, + * * * (6.5) 

and the total activity is 

NA = NAA + NAB + . * * 

The partid activity of the group of N nuclei with respect to the ith mode of dis- 
integration can be written 

where N has been expressed in terms of No according to Eq. (6.3). Note that each 
partial activity AJVin Eq. (6.7) decays at the rate determined by the total decay con- 
stant A, rather than A; itself, since the stock of nuclei (N) available at time t for each 
type of disintegration is the same for all types, and its depletion is the result of their 
combined action. * Also note that the partial activities A f l  are always proportional 
to the total activity AN, independent of time, since each hi is constant. That is, the 
AiNIXNare constant fractions, and their sum for all imodes ofdisintegration is unity, 
from Eq. (6.6).  

111. UNITS OF ACTIVITY 
The old unit of activity was the curie (Ci), originally defined as the number of dis- 
integrations per second occurring in a mass of 1 g of 'i;Ra. Later the definition of 

*Note the mathematical similarity of decay constants to attenuation coefficients in Chapter 3,  Sections 
1-111. 
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the curie was divorced from the mass of radium, and was simply set equal to 3.7 
X 10" s - ' .  Subsequent measurements of the activity of radium have determined 
that 1 g of 'ZRa has an activity of 3.655 X 10" s - ' ,  or 0.988 Ci (Martin and Tuck, 
1959). 

More recently it was decided by an international standards body to establish a 
new special unit for activity, the becqurel (Bq), equal to 1 s - ' .  Thus 

1 Ci = 3.7 X 10" Bq, 

1 mCi = 3.7 X lo7 Bq, (6.8) 
1 pCi = 3.7 X lo4 Bq 

It will be recognized that the becquerel and the hertz have identical dimensions, both 
having units of 1 s - ' .  The only difference between them is in their application, the 
hertz being intended for expressing the frequency of periodic motion, while the bec- 
querel is used solely for radioactivity. In other fields of application requiring s-' as 
a unit, no special name has been assigned. 

It is difficult to predict how soon the becquerel might replace the curie in common 
usage; certainly there will be a period of coexistence between the two units. It is of 
the greatest importance that errors must not result from confusion arising from unit 
conversion, especially in clinical nuclear medicine. 

In addition to the curie and becquerel as defined above a third option exists for 
expressing activity, but only for radium sources. Such a source can be said to have 
an "activity" equal to the w s  of 'ZERa that it contains, typically in milligrams. For 
historical reasons this usage is very common in spite of its irregularity and lack of 
consistency with the proper dimensions of activity (s-I). However, it causes no dif- 
ficulty, so long as one remembers that 1 mg of 'ERa has a true activity of 0.988 mCi. 
The latter value should be used, for example, in calculating production of the daugh- 
ter product radon. 

IV. 
The expectation value of the time needed for an initial population of No radioactive 
nuclei to decay to l l e  of their original number is called the mean 1iJe 7.  Thus 

MEAN LIFE AND HALF LIFE 

The mean life 7 has interesting and useful properties. As its name implies, it rep- 
resents the average lifetime of an individual nucleus from an arbitrary starting time 
to until it disintegrates at a later time t .  Here t - to may have any value from 0 
to 03. 
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7 is also the time that would be needed for all the nuclei to disintegrate if the initial 
activity of the group, Wo, were maintained constant instead of decreasing expo- 
nentially. This can be easily seen from the following argument: Suppose that the 
initial number of nuclei present is No. The initial rate at which they disintegrate is 
the initial activity, W0. Multiplying this rate (now assumed constant) by any period 
of time would give the total number of nuclei disintegrating during that time. If that 
time is the mean life 7,  then 

- No N o r  = - - N O  
x (6.10) 

indicating that all of the nuclei would disintegrate. This can also be seen from Fig. 
6.1. The slope of the decay curve of activity may be obtained by differentiation: 

(6.11) 

Thus the initial slope is -A2No. The time it takes for the straight line along that 
direction to reach 0 activity can be obtained from: 

AN,, - X2Not = 0 

(6.12) 

Thus the initial slope intersects the zero-activity axis at the mean life T, as expected. 
A second important characteristic time period associated with exponential decay 

is the Mf-lifc rIl2, which is the expectation value of the time required for one-half 

- - - - - - - - - - -  
ECTANGULAR SHADED AREA =No= 
REA UNDER CURVE FROM T = 0 TO a 

= ~ 9 3 1  r 
FIGURE 6.1. Illustrating exponential decay, and the concepts of mean life T and half-life T , , ~ .  
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of the initial number of nuclei to disintegrate, and hence for the activity to decrease 
by half 

In 0.5 = -0.6931 = (6.13) 

0.6931 
x r1,2 = - = 0.6931 r 

V. RADIOACTIVE PARENT-DAUGHTER RELATIONSHIPS 
Consider an initially pure large population (N,)o of parent nuclei, which start dis- 
integrating with total decay constant A, at time t = 0. The number of parent nuclei 
remaining at time t is N~ = (~~>,,e-'". 

Let hl be composed of partial decay constants A,,, A,,, and so on. We focus our 
interest solely on the daughter product resulting from disintegrations of the A type, 
which occur with decay constant AIA. The rate of production of these daughter nuclei 
at time t is given by hIANi = XIA(Ni),,e-'l'. Simultaneously they in turn will dis- 
integrate with a total decay constant of AM, where the 2 refers to the generation doing 
the decaying (i.e., daughter, or 2nd generation) and the A identifies the type of pa- 
rental disintegration that gave rise to the daughter in question. Since we will not 
be concerned here with the fate of any other daughter products, we can simplify 
terminology by dropping the A from the hU. The rate of removal of the N2 daughter 
nuclei which exist at time to will be equal to the negative of their total activity, - A2N2. 
Thus the net rate of accumulation of the daughter nuclei at time t is 

= X I A ( N , ) ~ - ' "  - X2N2 (6.14) 

The general solution of this differential equation for N2 at time twill be of the form 

N~ = ( i ~ , ) ~  (xle-'I' + x2e-'2f) (6.15) 

where x1 and xq are constants to be determined. Differentiating with respect to time 
gives 

(6.16) 

Now substituting Eqs. (6.15) and (6.16) into Eq. (6.14), we get 

- (N,) , [  xihi , - ' I f  + x ~ X ~ ~ - ' ~ ' ]  = A l ~ ( N i ) ~ - A 1 l  - A2(N1)0( xle-'If + x2e-'") 

(6.17) 
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which becomes, upon canceling and collecting terms, 

X J ( N 1 ) O  P y A ,  - A,)] + x2[0] - (Nl)oAIAe-Xlr = 0 

or 

~ - A 1 f [ ~ l ( ~ l ) O ( h ?  - - AlA(NX)O] = 

The factor in brackets must equal zero to satisfy the equation for all t-values, SO 

x1(N1)0(A2 - hl) = AIA(N1)O (6.18) 

whence 

Assuming now that the population N2 of daughter nuclei is zero at t = 0, we can 
solve Eq. (6.15) for x2: 

N2 = 0 = (Nl)o (xle-"' + x,e-'*') 

(6.19) 

-AIA :. x, = -XI  = - 
A2 - '1 

Substituting Eq. (6.19) into (6.15), we have 

Then the activity of the daughter product at any time t ,  assuming N2 = 0 at t = 0, 
is 

(6.20) 

Remembering that the activity of the parent at time is hlNl = Xl(Nl)oe-XLf, we can 
divide Eq. (6.20) by this equation to obtain the ratio of daughter to parent activities 
vs. time: 

(6.21) 

It is evident from Eq. (6.21) that if the partial decay constant AIA of the parent 
were equal to its total decay constant A, (i.e., only one daughter were produced by 
the parent), then 

(6.22) 

Thus the only difference between Eqs. (6.22) and (6.21) is that (6.21) gives, for all 
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t-values, an activity for the daughter (relative to that of the parent) that is smaller 
by the factor AIAIAl, which is just the fractional decay constant of the parent for the 
type of disintegration that produces 'the daughter. We may therefore ignore the 
influence of branching in the modes of parent disintegration until the final step when 
the activity of the daughter has been determined as a function o f t  on the basis of 
Eq. (6.22), and then simply multiply by the ratio XIA/AI to decrease the daughter's 
activity by the proper factor. 

In each of the following equilibrium cases to be considered, we will assume the 
initial activity of daughter product to be zero (N2 = 0 at t = 0). 

VI. EQUILIBRIA IN PARENT-DAUGHTER ACTIVITIES 
It can be seen from Eq. (6.20) that the activity ofadaughter resulting from an initially 
pure population of parent nuclei will have the value zero both at t = 0 and OD. Ev- 
idently A2N2 reaches a maximum at some intermediate time t, when 

and therefore 

and 

(6.23) 

This maximum occurs at the same time t = t ,  that the activities of the parent and daughter are 
equal ;f, and only ;f, AIA = A, (i .c. ,  the parent has on& one &ugh&). This can be seen 
from the following considerations. From Eq. (6.22) we have 

A2 

A, 
(A2 - h,)t  = In - 
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Therefore 

(6.24) 

which is the same as Eq. (6.23), proving that the maximum of the sole daughter's 
activity does occur at the same time as the parent's and daughter's activity curves 
cross, assuming N2 is initially zero. If, however, A,, < X I ,  then Eq. (6.21) must be 
used in place of Eq. (6.22), and the time for equal parent and daughter activities 
will be shifted from t = t, to a later time, or to infinite time if the curves no longer 
cross at all. 

The specific relationship of the daughter's activity to that of the parent depends 
upon the relative magnitudes of the total decay constants of parent (Al )  and daughter 
(A,) * 

A. Daughter Longer-Lived than Parent, < 1, 
Equation (6.21) can be altered by changing signs to obtain the following for the ratio 
of daughter to parent activities: 

or, where only one daughter is produced, 

(6.25) 

(6.26) 

This activity ratio is thus seen to increase continuously with t for all times. Re- 
membering that the parent activity at time t is 

h , N ,  = Xl(N1),  e-"' 

one can construct the activity curves vs. time for the representative case of metastable 
tellurium- 13 1 decaying to its only daughter iodine-1 3 1 ; and thence to xenon- 13 1 : 

5- 5- 
131 131 

l3';Te - 531 - 54Xe 
7,,? = 30h 7,,,=193h 

XI = 2.31 X lo-, h-', X2 = 3.59 X h-' 

:. A, > X, 

The resulting curves are shown in Fig. 6.2. 

B. Daughter Shorter-Lived than Parent, 5, > A, 
For t >> t ,  the value of the daughtedparent activity ratio in Eq. (6.21) becomes 
a constant, assuming as usual that N2 = 0 at t = 0: 

(6.27) 
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1, 200 400 600 

t(hrs) 
FIGURE 6.2. 
daughter. 1' = 2.31 X lo-' h-', 1, = 3.59 X 

of ":?Tc ir equal to (XINI), and that of ';;Z equals zero. 

Qualitative relationship of activity vs. time for 13:;Te as parent and ':;I as 
h-', and hence 4 < A,. At t = 0 the activity 

or, where only a single daughter is produced (i.e., AiA = Al) ,  

(6.28) 

The existence of such a constant ratio of activities as in Eq. (6.27) or (6.28) is called 
transient equilibrium, in which the daughter activity decreases at the same rate as that 
of the parent. 

For AIA = A,, the daughter activity is always greater than that of the parent during 
transient equilibrium, and the two activities are equal at the time t = t ,  [see Eqs. 
(6.23) and (6.24)], at which time A2N2 is also a maximum. For AIA < h i ,  A2N2 still 
maximizes at t,, but the crossover of AINl occurs later, if it occurs at all. Obviously 
if 

A2 >- XI 

A,, A2 - A, 
- 

then Eq. (6.27) will give A2 N2/AI N l  < 1, and no crossover will occur. The daughter's 
activity will still follow that of the parent during transient equilibrium, but always 
remain the lower of the two. 

For the special case where 

(6.29) 

in Eq. (6.27), the activity of the Ath daughter in transient equilibrium equals that 
of the parent. Equality of daughter and parent during transient equilibrium is re- 
ferred to as secular equilibrium, which will be discussed in the next section. 

It is convenient to know how closely a daughter has approached a transient-equi- 
librium relationship with its parent at a given time. The time t, when the daughter's 



110 RADIOACTIVE DECAY 

activity reaches a maximum is given by Eq. (6.23), which may be substituted into 
Eq. (6.21) to obtain the daughter-to-parent activity ratio at time tm: 

(6.30) 

which of course equals unity for A,, = A , .  

to-parent activity ratio 
When transient equilibrium is reached, from Eq. (6.27) we have for the daughter- 

X l A  A2 

= x, - 
Thus at time 1, the ratio of X2 N2A1 Nl to its transient-equilibrium value is 

(6.31) 

(6.32) 

By similar algebra it can be shown that at any time nt, (i.e., at a time expressed in 
units of tm), the ratio of (&N2/hl N,) to its transient-equilibrium value will be given 
by 

1 h l A  ’2 (1 - e-nIn(hnlXi)  (EL - - x, * 
W,< h A  A* 

A1 A2 - ’1 

_.-  

(6.33) - - 1 - e-n In(hzlhi) 

which approaches unity for large n. 
An interesting example of transient equilibrium, which also exhibits branching 

of the decay to more than one daughter, is provided by Z;Mo (7112 = 66.7 h). The 
total parent decay constant X1 = 0.693/(66.7 h) = 0.0104 h-I. In 86% of its p-- 
disintegrations, EM0 decays to 9 9 ~ 3 T ~ ,  a metastable daughter having a 6.03-h half- 
life in decaying to its ground-state isomer ZTc by y-ray emission. The other 
14% of the ZMo nuclei decay by /3--emission to other excited states of ZiTc, 
which then promptly decay by y-ray emission to the ground state. Thus we can 
regard g,’jTc as a second daughter of EMo, to which that parent decays in 14% of 
its disintegrations. 
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We have a special interest in the first daughter 9973Tc for clinical diagnostic ap- 
plications, because its intermediate half-life (6.03 h) and y-ray energy of 140 keV 
make it useful for injection into the body for tissue scanning in nuclear medical pro- 
cedures. This daughter can be periodically “milked” from a :;Mo-containing gen- 
erator, or “cow”, enclosed in a lead-shielded container kept in the hospital. The 
milking process withdraws both 99T3Tc and ZTc together, but the latter has a long 
( 2  X lo5 y) half-life and emits no y-rays. The y-rays emitted during the decay of 
the short-lived excited states of ::Tc occur in the generator and are absorbed in its 
lead container. Consequently only 99T3T~ still emits y-rays after withdrawal from 
the generator, and that is the only daughter that concerns us. 

The partial decay constant AIA for :;Mo disintegrating to *y3Tc is 0.86 times the 
total decay constant for ZMo, or 0.00894 h-I. *T3Tc itself decays to ZTc, exhibiting 
a half-life of 6.03 h, so A, = 0.115 h-I. The time t, at which the activity of ”T3Tc 
reaches a maximum is given by Eq. (6.23): 

In (h2/X1) - In (0.115/0.0104) 
1, = - = 23.0 h 

X2 - XI 0.115 - 0.0104 

The ratio of daughter to parent activity at transient equilibrium in this case is given 
by Eq. (6.27) as 

h2N2 0.00894 0.115 
XINl 0.0104 0.115 - 0.0104 = 0.945 -=-. 

If, hypothetically, ”Y3Tc had bees the onlydaughter of ZMo, then Eq. (6.28) would 
have described X2 N2Al  Nl  at transient equilibrium, and its value would have been 

A N 0.115 -- 2 -  
X1Nl 0.115 - 0.0104 = 1.099 

Both the real and hypothetical ”T3Tc activity curves are shown in Fig. 6.3,  where 
the latter is shown dashed. 

The approach to transient equilibrium ofwy3Tc can be calculated from Eq. (6.33) 
as a function oft in units o f t ,  = 23 h: 

tm 0.910 0.860 
2t,  0.992 0.937 
3 tm 0.999 0.944 
41, 0.9999 0.945 

It will be seen that in this example transient equilibrium is approached within 0.1 % 
at a time equal to 3tm. In general, it can be seen from Eq. (6.33) that the ratio of 
daughter to parent activity will reach 90% of its transient-equilibrium value 
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T 
I= 
Y 
> HYPOTHETICAL, 

ASSUMING A l l =  A # ,  

0 

t(h) 
FIGURE 6.3. Example of transient equlibrium: Activity vs. time for ZMo as parent and 
YYTc an daughter. L1 = 0.0104 h-I; L2 = 0.115 h-I, hence & > Ll .  The activity of ::Mo is equal 
to (al Nl)O at t = 0, and (L2Nz)0 = 0 also. Both actual (LrAILl = 0.86) and hathetical (asruming 
&/A, = 1) curves of daughter activity are shown, the latter dashed. 

when n In (X2/X1) = 2.3, 99% when n In (X2/X1) = 4.6, and 99.9% when n In (A2/ 
XI) = 6.9. Thus a relatively large value of h2/hl produces a given approximation 
to transient equilibrium at a relatively short time (i.e., small n). For X2/X, = 10, Eq. 
(6.33) gives 0.9 for t = t,, 0.99 for t  = 2t,, and 0.999 for t  = 3t,. 

C. Only Daughter Much Shorter-Lived than Parent, k2 >> 1, 
For long times ( t  >> 7*) in this case Eq. (6.28) reduces to 

(6.34) 

That is, the activity of the daughter very closely approximates that of its parent, and 
they decay together at the rate of the parent. Such a special case of transient equi- 
librium, where the daughter and parent activities are practically equal, is commonly 
called secular equilibrium, because it closely approximates that condition [see Eq. 
(6.29)]. The practical cases to which this terminology is applied usually include a 
very long-lived parent, hence the use of the word “secular” in its sense of “lasting 
through the ages”. 

An example of this is the relationship of ‘ZRa as parent, decaying to ‘:;Rn as 
daughter, thence to 2A2Po: 
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a, 'I a 
218 84PO 

222 

rin = 3.824d 
hz=O. l8125d- '  

' 86Rn 226 

r1rz = 1602y 
XI = 1.1845 X 10-6d-1  

88Ra 
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In this case Eq. (6.33) gives 

0.18125 -- - = 1.000007 1 
hINl 0.18125 - 1.1845 X 

where both activities must be stated in the same units (e.g., Bq). 
Since 'i;Rn is the only daughter of 2gRa, its activity exactly equals that of its 

parent at t, = 66 days [from Eq. (6.24), assuming (h2N2), = 01, and thereafter the 
equality is approximated within 7 parts per million, as shown in the preceding equa- 
tion. The proximity to transient equilibrium for this case is given by Eq. (6.33): 
within 1 % at t = 26 days; within 0.1 % at t = 39 days. 

Thus 1 Ci of 2$Ra sealed in a closed container at time t, will, any time after 39 
days later, be accompanied by 1 Ci (within 0.1%) of 2i:Rn, which is a noble gas. 
The granddaughter product, '::Po, in turn decays to ';,'Pb, and so on through six 
additional series decay steps to reach stable 2gPb, as shown in Fig. 6.4, which gives 
the entire uranium series beginningwith 'i:U. It can be shown (e.g., see Evans, 1955) 
that in such a case all the progeny atoms will eventually be nearly in secular equi- 
librium with a relatively long-lived ancestor (e.g., *iZRa), and will therefore all have 
practically the same activity (where the activities of RaC' and RaC" must be com- 
bined, since they are branching sisters). 

Where h2 >> X, with decay branching present, giving rise to more than one 

FIGURE 6.4. Uranium-238 decay series. 
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daughter, the ratio of the activity of the Ath daughter to that of its parent at long 
times can be gotten from Eq. (6.27): 

(6.35) 

VII. REMOVAL OF DAUGHTER PRODUCTS 
In some cases, especially for diagnostic or therapeutic applications of short-lived 
radioisotopes, as noted in Section VI.B, it is useful to remove the daughter product 
from its relatively long-lived parent, which continues producing more daughter at- 
oms for later removal and use. The greatest yield pc' milking will of course be gotten 
at time t, since the previous milking, assuming complete removal of the daughter 
product each time. Waiting longer than t,,, is counterproductive, as the activity of 
the daughter present then begins to decline along with the parent. Frequent (or con- 
tinuous) milking would give a greater total yield of the daughter product, however. 

Assuming that the initial parent activity is h,(N,), and the initial Ath-daughter 
activity is zero at time t = 0, the daughter's activity at any later time 1 is obtained 
from Eq. (6.20). It is convenient to observe that this equation tells us how much Ath- 
daughter activity &ts at time t as a result of the parent-source disintegrations, re- 
gardless of whether or how often the daughter has been separated from its source. 
Thus the amount of daughter activity available to be removed from the source at 
time t is that given by Eq. (6.20) minus the daughter activity previously removed 
and still existing elsewhere at the same time 1. 

Alternatively, if we let X,(Nl), represent the initial activity of the parent source 
at time t = 0, and if the Ath daughter product is completely removed at a later time 
t ,  (not necessarily the first milking), then the additional Ath daughter activity that 
can be removed at a subsequent time 12 is given by 

If only a single daughter is produced (AlA = A,) and if we assume t ,  = 0 and t2 = 
t ,  then 

(6.37) 

The activity A2N2 of the daughter product after removal from its parent may not 
be directly correlated with the radiation output of the resulting new source as a func- 
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tion of time. An important example is radon gas, which itself emits only a-particles 
and no y-radiation. Immediately after removal from its *:Ra parent and sealing off 
into a gold “seed”, radon is practically “dead” as a y-ray emitter; hence the seed 
can be quickly manipulated with little necessity for y-ray shielding. However, its 
y-ray output soon builds up with the production of its granddaughter Ra B and great- 
granddaughter Ra C (see Fig. 6.4), both of which are prolific y-ray emitters (Johns 
and Cunningham, 1974, Table XIV-1). It takes about 4 h for the Ra B and Ra C 
to reach their maximum activities, and hence for the y-ray output rate to maximize. 
Evans (1955) provides an excellent treatment of the problem of calculating the ac- 
tivities of a chain of radioactive progeny as a function of time. 

VIII. RADIOACTIVATION BY NUCLEAR INTERACTIONS 
Stable nuclei may be transformed into radioactive species by bombardment with 
suitable particles, or photons of sufficiently high energy. Thermal neutrons are par- 
ticularly effective for this purpose, as they are electrically neutral, hence are not re- 
pelled from the nucleus by Coulomb forces, and are readily captured by many kinds 
of nuclei. Tables of isotopes (e.g., Lederer and Shirley, 1979) list typical reactions 
which give rise to specific radionuclides. 

Let N, be the number of target atoms present in the sample to be activated: 

N h  N, = - 
A ’  

(6.38) 

where NA = 
A =  
m =  

Avogadro’s constant (atoms/mole), 
gram-atomic weight (g/mole), and 
mass (g) of target atom only in the sample. (This is equal to the product 
of the gross sample mass by the weight fraction of target atoms present 
in the sample.) 

. I  

If Q is the particle flux density (s-’ cm-*) at the sample, assuming that the sample 
self-shielding is negligible, and u is the interaction cross section (cm2/atom) for the 
activation process in question, then the initial rate of production (s-I) of activated 
atoms is 

(%) 0 =9” (6.39) 

assuming as usual that we are dealing with expectation values. Correspondingly the 
initial rate of production of activity of the radioactive source being thus created is 
given by 

(6.40) 

where h is the total radioactive decay constant of the new species. 
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If we may assume that Q is constant and that Nf is not appreciably depleted as 
a result of the activation process, then the rates of production given by Eqs. (6.39) 
and (6.40) are also constant. 

As the population of active atoms increases, they decay at the rate ANact (s-I). 
Thus the net rate at which they accumulate can be expressed as 

(6.41) 

After an irradiation time t >> 7,  the rate of decay equals the rate of production, 
and the net rate of population increase becomes zero; thus the equilibrium activity 
level is given directly by 

(WA = CONP (Bq) (6.42) 

where the subscript e stands for equilibrium. 
At any time t after the start of irradiation, assuming the initial activity to be zero 

(AN=, = 0 at t = 0), the activity in becquerels can be shown to be related to the 
equilibrium activity by 

AN,, = ( w ~ ~ ~ ) ~  (1 - e-") = cp~,u(l - t-h) (6.43) 

This equation can be derived from Eq. (6.41) in the same way that Eq. (6.20) was 
derived from Eq. (6.14). Or, assuming that no decay occurs during the irradiation 
period t (which will be approximately correct if t << T) ,  the activity at time t may 
be approximated by 

hN,, hQNpt (6.44) 

where h ~ N p  is the initial rate of production of activity (Bq/s) from Eq. (6.40). 
Figure 6.5 shows the growth of activity as a function of time, according to Eq. 

(6.43). Also shown is the linear approximation given by Eq. (6.44). It is clear from 
the graph that this approximation is adequate only for times very short compared 
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to the mean life 7 .  At time t = 7 = 1/A, Eq. (6.44) predicts that the activity (ne- 
glecting decay) would reach p N p ,  the equilibrium activity level [ Eq. (6.42)]. 

Sometimes it is necessary to calculate the equilibrium activity level on the basis 
of the initial rate of growth of activity, without knowing the flux density or cross 
section for the interaction. An example would be the prediction of the maximum 
activity level of a particular radionuclide that would be reached ultimately in a neu- 
tron shield, knowing only the activity resulting from a short initial irradiation period. 

Combining Eqs. (6.40) and (6.42), we have for.the equilibrium activity level 

(6.45) 

Therefore the equilibrium activity level is equal to the initial production rate of ac- 
tivity multiplied by the mean life 7. This method of course requires that the mean 
life (or the decay constant) be known for the radioactive product of interest. 

IX. EXPOSURE-RATE CONSTANT 
The exposure-rab constant of a radioactive nuclide emitting photons is the quotient 
of l'(~!X/dt)~ by A, where (dx/dt)a is the exposure rate due to photons of energy greater 
than 6, at a distance 1 from a point source of this nuclide having an activity A (ICRU, 
1971): 

(6.46) 

It is usually stated in units of R m2 Ci-' h-' or R cm2 mCi-' h-I. 
This quantity was defined by the ICRU to replace the earlier specijic gummu-ray 

constunt I', which only accounts for the exposure rate due to y-rays, whereas I'6 also 
includes the exposure rate contribution (if any) of characteristic x-rays and internal 
bremsstrahlung* , and establishes the arbitrary lower energy limit 6 (keV) below 
which all photons are ignored. As of this writing most of the available tabulations 
of data for y-ray emitters still list r rather than Fa, and the specific y-ray constant 
continues to be used in practice where the corresponding exposure-rate constant is 
not available. 

Table 6.1 gives the results of calculations by Dillman, published by the NCRP 
(1974), quoting I'- and ra-values for several y-emitters with the assumption that 6 

'Internal bremsstrahlung results from the abrupt change in nuclear charge due to the emission of a P- 
ray (+ or -) or the capture of an electron [see Evans (1955) and discussion of bremsstrahlung x-ray 
production in Chapter lo]. Its contribution to theexposure rate is relatively weak, and usually negligible 
in strong y-ray emitters. 
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TABLE 6.1. Data for Selected y-Bay Sources" 
~ ~~~ 

Specific y-Ray Exposure-Rate 
y-Photon Energy Constant' (R cm2 Constant6 (R cm2 

Radionuclide Half-Life (MeV) mCi-' h-') mCi-' h-') 

30.0 y 
27.72 d 
5.26 y 
2.698 d 

60.25 d 
74.2 d 

1602 y 
115.0 d 

0.6616 
0.3200 

1.173-1.322' 
0.4118-1.088' 

0.03548 
0.1363-1.062' 
0.0465-2.440' 
0.0427-1.453' 

3.200 
0.1827 

2.309 
0.041 94 
3.917 
8.996' 
7.631 

12.97 

3.249 
0.1827 

2.357 
1.315 
3.970 

7.753 

12.97 

10.07 

~~ ~~ ~~ ~ ~ 

"NCRP (1974). 
6The specific y-ray constants and exposure-rate constants were calculated by L. T. Dillman from decay- 
scheme data, assuming W,, = 33.70 eV1i.p. Values in the present table have been adjusted downward 
to be consistent with T.,* = 33.97 eV/i.p. Contributions to these constants by photons below 11.3 keV 
were excluded. 
'Minimum and maximum values included in the calculation of specific y-ray constant and exposure-rate 
constant. 
dWith daughters. 
'This value differs from the currently accepted value of 8.35 R cm2 mCi-' h-' for radium because the 
value8.996 wascalculated for no filtration. Thevalueof8.35isforafilterofO.5-mmplatinum andincludes 
such secondary radiations as may be generated in the platinum filter; it corresponds to 8.25 R cmz mg-' 
h-', since I mg = 0.988 mCi. 

- 

= 11.3 keV. It will be seen that rb is greater than I' by 2% or less, except for 
*ERa ( 1  2 %) and '::I (in which case r is only about 3 % of Fa because K-fluorescence 
x-rays following electron capture constitute most of the photons emitted). In extreme 
cases like this, where r would be useless if defined literally (i.e., for y-rays only), 
x-rays have been sometimes included in I' even though the definition did not call 
for it (e.g., Table A8 in Johns and Cunningham, 1974). Moreover, r-values derived 
from experimental measurements of the exposure rate naturally indude the effect 
of any x-rays escaping from the source. Thus the tabulations of r available in the 
literature may be closer to rS in value than one would expect from the difference in 
their definitions, and variations in r from one table to another constitute a greater 
practical difficulty at the present time than the lack of rs data. 

The most extensive tables of r now available are those of Nachtigall(1969), which 
were computed in a self-consistent way for 600 radionuclides. Unger and Trubey 
(1982) have tabulated 500, in terms of tissue CPE dose in place of exposure. 

In the following paragraphs we will show how the specific y-ray constant r can 
be calculated for a given point source. The exposure-rate constant may be cal- 
culated in the same way by taking account of the additional x-ray photons (if any) 
emitted per disintegration. 
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At a location I meters (in vacuo) from a y-ray point source having an activity A 
Ci, the flux density of photons of the single energy Ei is given by 

1 
qE, = 3.7 X 10" Ak; - 

4r12 

Aki 
= 2.944 X 10'- (photons/s m2) (6.47) 

l2 

where ki is the number of photons of energy Ei emitted per disintegration. This can 
be converted to energy flux density through Eq. (1.13a) as follows: 

Ak,Ei 
$E, = E, ( p ,  = 2:944 X lo' 7 

1 
(MeV/s m2) (6.48) 

in which Ei is to be expressed in MeV/photon. It will be more convenient to express 
$E, in units of J/s m2 (1 MeV = 1.602 X J), while still expressing Ei in MeV, 
in which case the above equation becomes 

Aki E, 
1 

' E ,  = 4.717 X 7 J/s m2 (6.49) 

We can relate this energy flux density to the exposure rate by recalling Eqs. (1.1 l), 
(2.23), and (2.28). For photons of energy Ei the exposure rate is given by 

and the total exposure rate for all of the y-ray energies Ei present is 

dx 1 "  - = -  
dt 33.97 ?i (?)=,,air ' ' I  

Substituting Eq. (6.49) into (6.51), we obtain 

dx A "  - = 1.389 x - c k,E, 
dt l 2  i = l  [ (?)&ail ''kg 

(6.51) 

(6.52) 

This can be converted into R/h, remembering that 1 R = 2.58 X C/kg and 
3600 s = 1 h: 

= 193.8 - c kiE, C(cn 
dt A l 2  [ i = l  " ( P )Et,airl R/h 

(6.53) 

The specific y-ray constant for this source is defined as its exposure rate from all 
y-rays per curie ofclctiuig, normalized to a distance of 1 m by means of an inverse- 
square-law correction: 
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(6.54) 
dx l 2  
dt A 

r = - - - = 193.8 

where Ei is expressed in MeV and pen/p in m2/kg. If air is given instead in 
units of cm2/g, the constant in this equation is reduced to 19.38. r may be obtained 
in units of R cm2/mCi h directly with Eq. (6.54) if (pe,/p)E,,air is expressed in cm2/ 
g in place of m2/kg. 

For the special case of 2gRa in equilibrium with its progeny (see Fig. 6.4), r is 
usually expressed in R cm2/mg h, the activity of the 2izRa is being expressed in terms 
of its mass (see Section 111). Also, the accepted value of 8.25 R cm2/rng h refers not 
to a "bare" point source, but rather to one in which the y-rays are filtered through 
0.5 mm of Pt(lO%Ir) in escaping. Shalek and Stovall(l969) have provided a table 
of r-values for radium sources in other capsule thicknesses; between 0.5 and 1 .O 
mm, l' decreases by approximately 1.3% per 0.1-mm increase in Pt(lOB1r) wall 
thickness. The specific y-ray constant for 2gRn in equilibrium with its progeny, with 
0.5-mm Pt-Ir filtration, is 8.34 R cm2/mCi h, nearly the same as that for 2izRa in 
equilibrium, which is8.35 Rcm2/mCi h (  = 8.25 R cm2 mg-' h-'/0.988 mCi mg-I). 
The tenth-percent difference is due to the weak y-ray emission in the disintegration 
of the 2:zRa itself. Nearly all of the y-rays emitted by "ffRa or 2i:Rn in equilibrium 
with their decay products result from just two of their progeny: Ra  B (2A$Pb) and 
Ra C ( '~~Bi), as discussed by Johns and Cunningham (1974). 

Applying Eq. (6.54) to an example, 6oCo, we note first that each disintegration 
is accompanied by the emission of two photons, one at 1.17 MeV and the other at 
1.33 MeV. Thus the value of ki is unity at both energies. The mass energy-absorption 
coefficient values for air at these energies are: 

El (MeV) (pen/p)E,,a,r (m2/kg) 

1.17 0.00270 
1.33 0.00262 

Hence Eq. (6.54) becomes 

r = 193.8(1.17 x o.00~70 + 1.33 x 0.00262) 

= 1.29 R m2/Ci h 

which is close to the value given in Table 6.1, considering the difference in units. 
The exposure rate (R/hr) at a distance I meters from a point source of A curies 

is given by 

dx r A  - 
dt I 2  

(6.55) 

where r is given for the source in R m2/Ci h, and attenuation and scattering by the 
surrounding medium are assumed to be negligible. 
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A quantity called the air kcrma rate constant that is related to the exposure rate con- 
stant was also defined by the ICRU (1980). The defining equation is identical to Eq. 
(6.46) except for the replacement ofXby Kair. The units recommended are m2 J kg-’ 
or m2 Gy Bq-’ s-I. Unfortunately the ICRU chose the same symbol, rb, for this 
constant, which may cause confusion. Moreover a more useful quantity would have 
resulted from the use of air collision kcnna, as it would then be related to the photon 
energy fluence through ( & P ) ~ ~ ~  instead of ( ~ ~ , . / p ) ~ ~ * ,  and thus would allow the escape 
of bremsstrahlung losses, as is true of the exposure-rate constant. 

PROBLEMS 

1. A radium source contains 50 mg of ‘::Ra in equilibrium with all its progeny. 
Assuming r l I2  is 1602 y: 
(a) What is the decay constant for ‘ZRa? 
(b) What is its mean life? 
(c) How many atoms of ‘%Ra does the source contain, based upon its mass 

and assuming that 226 g = 1 mole? 

(d) How many atoms of 2;ERa does it contain, based upon its activity? 
(e) How many millicuries and how many atoms of 2zRn  will be present in 

secular equilibrium? ( T ~ ~ ~  = 3.824 d.) 
::As disintegrates to ::Ge in 68% of the cases, and to ::Se otherwise. 7112 for 
the parent atoms is 17.9 d. 

(a) 

2. 

What is the decay constant for ::AS? 
What are the partial decay constants for <:As + <:Ge (he) and ::As --* 

What is the activity of a source containing 2.0 X 10’’ atoms of ::As? Ex- 
press in becquerels and curies. 
What is the initial rate of production of the :fSe atoms; what is the rate 
at 47 days? 
Assuming it to be absent at time t = 0, at what time t ,  does the activity 
of ‘:;I reach a maximum as a daughter product of 131;2Te? 
What are the activities of parent and daughter at time t,, assuming 5 mCi 
of the parent at t = O? 
How many atoms of each are present at t,,,? 

Write a formula for the ratio of the numbers of atoms of daughter to parent 
for a single daughter, initially absent. 
At what time will the numbers of daughter and parent atoms be equal in 
Problem 3? 
Draw a graph showing the numbers of ’31;2Te and ‘:;I atoms vs. 
time. 

;:se (h)? 
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5 .  A ZSr source with an initial activity of 20 FCi decays with a half-life of 
28.1 y to 3, which in turn decays with 7112 = 64 h to stable zirconium. As- 
suming that the gSr atoms are initially pure: 

(a) When does its daughter maximize? 
(b) When does it approach within 1 % of transient equilibrium? Within 0.1 % ? 
(c) What is the ratio of activities for Y and Sr in transient equilibrium? What 

kind of equilibrium does this approximate? 
(d) How many atoms of Zr have been produced at t = 120 d? 
A generator contains 500 mCi of 'ZiBa (7112 = 11.6 d) producing the daughter 

(a) When will the 13'Cs activity equal that of its parent? 
(b) How many becquerels of I3'Cs can then be removed (assuming 100% 

removal efficiency)? 
(c) How much total activity of I3'Cs could be obtained if milking were done 

instead three times, at 122.3-h intervals? 
(d) If you saved up the %s obtained in (c), what would be its remaining 

activity at t = 367 h? 
A gold foil weighing 3.5 mg is irradiated by a thermal-neutron flux density of 
l O I 3  n cm-' s-'. The interaction cross section is u = 96 X lo-'' cm2/atom, 
and 7112 = 2.70 d for "'Au. 
(a) How long will it take for the foil to achieve an activity of 100 mCi of '"Au? 
(b) What is the equilibrium level of activity? 
(c) How long would it have taken to reach the same activity if the decay of 

"'Au were negligible during that time? 
(d) What is the true activity reached at that time? 
On the average, for 1000 disintegrations of '$1, the following numbers and 
energies of photons will be emitted: 

6. 
131 55Cs (7112 = 9.7 d). At t = 0 the daughter is completely removed. 

7. 

8. 

E, (MeV) No. of Photondl000 dis 

0.723 
0.637 
0.503 
0.364 
0.326 
0.284 
0.177 
0.164 
0.080 

16 
69 
3 

853 
2 

51 
2 
6 

51 
Total 1053 
- 

Calculate the specific y-ray constant, making use of data from Appendix D.3. 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

(a) 1.37 X lo-" s-' .  

(b) 7.29 X 10" s. 
(c )  1.332 X lo2' atoms. 
(d) 1.333 x lo2' atoms. 

(e) 
(a) 4.48 X lO-'s-'. 

(b) 
(c) 

(d) 
(a) 95.4 h. 
(b) 
(c) 

@) 31.4 h. 

(a) 31.8 d. 
(b) 1 7 . 7  d, 26.6 d. 
(c) 1.00026. Secular. 
(d) 7.40 X 10l2. 
(a) 367 h 
(b) 7.42 X lo9 Bq. 
(c )  1.10 X 10" Bq. 
(d) 7.42 X lo9 Bq. 
(a) 1.74d. 
(b) 278 mCi. 
(c )  1.40 d. 
(d) 84mCi. 

49.4 mCi, 8.71 X 10". 

be = 3.05 X lO-'s-', As, = 1.43 x IO-'s-'. 
8.96 X 10" Bq = 2.42 Ci. 
2.87 x 10" s-'; 4.65 x logs-*.  

Both 2.04 X lo7 Bq. 
3.18 X 10" atoms Te, 2.05 X 10'' atoms 1. 

(a) - 

(c) - 

= 2.19 R cm2/mCi h. 
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CHAPTER 7 
Gamma- and X-Ray 

Interactions in Matter 

1. INTRODUCTION 
There are five types of interactions with matter by x- and y-ray photons which must 
be considered in radiological physics: 

1. Compton effect 
2. Photoelectric effect 
3. Pair production 
4. Rayleigh (coherent) scattering 
5. Photonuclear interactions 

The first three of these are the most important, as they result in the transfer of 
energy to electrons, which then impart that energy to matter in many (usually small) 
Coulomb-force interactions along their tracks. Rayleigh scattering is elastic; the pho- 
ton is merely redirected through a small angle with no energy loss. Photonuclear 
interactions are only significant for photon energies above a few MeV, where they 
may create radiation-protection problems through the (7, n) production of neutrons 
and consequent radioactivation. 

The relative importance of Compton effect, photoelectric effect, and pair pro- 
duction depends on both the photon quantum energy (E, = hv) and the atomic num- 
ber Zof the absorbing medium. Figure 7.1 indicates the regions ofZand Ey in which 
each interaction predominates. The curves show where two kinds of interactions are 
equally probable. It will be seen that the photoelectric effect is dominant at the lower 

124 
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FIGURE 7.1. Relative importance of the three major types of y-ray interactions. The curves 
show the values of Z and E7 for which two types of effects are equal. (Reproduced from Evans 
(1955) with permission of R.D. Evans and McCmw-Hill Book Company.) 

photon energies, the Compton effect takes over at medium energies, and pair pro- 
duction at the higher energies. For low-2 media (e.g., carbon, air, water, human 
tissue) the region of Compton-effect dominance is very broad, extending from 20 
keV to E30  MeV. This gradually narrows with increasing Z. 

In this chapter each of the five kinds of interactions will be discussed, identifying 
their respective contributions to the coefficients for attenuation @ L I P ) ,  energy transfer 
(pJp) ,  and energy absorption (pen/p). 

II. COMPTON EFFECT 
A description of the Compton effect can be conveniently subdivided into two aspects: 
kinematics and cross section. The first relates the energies and angles of the participating 
particles when a Compton event occurs; the second predicts the probability that a 
Compton interaction will occur. In both respects it is customary to assume that the 
electron struck by the incoming photon is initially unbound and stationary. These as- 
sumptions are certainly not rigorous, inasmuch as the electrons all occupy various 
atomic energy levels, thus are in motion and are bound to the nucleus. Nevertheless 
the resulting errors remain inconsequential in radiological physics applications, be- 
cause of the dominance of the competing photoelectric effect under the conditions 
(high 2, low hv) where electron binding effects are the most important in Compton 
interactions. 

In the present chapter the initial motion and binding of the electron will be ig- 
nored. The Klein-Nishina treatment of the cross section, to be presented in Section 
II.B.2, is based on free electrons, and Appendix D.l tabulates K-N interaction, 
scattering, and energy-transfer cross sections in units of crn2/electron, which are 
applicable to all elements under the zero-binding assumption. Discussion of the in- 
fluence of electron binding on the Compton effect has been given by Hubbell et al., 
(1980), Johns and Cunningham (1983), and Anderson (1984). 
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Eyshv 

mom.= hv/c 
O0 

FIGURE 7.2. Kinematics of the Compton effect. A photon of quantum energy hv incident from 
the left strikes an unbound stationary electron, scattering it at angle 8 relative to the incident 
photon’s direction, with kinetic energy T. The scattered photon hv’ departs at angle p on the 
opposite side of the original direction, in the same scattering plane. Energy and momentum are 
each conserved. The assumption of an unbound electron means that the above kinematic rela- 
tionships arc independent of the atomic number of the medium. 

A. Kinematics 
Figure 7.2 schematically shows a photon ofenergy hv colliding with an electron. The 
photon’s incident forward momentum is hulc, where cis the speed of light in vacuum. 
The stationary target electron has no initial kinetic energy or momentum. 

After the collision the electron departs at angle 8, with kinetic energy T and mo- 
mentum p. The photon scatters at angle Q with a new, lower quantum energy hv’ 
and momentum hv’lc. The solution to the collision kinetics is based upon conser- 
vation of both energy and momentum. Energy conservation requires that 

T = hv - hv’ (7 .1)  

Conservation of momentum along the original photon direction (OO) can be ex- 
pressed as 

hv hv’ 
- =  - cos p + p cos 6 

C C 

or 
hv = hv’ cos p + pc cos 8 

Conservation of momentum perpendicular to the direction of incidence gives the 
equation 

hv’ sin cp = pc sin 8 (7.3) 

pc can be written in terms of Tin Eqs. (7.2) and (7.3) by invoking the “law of in- 
variance” : 

in which m, is the electron’s rest mass. This equation can be derived from the fol- 
lowing three relativistic relationships: 
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m, 
"=- 
T = mc2 - m,,c2 

p = mv 

where v is the electron's velocity, m is its relativistic mass, and p its momentum. 
As a result of the substitution for pt, Eqs. (7. l ) ,  (7.2), and (7.3) constitute a set 

of three simultaneous equations in these five parameters: hv, hv' ,  T, 8, and 9. These 
equations can be solved algebraically to obtain any three of the variables we choose 
in a single equation. Of the many equations that may be thus derived, the following 
set ofthree equations, each in three variables, provides in convenient form acomplete 
solution to the kinematics of Compton interactions: 

hu' = * 1 + (hv/m&*) (1 - cos 9) 

I T = hv - hv' I (7.9) 

(7.10) 

in which m&* (the rest energy of the electron) is 0.51 1 MeV, and hv, hv' and Tare 
also expressed in MeV. 

It will be seen from Eq. (7.8) that for a given value of hv, the energy hv' and angle 
p of the scattered photon are uniquely correlated to each other. Equation (7.9) then 
provides the kinetic energy Tof the corresponding scattered electron, and Eq. (7.10) 
gives its scattering angle 8. 

Figure 7.3 is a simple graphical representation of the kinematic relationships be- 
tween hv, hv ' ,  and T, as expressed by Eqs. (7.8) and (7.9). It can be seen that for 
hv smaller than about 0.01 MeV, all the curves for different p-values converge along 
the diagonal, indicating that hv' = hv regardless of photon scattering angle. Con- 
sequently the electron receives practically no kinetic energy in the interaction. This 
means that Compton scattering is nearly elastic for low photon energies. An earlier 
theory of y-ray scattering by Thomson, based on observations only at low energies, 
predicted that the scattered photon should always have the same energy as the in- 
cident one, regardless of hv or p. That is shown in Fig. 7.3 by the extension of the 
diagonal line to high energies. This curve also applies to the Compton effect for the 
trivial case of straight-ahead scattering, p = 0. 

The failure of the Thomson theory (see next section) to describe high-energy 
photon scattering necessitated the development of Compton's theory, which pro- 
vides the other curves in Fig. 7.3 for the representative photon scattering angles p 
= 45O, go', and 180'. For high-energy incident photons the backscattered photon 
((o = 180') has an energy hv' approaching0.2555 MeV, while side-scattered photons 
((p = 90') have hv' + 0.511 MeV. 
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1.745 
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10-3 10-2 lo-' I .o 10 100 
hu, MeV 

FIGURE 7.3. Graphical representation of the kinematic relationship of hv, hv', and Tin  the 
Compton effect, as described by Eqs. (7.8) and (7.9). Curves are shown only for p = 0, 45O, 90° 
and 180O. Note that T is to be interpreted as the vertical separation of any q-curve from the cp = 
0 diagonal. In the case shown (Lv = 10 MeV, 9 = goo), T = 9.51 MeV. 

The kinetic energy of the recoiling electron is given graphically in Fig. 7.3 as the 
vertical distance of the curve for the appropriate Q below the diagonal line, in terms 
of energy on the hv' scale. Thus for the example shown by the arrow (hv = 10 MeV 
and cp = goo), T = 10 - 0.49 = 9.51 MeV. For backscattering of photons, the 
electron is projected forward (8 = 0) with an energy equal to hv - hv', which ap- 
proaches hv - 0.2555 MeV for very large hv. The photon is evidently able to transfer 
most of its energy to the electron in that case, but can never give away all of its energy 
in a Compton collision with a free electron. 

Figure 7.4 contains graphs of the relationship between cp, 0, and hv as given by 
Eq. (7.10), for several values of hv. When Q = 0, B = 90°, and when cp = 180°, 
6 = Oo, for all photon energies. Obviously the electron can only be scattered in the 
forward hemisphere by a Compton event. The dependence of 8 upon (p is a strong 
function of hv between the angular extremes. For low photon energies 6 90° - 
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Photon scottering angle, (p (degrees) 

FIGURE 7.4. Relationship of the electron scattering angle 0 to the photon scattering angle y in 
the Compton effect, from Eq. (7.10). Curves are shown for the incident photon energies 0, 0.1,  
1.0, 10, 100, and 500  MeV. The dashed line is the locus where 8 = 9, when the electron and 
photon are scattered at equal angles on opposite sides of the incident photon's direction. 

(o/2; the electron scattering angle gradually decreases from 90° to Oo as the photon 
angle increases from 0' to 180°, and 8 = cp at about 60°. At high photon energies 
the major variation in 8 is concentrated at small cp-values, and vice versa. For ex- 
ample, at hu = 500 MeV, 8 = (o at 2.59O. All photons scattered at angles between 
2.59' and 180' are kinematically related to the electrons scattered forward at angles 
0 < 2.59'. All electrons scattered at angles 8 between 2.59O and 90' are likewise 
related to the photons scattered forward between 0 and 2.59'. 

It isimportant torememberthat Figs. 7.3and7.4andEqs. (7.8), (7.9),and(7.10) 
tell us nothing about the probability of a photon or an electron being Cornpton-scat- 
tered in any particular direction; that is a separate matter to be discussed in Section 
1I.B. The foregoing figures and equations only state how the various parameters 
must be related to each other if a Compton interaction does occur. 

6. Interaction Cross Section for the Compton Effect 

1. THOMSON SCATTERING 
J .  J .  Thomson provided the earliest theoretical description of the process by which 
a y-ray photon can be scattered by an electron (see Evans, 1955). In this theory the 
electron was assumed to be free to oscillate under the influence of the electric vector 
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of an incident classical electromagnetic wave, then promptly to reemit a photon of 
the same energy. The electron thus retains no kinetic energy as a result of this elastic 
scattering event. This agrees with the kinematic predictions of the later relativistic 
Compton treatment quite well up to about hv = 0.01 MeV, for which Eq. (7.8) gives 
hv’ = 0.0096 MeV. Figure 7.3 clearly shows this agreement at low photon energies. 

Thomson also deduced that the differential cross section per electron for a photon 
scattered at angle p, per unit solid angle, could be expressed as 

- dt% = -(1 4 + cos 2 (0) 
dQ, 2 

(7.11) 

in typical units of cm2 sr-‘ per electron. ro = c 2 / w 2  = 2.818 X cm is called 
the “classical electron radius”. The value of Eq. (7.11) is 7.94 X cm2 sr-’ 
c at (p = 0 and 180°, and half of that at (p = 90°. Thus the angular distribution 
of scattered photons for a large number of events is predicted to be front-back sym- 
metrical, according to Thornson. If the beam of photons is unpolarized, there will 
also be cylindrical symmetry around the beam axis. The angular distribution of 
Thornson-scattered photons is approximated by the uppermost curve in Fig. 7.5, 
which was drawn to show the corresponding distribution of Compton-scattered pho- 
tons for hv = 0.01 MeV. When hv approaches zero, the twp theories converge, as 
relativistic considerations become irrelevant. 

The total Thomson scattering cross section per electron, e ~ o ,  can be gotten by 
integrating Eq. (7.11) over all directions of scattering. This will be simplified by 
assuming cylindrical symmetry and integrating over 0 S Q s r, noting that the 
annular element of solid angle is given in terms of p by all, = 2% sin (0 dp:  

--I 

r =  r =  
dpo = mi 3 (1 + cos2 cp)  sin p d(p 

* = O  * = O  

8 xr: 
3 

= - = 6.65 X lo-‘’ cm*/electron 

(7.12) 

This cross section (which can be thought of as an effective target area) is nu- 
merically equal to the probability of a Thomson-scattering event occurring when 
a single photon passes through a layer containing one electron per cm2. It is also the 
fraction of a large number of incident photons that scatter in passing through the 
same layer, e.g., approximately 665 events for loz7 photons. So long as the fraction 
of photons interacting in a layer of matter by all procqses combined remains less than 
about 0.05, the fraction may be assumed to be proportional to absorber thickness, 
i.e., the linear approximation is adequate. For greater thicknesses the exponential 
relation must be used (see Chapter 3). 

More will be said about interaction cross sections for each kind of interaction later 
in the present chapter in discussing their contributions to pJp. p,,lp, and the mass 
attenuation coefficient p/p. 
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FIGURE 7.5. Di&rential Klein-Nirhma cross section, d , 8 / a n ,  [see Eq. (7.13)] vs. angle 9 of 
the scattered photon, for hv = 0.01. 0.1, 1.0, 10. 100, and 500 MeV. Thir shows the angular 
distribution, per unit solid angle, of the scattered photonr resulting from the Compton effect. 
(After Nelms, 1953.) 

2. KLEIN-NISHINA CROSS SECTIONS FOR THE COMPTON EFFECT 
In 1928 Klein and Nishina (see Evans, 1955) applied Dirac’s relativistic theory of 
the electron to the Compton effect to obtain improved cross sections. Thomson’s 
value of 6.65 X cm2/e, independent of hv, was known to be too large for hv 
> 0.01 MeV. The error reached a factor of 2 at hv = 0.4 MeV. The Klein-Nishina 
(K-N) treatment was remarkably successful in predicting the correct experimental 
value, even though they assumed unbound electrons, initially at rest. The differential 
cross section for photon scattering at angle p, per unit solid angle and per electron, 
corresponding to Eq. (7.11) from Thomson’s theory, may be written in the form 
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(7.13) 

in which hv' is given by Eq. (7.8). For low energies, as was previously pointed out, 
hu' hv; hence Eq. (7.13) becomes 

(7.14) 

which is identical to Eq. (7.1 l), verifying that the K-N differential cross section re- 
duces to that of Thornson for the special case of low photon energies. 

Figure 7.5 (Nelms, 1953) is a graphical representation of Eq. (7.13) for six values 
of Ru. The forward bias of the scattered photons at high energies is apparent. That 
reference also contains eleven other carefully prepared graphs of dcu/dQ, vs. p for 
many intermediate energies, offering a very convenient display of Compton-effect 
data for purposes of estimation and hand calculation. * 

The total K-N cross section per electron (p) can be gotten from an integration 
of Eq. (7.13) over all photon scattering angles (p: 

- sin cp dcp 

hU' 

$7 = 2 r  

= mi 1; gr (8 + - hv - sin2 cp 

- + 3cY 1 (7.15) 
2(1 + a) ln(1 + 2a) In(1 + 2 a )  
1 + 2cY a I +  2 a  (1 + 2 4 2  

- = 2x1; - 

where Q = h v / w 2 ,  in which hv is to be expressed in MeV and m,,c2 = 0.51 1 MeV. 
Equation (7.15) is shown graphically as the upper curve of Fig. 7.6. As expected, 

it is almost equal to the Thomson scattering cross section (6.65 X cm21e) at 
hv = 0.01 MeV. It decreases gradually for higher photon energies to approach a 
,u a (hv)-' dependence. 

It is important to remember that ,a, which is tabulated in Appendix D. 1, is in- 
dependent of the atomic number Z. 

p a Z O  (7.16) 

since the electron binding energy has been assumed to be zero. Thus the K-N cross 
section per atom of any 2 is given by .(I = z ,a (crn'latom) (7.17) 

The corresponding K-N cross section per unit mass, alp, which is also called the 
Compton mass attenuation coefficient, is obtained from 

'Nelms's report also has extensive families of curves of hu' vs. p, Tvs. 0, d,uldfle vs. 0, d,u/d(hv') vs. hu',  
and d d d T  vs T. Note that Nelms' symbols differ from the present ones. 
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FIGURE 7.6. Klein-Nirhina (Compton-effect) cross section per electron (p) and corresponding 
energy-transfer cross section per electron (p,d as a function of primary photon quantum energy 
hv. (After Nelms, 1953.) 

(7.18) 

where NA = 

Z =  

A =  

P =  
NAZ/A = 

6.022 X loz3 mole-' is Avogadro's constant, the number of atoms in 
a gram-atomic weight of any element or the number of molecules in 
a gram-molecular weight of any compound, 
number of electrons per atom of an element or per molecule of a com- 
pound, 
number of grams per mole of material (i.e., A is the gram-atomic or 
molecular-weight), 
density in g/cm3, and 
number of electrons per gram of material. 

Any interaction coefficient given in units of crn2/g may of course be divided by 
10 to convert it into units of m'lkg. 

Reviewing Eqs. 7.16-7.18 we see that ,u a 2, au a Z ,  and alp = Z o ,  where the 
last, approximate proportionality requires some explanation: With the exception of 
hydrogen, for which ZIA = 1, Z/A ranges between 0.5 and 0.4, tending to decrease 
gradually with increasing 2 (see Appendix B). The  somewhat crude assumption of 
constant ZIA means that the Compton mass attenuation coefficient is approximately 
Z - independent, like the electronic cross section. The atomic cross section (7.17) 
is proportional to Z, one power of Zgreater than the others. This latter pattern applies to 



134 GAMMA- AND X-RAY INTERACTIONS IN MATTER 

all interaction cross sections, even though their 2-dependence may differ from that 
of the Compton effect. 

C. Energy-Transfer Cross Section for the Compton Effect 
The total K-N cross section, multiplied by a unit thickness of 1 e/cm2, also may be 
thought of as the fraction of the incident energy fluence, carried by a beam of many 
monoenergetic photons, that will be diverted into Compton interactions in passing 
through that layer of matter. In each interaction the energy of the incident photon 
(hv) is shared between the scattered photon (hv’) and the recoiling electron (7‘). It 
is of interest to know the overall fraction of hv that is given to the electrons, averaged 
over all scattering angles, as this energy contributes to the kerma and thence to the 
dose. That is, we would like to know the value of-?;lhv, where is the average kinetic 
energy of the recoiling electrons. This can be obtained through first modifying the 
differential K-N cross section in Eq. (7.13) to obtain a quantity referred to as the 
differential K-N energy-transfer cross section, dp,,ldfl,: 

d p  T d p  hv - hv’ & = - . - = - . 
dQ, dQ, hv do ,  hv 

) (“’ iVhV”> - - 22 (Ky (5 + - - sin2 cp hv‘ 
2 hv hv 

2 

(cm2 sr-’ e-I) (7.19) 

Integrating this over all photon scattering angles cp from 0 to 180°, as in Eq. (7.15), 
yields the following statement of the K-N energy-transfer cross section: 

1 + 301 (1 + ax2012 - 201 - 1) 
a 2 ( 1  + 2 4 2  

- - ,atr = 2rr: [ 2(1 + a)2 
d ( 1  + 201) (1 + 2 4 2  

(cm2/e) (7.20) 

This cross section, multiplied by the unit thickness 1 elcm2, represents the fraction 
of the energy fluence in a monoenergetic photon beam that is diverted to the recoil 
electrons by Compton interactions in that layer. The Compton (or K-N) energy- 
transfer cross section is also plotted in Fig. 7.6 (lower curve). The vertical difference 
between the two curves represents the K-N cross section for the energy carried by 
the scattered photons, =a,. Thus 

The average fraction of the incident photon’s energy given to the electron is simply 

hv ,a 
(7.22) 
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and one can obtain the average energy of the Compton recoil electrons generated 
by  photons of energy hv as 

(7.23) 

The ratios given in Eq. (7.22) are plotted in Fig. 7.7 on the basis of the data given 
in Fig. 7.6. At low energies the average fraction ofhv given to the electron approaches 
zero; for hu = 1.6 MeV the electrons get half, or 

The contribution of the Compton effect to the photon mass attenuation coefficient 
p/p is alp. The corresponding contribution to the mass energy-transfer coefficient 
is 

= 0.8 MeV. 

(7.24) 

in reference to Eqs. (7.18) and (7.20). 
The contributions of the several kinds of interactions to plp, p,,./p, and p,,/p will 

be summarized in a later section. 
Before proceeding to discussions of the other types of interactions, it will be helpful 

to show and explain two other useful forms of the differential K-N cross section that 
were included in the compilation by Nelms (1953). The first is dculdflo, the differential 
K-N cross section for electron scattering at angle 8, per unit solid angle and per 
electron. Note that the solid angle referred to in this case means that through which 
the electron scatters at angle 0. For dpldf l ,  the solid angle is that through which the 
photon scatters at angle p. The relationship between these two differential cross sec- 
tions is 

Lea d p  (1 + CY)' (1 - cos p)' 
(7.25) - = - .  

dQ0 dfl ,  C O S ~  e 
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FIGURE 7.7.  Mean fraction (Tlhv)  of the incident photon's energy given to the recoiling elec- 
tron in Compton interactions, averaged over all angles (right ordinate). Also, mean fraction (LV'I  
Lv) of energy retained by the scattered photon (left ordinate). 
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VALUES OF CROSS SECTION AT ZERO DEQREES 

RECOIL ANGLE OFELECTRON,8, DEGREES 
FIGURE 7.8. Differential Klein-Nishina cross section d.aldf&, vs angle 6 of the scattered elec- 
tron for hv = 0.01, 0.1, 1, 10, and 500 MeV. Thu shows the angular distribution, per unit solid 
angle, of the recoil elcctrona resulting from the Compton effect. (After Nelms, 1953.) 

in which dp/dQ, is given by Eq. (7.13), and (p = 2 tan-' [(cot 8)/(l + a)] from Eq. 
(7.10). Integration over all electron scattering angles from 8 = 0 to goo must again 
give p, as in Eq. (7.15). 

Figure 7.8 displays Eq. (7.25) graphically for several values of hu, plotting dpl  
d$ vs. 8. The probability of electrons being scattered at 8 = 90° approaches a con- 
stant value (zero) for all hv, while dpldQ, = 7.94 X cm2/sr e for all hu at cp 
= Oo,  as seen in Fig. 7.5. As the cross section decreases to dp/dQ, = 2 X lo-'' cm2/ 
sr e for backscattered photons at hu = 500 MeV (Fig. 7.5), the corresponding cross 
section for 0'-scattered electrons is seen from Fig. 7.8 to reach dp/dQe = 7.78 X 

This is an indication of how very strongly forward-directed the electrons be- 
come at high incident photon energies, while at the same time it becomes relatively 
unlikely that photons will be 180°-backscattered. This seems to be a paradox until 
one refers again to Fig. 7.4, in which it is evident that high-energy photons scattered 
at a wide range of angles must be associated with electrons recoiling at nearly 0'. 
The high forward momentum in the collision causes most of the electrons and most 
of the scattered photons to be strongly forward-directed when hu is large. 

The second additional form of differential K-N cross section that deserves men- 
tion here is d p / d T ,  typically in cm2 MeV-' e-' .  This is the probability that a single 
photon will have a Compton interaction in traversing a layer containing one e/cm2, 
transferring to that electron a kinetic energy between T and T f d T. Thus dpld T 
is the energy distribution of the electrons, averaged over all scattering angles 8. It 
is given by the relation: 
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d p  m&,c2 
d T (hv' )' 
-=- 

137 

hU' [(T - r n , , ~ ~ ) ~  - ( r n , , ~ ~ ) ~ ] ]  (7.26) 

Figure 7.9 is a graphical representation of Equation (7.26) for several values of 
hu. [Nelms (1953) gives families of curves also for many intermediate energies.] It 
is evident that the distribution of kinetic energies given to the Compton recoiling 
electrons tends to be fairly flat from zero almost up to the maximum electron energy, 
where a higher concentration occurs. As mentioned earlier in discussing Eqs. (7.8) 
and (7.9), the maximum electron energy T,, resulting from a head-on Compton 
collision (0 = Oo) by a photon of energy hu is (hu - huk;,), which is equal to 

2(hv)* 
2hu + 0.511 MeV Tm, = (7.27) 

This approaches hu - 0.2555 MeV for large hu. The higher concentration of elec- 
trons near this energy, as seen in Fig. 7.9, is consistent with the high probability 
of electron scattering near 8 = Oo, shown in Fig. 7.8. Both trends become more 
pronounced at high energies. 

It should be remembered that the energy distributions shown in Fig. 7.9 are those 
occurring at production. The spectrum of Compton-electron energies present at a 
point in an extended medium under irradiation is generally degraded by the presence 
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FIGURE 7.9. 
spectrum of Compton recoiling electrons. (After Nelms, 1953.) 

Differential Klein-Nishina cross section 4ald T expressing the initial energy 
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of electrons that have lost varying amounts of their energy depending on how far 
they have traveled through the medium. Under charged-particle equilibrium con- 
ditions this degraded electron energy distribution is called an ‘‘equilibrium spec- 
trum.” Such degraded spectra will be discussed in connection with cavity theory in 
Chapter 10. 

Turner et al. (1980) and Todo et al. (1982) have provided useful spectra of electron 
starting energies resulting from monoenergetic photon interactions in water, cal- 
culated by the Monte Car10 method. They included contributions from the other 
interaction modes, in addition to Compton recoil-electron spectra. 

111. PHOTOELECTRIC EFFECT 
The photoelectric effect is the most important interaction of low-energy photons with 
matter, as indicated in Fig. 7.1. While the Compton effect’s interaction cross section 
approaches a constant value, and its energy-transfer cross section diminishes as hv 
decreases below 0.5 MeV (see Fig. 7.6), the corresponding cross sections for the 
photoelectric effect both increase strongly, especially for high-Z media. Conse- 
quently the photoelectric effect totally predominates over the Compton effect at low 
photon energies, particularly with respect to the energy transferred to secondary 
electrons. 

A. Kinematics 
It was seen in the case of the Compton effect that a photon cannot give up all of its 
energy in colliding with a free electron. However, it can do so in an encounter with 
a tightly bound electron, such as those in the inner shells of an atom, especially of 
high atomic number. This is called the photoelectric effect and is illustrated sche- 
matically in Fig. 7.10. An incident photon ofquantum energy hv is shown interacting 
with an atomic-shell electron bound by potential energy Eb. The photoelectric effect 

k. e.= Ta P 0 
mom. = pa \ a tom 

FIGURE 7.10. Kinematics of the photoelectric effect. A photon of quantum energy hv incident 
from the left strikes an electron bound to an atom with binding energy Eb. The photon vanishes, 
giving a kinetic energy of T = hv - Eb to the electron, which departs at angle 8 relative to the 
incident photon’s direction. To conserve momentum the remainder of the atom departs at an 
angle 9. The atom’s kinetic energy T. is practically zero. 
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cannot take place with respect to a given electron unless hu > Eb for that electron. 
The smaller hu is, the more likely is the occurrence of the photoelectric effect, so long 
as hu > Eb. The photon is totally absorbed in the interaction, and ceases to exist. 
The kinetic energy given to the electron, indgmdert of its scattering angie 8, is 

(7.28) 

= hv - Eb (7.29) 

The kinetic energy T, given to the recoiling atom is nearly zero, * justifying the con- 
ventional use of an equality sign rather than an approximation sign in Eq. (7.29). 

The electron departs from the interaction at an angle 8 relative to the photon's 
direction of incidence, carrying momentum p .  Since the photon has been totally 
absorbed, it provides no scattered photon to assist in conserving momentum, as in 
the Compton effect case. In the photoelectric effect that :ole is assumed by the atom 
from which the electron was removed. Although its kinetic~energy T, s 0, its mo- 
mentum p. cannot be negligible. The direction taken by the recoiling atom is of little 
consequence, since it carries negligible kinetic energy. Suffice it to say that the atom 
scatters in the direction required to conserve momentum in each photoelectric event, 
and that 0 < p < 180O. 

B. Interaction Cross Section for the Photoelectric Effect 
Theoretical derivation of the interaction cross section for the photo- 
electric effect is more difficult than for the Compton effect, because of the compli- 
cations arising from the binding of the electron. There is no simple equation for the 
differential photoelectric cross section that corresponds to the K-N formula. How- 
ever, satisfactory solutions have been reported by different authors for several photon 
energy regions, as discussed by Evans (1955) and more recently by Hubbell (1969). 
Published tables of photoelectric interaction coefficients such as those in the latter 
reference are based on experimental results, supplemented by theoretically assisted 
interpolations for other energies and absorbing media than those measured. 

The directional distribution of photoelectrons per unit solid angle is shown in Fig. 
7.11. These are theoretical results from a review by Davisson and Evans (1952). The 
photoelectrons are seen to be ejected predominately sideways for low photon ener- 
gies, because they tend to be emitted in the direction of the photon's electric vector. 
With increasing photon energy this distribution gets pushed more and more toward 
smaller (but still nonzero) angles. Electron scattering at Oo is forbidden because that 
is perpendicular to the electric vector. 

A summary representation of the angular distribution of photoelectrons is con- 
veyed by the bipartition angle shown in Fig. 7.12. One-half of all the photoelectrons 
are ejected at angles 0 less than the bipartition angle. For example, photons of 0.5 

* TJT = m,/M,, where mo is the rest mass of the electron and Mo that of the recoiling atom. For example, 
an atom of *'A1 would carry approximately 0.002% as much kinetic energy as the photoelectron. Heav- 
ier atoms would carry even less. 
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8=ang1ephotoebctronsm~withdirectionof ymys 
FIGURE 7.11. Directional distribution of photoeleetronr per unit d i d  angle, for energies as 
labeled on the curves. The curve arcaa arc not normalized to each other. [After Davirron and 
Evans (1952). Reproduced with permirrion of R. D. Ev8nr and the American Physical Society.] 

MeV send out half of their photoelectrons within a forward cone of half angle zz 30°, 
and the remainder at larger angles. 

The interaction cross section per atom for photoelectric effect, integrated over all 
angles of photoelectron emission, can be written as 

(7.30) 

where k is a constant, 
n 
m p 3 at hv = 0.1 MeV, gradually decreasing to about 1 at 5 MeV. 

4 at hv = 0.1 MeV, gradually rising to about 4.6 at 3 MeV, and 

In the energy region Iru P 0.1 MeV and below, where the photoelectric effect 
becomes most important, it is convenient to remember that 

(7.31) 

and consequently that the photoelectric mass attenuation coefficient becomes [by 
employing the conversion factors in Eqs. (7.17) and (7.18)] 

3 (E) (cm*/g) 
P 

(7.32) 

This approximate relationship may be compared with the curves in Fig. 7.13, 

BipartMm Angh 

FIGURE 7.12. Bipartition angle of photoclec- 
troaa VI hv. One-half of all the photoelectrons arc 
ejected within a forward cone of half angle equal 
to the bipartition angle. [After Daviaaon and Ev- 

I 2 3 am (1952). Reproduced with pcrmirrion of R. D. 
Evrnr and the American Phyaical Society.] 
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FIGURE 7.13. Mass attenuation coefficients for carbon (a) and lead (b ) .  d p  indicates the con- 
tribution of the photoelectric effect, ulp is that of the Compton effect, ~ l p  that of pair production, 
and u,/p that of Rayleigh (coherent) scattering. p/p is their sum, which is closely approximated 
in Pb by the d p  curve below hv = 0.1 MeV (From data of Hubbell, 1969). 
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derived from empirically based tabulated values. The curve labeled d p  in part a 
represents the photoelectric mass attenuation coefficient for carbon, and in part b 
that for lead, plotted vs. hv. The carbon curve clearly approximates the ( h ~ ) - ~  de- 
pendence; the lead does likewise except where the breaks occur. Below the so-called 
“K-edge” at 88 keV, the two K-shell electrons cannot participate in the photoelectric 
effect because their binding energy (E& = 88 keV is too great. Only the L, M, and 
higher-shell electrons can do so. Just above 88 keV the K-electrons can also par- 
ticipate. Thus the magnitude of the resulting step function (from 7.1 down to 1.7 
cm2/g) indicates the importance of the contribution of the two K-shell electrons to 
the photoelectric cross section, in comparison with the other 80 electrons in the atom. 
The K-shell contributes over three-fourths, because of the large binding energy of 
those two electrons and the strong dependence of the photoelectric effect upon bind- 
ing energy. The L-shell shows a similar effect at the three L edges (L, at 15.9, L2 
at 15.2, and L3 at 13.0 keV) which correspond to the three energy levels in the L 
shell. The combined L-edge step is smaller than that at the K-edge, because of the 
lower L-shell binding energies. 

Referring again to Fig. 7.13, it can also be seen that the ( d p )  curve in lead is 
roughly three decades higher than that in carbon in the low-energy region, as pre- 
dicted by Eq. (7.32), since Z,, = 82 is of the order of 10 times greater than Z, = 
6. 

C. Energy-Transfer Cross Section for the Photoelectric Effect 
It is evident from the conservation-of-energy equation (7.29) for the photoelectric 
effect that the fraction of hv that is transferred to the photoelectron is simply 

(7.33) 

However, this is only a first approximation to the total fraction ofhv that is transferred 
to all electrons. The binding energy Eb must be taken into account, and part or all 
of it is converted into electron kinetic energy through the Augerejiect, to be considered 
next. 

When an electron is removed from an inner atomic shell by any process, such 
as the photoelectric effect, internal conversion, electron capture, or charged-particle 
collision, the resulting vacancy is promptly filled by another electron falling from 
a less tightly bound shell. For K- and L-shell vacancies this transition is sometimes 
accompanied by the emission of a fluorescence x-ray of quantum energy hVK or hu,, 
respectively, equal to the difference in potential energy between the donor and re- 
cipient levels, as discussed in Chapter 9, Section 1I.A. The probability of this hap- 
pening is called thefEuoresGenceyield, YK or Y,, respectively; values are plotted in Fig. 
7.14 as a function of atomic number. YK is seen to rise rapidly for 2 > 10, gradually 
approaching unity for high-Z elements, while Y, is practically zero below copper, 
rising to only 0.42 at Z = 90. The chance of fluorescence x-ray emission during the 
filling of a vacancy in the M (or higher) shell is negligibly small. 
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90 
ATOMIC NUMBER Z 

FIGURE 7.14. Fluorescence yield ( YK,J) and fractional participation in the photoelectric effect 
(PKJ by K- and L-shell electrons (see text). PK and PL was calculated from tabler of Hubbell 
(1969) and McMaster et al. (1969); YK from Lederer and Shirley (1979); and YL from Burhop 
( 1952). 

The role of the Auger effect is to provide an alternative mechanism by which the 
atom can dispose of whatever part of the binding energy Eb is not removed by a flu- 
orescence x-ray. If no x-ray is emitted, then all of Eb is disposed of by the Auger 
process. In the Auger effect the atom ejects one or more of its electrons with sufficient 
kinetic energy to account collectively for the excess energy. Thus any energy invested 
in such Auger electrons contributes to the kerma. 

An atom may emit a number of Auger electrons more or less simultaneously in 
a kind of chain reaction. The atom thus exchanges one energetically “deep” inner- ‘ 

shell vacancy for a number of relatively shallow outer-shell vacancies. These va- 
cancies are finally neutralized by conduction-band electrons. 

The energy budget in the Auger effect is illustrated in the following example: 
Suppose a K-shell vacancy appears, with binding energy (QK. Assume that an elec- 
tron falls in from the L-shell, as is most often the case. Letting the binding energy 
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in that shell be (Eb)L, either the atom will emit an x-ray of energy hvK = (&)K - 
( E b ) L ,  or it must dispose of that energy [as well as the remaining energy (&)K - h 4  
through the Auger effect. (Notice that for intuitive convenience we are treating the 
binding energies as positive potentials, whereas they are actually negative.) As- 
suming that the atom opts entirely for the Auger effect, it may eject an electron from 
any shell outside of that in which the original vacancy occurred, in this case the K- 
shell. If an M-shell electron is ejected, it will have a kinetic energy T M  equal to 

TM = (Eb)K - tEb)L - (Eb)M ( 7.34a) 

where (&)M is the binding energy in the M shell. 
Now the atom has two electron vacancies, one in the L- and one in the M-shell. 

Let us assume that two N-shell electrons move in to fill those vacancies, and that the 
atom emits two more Auger electrons. If they both happened to be ejected from the 
N-shell, the atom would then havefour N-shell vacancies. One of the those Auger 
electrons would have the kinetic energy 

TNI = (Eb)L - 2(E6)N (7.34b) 

and the other would have 

TN2 = (Eb)M - 2(Eb)N (7.34c) 

Thus the total kinetic energy of the three Augex electrons generated so far would 
be equal to 

TA = TM + TN1 -k ThQ = (Eb)K - 4(Eb)N (7.34d) 

This process is repeated, increasing the number of electron vacancies by one for 
each Auger event that occurs, until all the vacancies are located in the outermost 
shell(s). The total amount of kinetic energy carried by all the Auger electrons together 
is equal to the original-shell binding energy (Eb)K minus the sum of the binding ener- 
gies of all the final electron vacancies. As these are subsequently neutralized by elec- 
trons from the conduction band, those electrons as they approach will acquire kinetic 
energies equal to the outer-shell binding energies of the vacancies they fill. Thus all 
of(Eb)K in this example ends up as electron kinetic energy, contributing to the kerma. 
If an x-ray h v ~  had been emitted, then the remainder of (&)K would have become 
electron kinetic energy. 

It should be mentioned that since an Auger chain reaction or “shower” suddenly 
produces a multiply charged ion, which may have a net positive charge even in excess 
of 10 elementary charges, the resulting local Coulomb-force field can be quite dis- 
ruptive to its molecular or crystalline surroundings. 

Returning now to consideration of fluorescence x-rays, it is shown in Chapter 9, 
Section II.A, that there are several levels in the L or higher shells from which the 
K-shell replacement electron may come, although some specific transitions are quan- 
tum-mechanically forbidden to occur. As a result hv, has several closely grouped 
values that may be represented for present purposes by a mean value hTK. Figure 
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ATOMIC NUMBER 2 
FIGURE 7.15. in the L1-shell; weighted 
mean fluorescence x-ray energy hVx in the K-shell; and the products PKYx-hVx and PLYL (E&,. 
The latter provides an upper-limit estimate of P,YL hVL. Taken or derived from tables by Lederer 
and Shirley (1979). 

Electron binding energiu (E& in the K-shell and 

7.15 contains a graph of h5K vs. Z ,  which may be compared with the uppermost curve 
of K-shell binding energy (E&. Naturally hFK < ( E b ) K ,  because (E& represents the 
difference in potential energy between an electron in the K-shell and one completely 
away from the atom, while fluorescence photons result from smaller transitions. 

In addition to the fluorescence yields, Fig. 7.14 contains a second kind of function: 
PK is the fraction (7K/7) of all photoelectric interactions that occur in the K-shell, for 
photons for which hv > (E&. (This is the fraction obtainable from the height of the 
K-edge step, as mentioned earlier in relation to Fig. 7.136). Likewise PL = rL/7 for 
photons where (EJLI  < hw < (E&. The product PKYK then is the fraction of all 
photoelectric events in which a K-fluorescence x-ray is emitted by the atom, and PLYL 
is the corresponding quantity for the L-shell, for the appropriate ranges of hv. The 
product PKYK - hVK then represents the mean energy carried away from the atom 
by K-fluorescence x-rays, per photoelectric interaction in all shells combined, where 
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hv > An upper limit of a similar L-shell quantity PLY, * hPL can be estimated 
as PLYL(&)LI. Both of these quantities a m  plotted in Fig. 7.15, and their use will 
be shown in subsequent discussion. 

The probability of any other fluorescence x-ray except those from the K-shell being 
able to carry energy out of an atom is negligible for hv > (E6)fi For that case all the 
rest of the binding energy (E&y and all of the binding energy involved in photo- 
electric interactions in other shells, may be assumed to be given. to Auger electrons. 
Thus we can write for the mean energy transferred to charged particles per pho- 
toelectric event 

The photoelectric mass energy-transfer coefficient is thus given 

for hv > (E&. 

(7.35) 

by 

(7.36a) 

For photons having energies lying between the K and the highest L edge, [i.e., 
(E& < hv C (E&], the corresponding equation for rt,./p can be written as 

(7.36b) 

where PLYL * hPL can be approximated by PLYL(Eb)LI, as plotted in Fig. 7.15; this 
quantity is insignificant except in high-Z materials. 

It should be noted that even though fluorescence x-rays may carry some energy 
out of the atom of their origin, the distance that such an x-ray can penetrate through 
the medium before undergoing another photoelectric interaction will be severely 
limited. For example, the K-0uorescence from lead averages 76 keV, for which 
the mass energy-absorption coefficient in lead is s0.23 rn2/kg, and the broad-beam 
10th-value layer is about 1 mm. F q  L fluorescence the photon penetration distance 
in lead is of the order of &j as great. 

Figure 7.16 shows the mass energy-transfer coefficients for carbon and lead, cor- 
responding to the attenuation coefficients shown in Fig. 7.13. Notice that the curve 
for ( p , , . / ~ ) ~ , ,  is practically equal to ( ~ ~ , . / p ) ~ , ,  for hv S 0.1 MeV, and that the size of 
the K-edge step is somewhat less here than in Fig. 7.13, due to the loss of K-fluo- 
rescence energy as indicated by Eq. (7.36a). 

IV. PAIR PRODUCTION 
Pair production is an absorption process in which a photon disappears and gives rise 
to an electron and a positron. It can only occur in a Coulomb force field, usually 
that near an atomic nucleus. However it can also take place, with lower probability, 
in the field of an atomic electron. This latter process is usually called “triplet pro- 
duction,” because the host electron that provides the Coulomb field also acquires 
significant kinetic energy in conserving momentum. Thus two electrons and a pos- 
itron are ejected from the site of the interaction. A minimum photon energy of 2 q c 2  
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FIGURE 7.16. Mans energy-transfer coefficients for carbon (a) and lead (b).  7,Jp indicates the 
contribution of the photoelectric effect, a,,/p that of the Compton effect, and K , J ~  that of pair 
production. pJp represents their sum. The total mass energy-absorption coefficient (#,/p) is alro 
shown. Note that these pJp data for hv > 10 MeV do not take into account in-flight annihilation. 
Data after Hubbell (1969). 
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= 1.022 MeV is obviously required for pair production to occur in the nuclear field. 
4m,-,c2 is the threshold for triplet production, because of rnornenturn-conservation 
considerations to be discussed later. 

A. Pair Production in the Nuclear Coulomb Force Field 
Figure 7.17 illustrates schematically a pair-production event in a nuclear field. The 
incident photon hv gives up all of its quantum energy in the creation of the electron- 
positron pair with kinetic energies T -  and T + .  The energy-conservation equation, 
ignoring the vanishingly small kinetic energy given to the nucleus, is simply 

hu = 2md2 + T -  + T+ 
= 1.022 MeV + T -  + T +  (7.37) 

The electron and positron do not necessarily receive equal kinetic energies, but 
their average is given by 

- hv - 1.022 MeV 
T =  (7.38) 

2 

For hv values well above the threshold energy 2 w 2 ,  the electrons and positrons 
are strongly forward directed. Their average angle of departure relative to the orig- 
inal photon direction is roughly 

(7.39) 

For example, for hv = 5 MeV, we have ?; = 1.989 MeV and 8 0.26 radians = 
1 5 O .  

From a theory due to Bethe and Heitler, the atomic differential cross section 4,~) 
for the creation of a positron of energy T +  (and a corresponding electron of energy 
hv - 2~714~ - T + )  is given by 

(7.40) 

TagO;mom.=pa 
FIGURE 7.17. Pair production in the Coulomb force field of an atomic nudeus. An incident 
photon of quantum energy hv vanishes, giving rise to a positron-electron pair. The atom partic- 
ipates in conservation of momentum, but receives negligible kinetic energy T. 1 0. 
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where 
2 2 

uo = - " = (L) = 5.80 X lo-'* cm2/,electron, 
137 137 w2 

and parameter P is a function of hv and 2. Pis  displayed graphically in Figure 7.18 
as a function of the fraction of the total kinetic energy that resides with the positron. 
A slight expected asymmetry in energy distributions between the positron and elec- 
tron was neglected in deriving these P-values, which thus appear symmetrical about 
T+/ (hv  - 2m,,c2) = 0.5. Nuclear attraction and repulsion tend to give the positron 
slightly more energy than the electron, the difference being less than 0.00752 MeV 
(Evans, 1955). 

The total nuclear pair-production cross section per atom may be gotten by in- 
tegrating & K )  from Eq. (7.40) over all values of T f :  

(7.41) 

Evidently .K is proportional to the atomic number squared. The dependence of .K 

upon hv is roughly logarithmic through the F-term, tending to become a constant 
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hv-2moc2 
FIGURE 7.18. The quantity P i n  Eq. (7.41), plotted as a function of the kinetic-energy fraction 
given to the positron. The small difference between lead and aluminum shows the small amount 
of Z-dependence. [After Davisson and Evans (1952). Reproduced with permission of R. D. Evans 
and the American Physical Society.] 
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independent of hv for very large hv because of electron screening of the nuclear field 
(see Fig. 7.13). 

The mass attenuation coefficient for nuclear pair-production is obtained from Eq. 
(7.41) as 

(7.42) 

Again, since Z/A is roughly constant (= 0.45 f 0.05) except for hydrogen, KIP 
z 2. 

B. Pair Production in the Electron Field 
In the kinematics of pair production in the electron field (i.e., triplet production), 
the photon divides its energy between the positron-electron pair produced and the 
host electron. The energy conservation equation becomes 

hv = 1.022 MeV + T +  + T, + TT (7.43) 

and the average kinetic energy of the three particles is 

- hv - 1.022 MeV T =  (7.44) 
3 

As mentioned earlier, the threshold for this process is 4 w 2  = 2.044 MeV, even 
though the energy being converted into mass is still 2w2, the same as for nuclear- 
field pair production. It can be shown, as follows, that the higher threshold is required 
by conservation of momentum, as first derived by Perrin (1933). 

In Fig. 7 . 1 9 ~  a photon of energy hv is shown approaching an electron e; assumed 
to be at rest in the laboratory frame of reference, R. For convenience the same two 
particles are considered in Fig. 7.196 with respect to a moving frame of reference 
R',  in which the momentum of the photon-electron system is null. The velocity of 
R'  relative to R is +&, that is, R' moves to the right with constant velocity. This 
makes the electron appear to move to the left with the same speed i.e. v = -fit. 

The resulting momentum of the electron is - 4 c  = - t n & c / ~ ,  where m 
is the electron's relativistic mass with respect to R'. The photon's momentum relative 
to R'  is hv'Ic. Thus for null momentum we can write 

(7.45) 

The Doppler effect causes the frequency v' of the photon relative to the moving 
frame of reference to be less than Y, according to the relation 

(7.46) 
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In laboratory frame 
of reference R. 

photon 4 
- e  

energy = hv mass= m, 
hv mom.= c 

(at rest 1 

L 

411 electrons move in photon 
direction. 

In null-momentum frame 
of reference R: 

lelocity o f d n ~ . r o ~  i s + p c  

photon 4 - -  
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8~creoted.o1~e~ctmns at rest. 
C 

FIGURE 7.19. Triplet-production kinematics at the minimum photon energy threshold, hv = 
hvmi,,. Diagrams at left apply to the laboratory frame of reference R, those at right to moving 
frame of reference R' . The momentum of the photon-electron system is zero in R' . 

Substitution of Eq. (7.46) to eliminate v' in Eq. (7.45) allows solution for 0: 

a! p=-  
l + a !  

in which 

hv 

(7.47) 

(7.48) 

The minimum photon energy, hvmin, necessary for triplet production can be de- 
rived by noting that the sum of the photon energy hvki, and the electron kinetic energy 
Trelative to R' mustjust equal the total rest massofthe electron and positron created. 
That is, 

where 

(7.49) 
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This equation can be solved for &in, which is found to have the value $. Thus hvmin 

It is interesting to observe that, in the moving frame of reference R', the two elec- 
trons and the positron all must be at rest after a minimum-hv event, as shown in Fig. 
7.19~. This is SO because all of the available quantum and kinetic energy has been 
spent in mass creation, leaving none for motion. As a consequence, in the laboratory 
frame of reference all three particles in the triplet move together in the original pho- 
ton's direction with velocity 

For higher incident photon energy than 4tq,c2 the three particles may share the 
excess energy and depart the point of the interaction in various directions, so long 
as the null momentum is preserved relative to R'. Perrin has shown that the kinetic 
energy of each of the particles, relative to the laboratory system, lies within the limits 
given by 

= 4 w 2 .  

= Zc, as shown in Fig. 7.19d. 

a2 - 2 a  - 2 f a m  
T =  (7.50) 

This reduces to 2 w 2 / 3  for the threshold case in which a = 4, meaning that the par- 
ticles in Fig. 7.19deach have a kinetic energy equal to f of the 2 w 2  energy not needed 
for mass creation. For 10-MeV photons Eq. (7.50) predicts that the product particles 
each have energies between 3 keV and 8.7 MeV. 

The atomic cross section for triplet production (i.e., for all the atomic electrons 
combined) is small compared to the nuclear pair-production cross section for the 
same atom. The ratio is given approximately by 

2 a  + 1 

.~(electrons) 1 

.K(nucleus) CZ 
1.- - (7.51) 

in which C is a parameter depending only on hv. C is unity for hv --* QO, and rises 
slowly with decreasing energy to Z 2 at 5 MeV (see discussion given by Evans, 1955). 
Thus in Pb the triplet cross section is only 1 % or so of the pair-production cross 
section, rising to 5-10% for Z = 10. 

For most purposes in radiological physics and dosimetry it will suffice to combine 
the separate cross sections for pair and triplet production into a single cross section 
for both, usually still called the pair-production cross section. Thus 

(7.52) 

C. Pair-Production Energy-Transfer Coefficient 
The fraction of the incident photon's energy that is transferred to the kinetic energy 
of the charged particles, both for nuclear and electron pair production, is (hv - 2m,,cz)/ 
hv. Therefore the mass energy-transfer coefficient for pair production is given by 

P P  
(7.53) 
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v. RAYLEIGH (COHERENT) SCATTERING 
Rayleigh scattering is called “coherent” because the photon is scattered by the com- 
bined action of the whole atom. The event is elastic in the sense that the photon loses 
essentially none of its energy; the atom moves just enough to conserve momentum. 
The photon is usually redirected through only a small angle. Therefore the effect 
on a photon beam can only be detected in narrow-beam geometry. Rayleigh scat- 
tering contributes nothing to kerma or dose, since no energy is given to any charged 
particle, nor is any ionization or excitation produced. 

The photon scattering angle depends on both Z and hu: 3 of the photons are scat- 
tered at angles smaller than these, according to Fano (1953a): 

hu hu = 0.1 MeV 1 MeV 10 MeV 
~~ 

A1 15O 2 O  0.5O 
Pb 30’ 4O 1 .oo 

It is seen that Rayleigh scattering has more practical importance at low energies, 
partly because the scattering angle is greater. 

The atomic cross section for Rayleigh scattering is given by 

(cm2/atom) (7.54) 22 
.OR a - 

olu>2 

or in mass units 

-s- (cm2/g or m2/kg) 
P (W2 (7.55) 

Typical ratios of Rayleigh to total attenuation coefficients (uR/p )  are shown in the 
following table, derived from the tables of Hubbell (1969): 

Element hv = 0.01 MeV 0.1 MeV 1.0 MeV 

C 0.07 0.02 0 
c u  0.006 0.08 0.007 
Pb 0.03 0.03 0.03 

The relative importance of Rayleigh scattering is seen to be fairly small, as it con- 
tributes only a few percent or less of the narrow-beam attenuation coefficient. Pro- 
nounced trends vs. Z and hu tend to be obscured by variations in the competing in- 
teractions-photoelectric effect and Compton effect. However, for low Z (e.g., 
carbon) a gain is evident with decreasing photon energy. 

The mass attenuation coefficient for Rayleigh scattering is shown in relation to 
the other interaction coefficients in Fig. 7.13. Rough agreement with Eq. (7.55) can 
be seen. 
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VI. PHOTONUCLEAR INTERACTIONS 
In a photonuclear interaction an energetic photon (exceeding a few MeV) enters and 
excites a nucleus, which then emits a proton or neutron. (y, p )  events contribute 
directly to the kerma, but the relative amount remains less than 5 % of that due to 
pair production. Thus it has been commonly neglected in dosimetry considerations. 

(y, n) interactions have greater practical importance because the neutrons thus 
produced may lead to problems in radiation protection. This is the case for clinical 
x-ray generators (Linacs, microtrons, betatrons) in which electrons are accelerated 
to 10 MeV or more. The x-ray beam will be slightly contaminated with neutrons, 
to a degree depending on accelerator energy and design. A 25-MV x-ray beam will 
usually have an order-of-magnitude greater neutron contamination than a 10-MV 
beam, because of the correspondingly greater (y, n) interaction cross section. The 
biological consequences of these neutrons in a radiotherapy patient are probably 
negligible in comparison with the effects of the predominating photon beam. Never- 
theless, as a precaution, governmental regulatory agencies are placing limitations 
on allowable neutron levels in radiotherapy x-ray beams. 

The presence of (y, n) neutrons must be taken into account in shielding design, 
especially since neutrons can escape through mazes much more readily than photons 
can. Moreover, neutrons can activate accelerator hardware, especially in the target 
region. Such hardware may require a time delay before approaching for service, and 
should always be monitored first for y- and &activity. Some low level of radioac- 
tivation may also occur in the body tissues of radiotherapy patients, due either to 
incident neutrons or to photonuclear interactions occurring in the body itself. 
All of these consequences of (y, n) interactions can be regarded as unwanted side 

effects of the use of higher-energy radiotherapy x-ray beams, offset by the increas- 
ingly favorable spatial distributions of dose in the body that can be achieved by such 
beams. Swanson (1979) has provided useful estimates of (y, n) neutron production 
in accelerators. Anderson (1984) presents additional discussion of the relevant phys- 
ics of photonuclear interactions. 

VII. 
TRANSFER, AND ENERGY ABSORPTION 

A. Mass Attenuation Coefficient 

TOTAL COEFFICIENTS FOR ATTENUATION, ENERGY 

The total mass attenuation coefficient for y-ray interactions, neglecting photonuclear 
interactions, can be written, in units of cm2/g or m‘lkg, as 

(7.56) 

in which r / p  is the contribution of the photoelectric effect, alp that of the Compton 
effect, KIP that of pair production, and uRlp that of Rayleigh scattering. 

For the practical application of Eq. (7.56) as a definition of the mass “narrow- 
beam” attehuation coefficient (see Chapter 3), it should be noted that the term uR/ 
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p is appropriately included only where beam geometry allows the escape (i.e. non- 
detection) of the Rayleigh-scattered rays. Since this type of scattering usually deflects 
photons through only small angles, very narrow beam geometry is required to ob- 
serve the effects of Rayleigh scattering. 

6. Mass Energy-Transfer Coefficient 
The total mass energy-transfer coefficient for y-ray interactions, neglecting any (y, 
p) photonuclear contribution, is given in units of cm2/g or rn2/kg by 

Ptr 7tr ‘Jtr Ktr + - + -  
P P P P  
- = -  

hv - P K Y k h F K ]  + - -  u [TI + -  ; [“v - 2rr4,c2] (7.57) 
P hv P hv hv 

for photons having hv above the K-edge in the elemental absorbing medium, and 
neglecting L-fluorescence in comparison with K-fluorescence. For hv lying between 
the K- and L-edges, Eq. (7.57) is replaced by 

- = -  Ptr 71, + 1. 
P P P  

(7.58) 

since neither K-fluorescence nor pair production is relevant in that case. The terms 
in Eqs. (7.57) and (7.58) have been defined in Eqs. (7.35) and (7.36) for the pho- 
toelectriceffect, Eqs. (7.20), (7.22), and(7.24)for thecomptoneffect, andEq. (7.53) 
for pair production. 

C. Mass Energy-Absorption Coefficient 
The mass energy-absorption coefficient pen/p is related to the mass energy-transfer 
coefficient by 

Pen Ptr 

P P  
- -  - -(I - d (7.59) 

in which g represents the average fraction of secondary-electron energy that is lost 
in radiative interactions, that is, bremsstrahlung production and (for positrons) in- 
flight annihilation. The evaluation ofg will be discussed in Chapter 8 ,  Section I.G. 
For low values of Z and hv, g approaches zero and ~ , , l p  p,Jp. For increasing Z 
or hv, g increases gradually, so that, for example, in Pb with hv = 10 MeV, peJp 
= 0.74pJp. 

It should be pointed out that, while p/p and ptr/p are based only on the hv and 
Z actually present at the point of photon interaction, peJp must also be based on 
an assumption about the medium through which the secondary electrons pass in 
slowing down. Conventionally the interaction point is assumed to be surrounded 
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by the same homogenous medium, at least out to a distance equal to the maximum 
electron range. Thus g in Eq. (6.59) is evaluated for the same surrounding material 
as assumed for p,Jp. It is possible to conceive of situations (e.g. near an interface) 
where the radiation yield of the electrons would be altered and the conventional value 
of penlp could no longer predict how much energy would be spent in ionization and 
excitation by the secondary electrons. 

D. Coefficients for Compounds and Mixtures 
For compounds or intimate mixtures of elements the Bragg rule conveniently applies 
to mass attenuation and energy-transfer coefficients: 

and 

mix 

(7.60) 

(7.61) 

where fA, f E ,  . . . , are the weight fractions of the separate elements (A, B, . , .) pres- 
ent. 

This same rule also applies approximately to the mass energy-absorption coef- 
ficient, so long as radiative losses are small. That is, 

where the second statement is based on Eq. (7.59), and wheregA is the radiation yield 
fraction for element A, and so on. 

Equation (7.62) would be exact if the electrons originating in atoms of element 
A confined their paths to traversing only other atoms of the same element. However, 
the electrons actually pass through the different elements present in proportion to 
their weight fractions. Thus we may write an exact equation to replace Eq. (7.62) 
by expanding the radiation-yield terms accordingly to give 
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(7.63) 

Values of gA, ge, . . . can be obtained from tables of p,Jp and p,,Ip, together with 
Eq. (7.59). 

E. Tables of Photon Interaction Coefficients 
Appendix D. 1 contains tables of K-N interaction and energy-transfer cross sections 
in units of cm2/e, for the energy range 1 keV to 100 MeV. These data apply to the 
Compton effect in all media, assuming free electrons. 

Appendix D.2 provides photon interaction cross sections per atom for several 
representative elements, compounds, and mixtures over the same energy range. 
Besides giving data for the photoelectric effect, Compton effect, pair production, and 
Rayleigh (coherent) scattering, their combined effect is given with and without Ray- 
leigh scattering. Appendix D.3 tabulates mass attenuation coefficients plp, mass 
energy-transfer coefficients pJp, and mass energy absorption coefficients pcnlp. The 
last have been corrected for radiative losses due to positron in-flight annihilation as 
well as bremsstrahlung. pen/p values for a few additional materials also are given 
in Appendix D.4. 

There are several other available tables of photon interaction data that deserve 
mention here: 

1. McMaster et al. (1969) give a compilation of individual interaction cross- 
section data for Z = 1 to 83,86,90,92, and 94, with hv covering the range 1 keV 
to 1 MeV. Total attenuation coefficients are also included. 
2. Storm and Israel (1970) have provided a very useful table of atomic cross 
sections for Z = 1-100 and hv = 1 keV to 100 MeV. In our terminology their 
table columns give the photon energy E, ,p, ,pen, ,,uR, &nuclear), &electron), 
 nuclear) + .K,,(electron), .7, .7,,, y ,  .p - .a, - .uR, and .pen. The Compton- 
effect cross sections include binding corrections, but positron in-flight annihi- 
lation is not accounted for in .K~,, or ,,pen. This reference also contains some other 
useful tables, including (a) atomic energy levels, (b) K- and L-fluorescent x-ray 
energies, (c) weighted-average K and L x-ray energies, (d) relative intensities of 
K and L x-rays, (e) theoretical vs. experimental photoelectric cross sections, and 
(f) relative shell contributions to photoelectric cross sections. 
3. Hubbell et al. (1980) give tables of photon cross sections for all the individual 
interactions, for hv = 1 MeV to 100 GeV and Z = 1-100. Total attenuation coef- 
ficients are also given. The Compton effect includes electron binding corrections. 
4. Hubbell (1982) updates all his previous compilations in abbreviated form, 
i.e., listing only plp and pen/p for 40 elements and 45 mixtures and compounds. 
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Several ICRP (1975) body compositions (blood, bone, brain, lung, skin, and soft- 
tissue) are included. In-flight annihilation is taken into account in pen/p up to hv 
= 10 MeV, and extrapolated to 20 MeV. 

PROBLEMS 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

Is the mass Compton coefficient (either for attenuation or energy transfer) 
larger in carbon or lead? (See Figs. 7,13a, 6,  7.16a, 6.) Why? 
Why is Rayleigh scattering not plotted in Fig. 7.16a, b, although quite sig- 
nificant in Fig. 7.13a, b? 
On the basis of the K-N theory, what is the ratio of the Compton interaction 
cross sections per atom for lead and carbon? 
Calculate the energy of the Compton-scattered photon at (p = Oo, 4 5 O ,  90°, 
and 180° for hv = 50 keV, 500 keV, and 5 MeV. 
What are the corresponding energies and angles of the recoiling electrons for 
the cases in problem 4? 
Calculate for 1-MeV photons the total K-N cross section from Eq. (7.15), and 
derive the Compton mass attenuation coefficient for copper, expressed in cm2/ 
g and m2/kg. 
What is the maximum energy, and what is the average energy, of the Compton 
recoil electrons generated by 20-keV and 20-MeV y-rays? 
Calculate the energy of a photoelectron ejected from the K-shell in tin by a 
40-keV photon. Calculate rJp; you may estimate from Fig. 7.15. 
What is the average energy of the charged particles resulting from pair pro- 
duction in (a) the nuclear field and (b) the electron field, for photons of hv = 
2 and 20 MeV? 
A narrow beam containing lo2' photons at 6 MeV impinges perpendicularly 
on a layer of lead 12 mm thick, having a density of 11.3 g/cm3. How many 
interactions of each type (photoelectric, Compton, pair, Rayleigh) occur in 
the lead? 
Assuming that each interaction in problem 10 results in one primary photon 
being removed from the beam, how much energy is removed by each type of 
interaction? 
How much energy is transferred to charged particles by each type of interaction 
in problem lo? 

SOLUTIONS TO PROBLEMS 

1. 
2. 

Carbon, because of larger electron density (N,WA). 
Rayleigh scattering transfers no energy to charged particles. 

'Refer to the Appendix tables for required coefficients. 
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8216, since all electrons are assumed to be unbound and to have the same in- 
teraction cross section. 

3. 

4. At 

p = 0": hv' = hv; 
45": hv' = 0.0486, 0.389, 1.293 MeV; 
90": hv' = 0.0455, 0.253, 0.464 MeV; 

180": hv' = 0.0418; 0.169, 0.243 MeV. 

Also compare with Fig. 7 . 3 .  
5 .  At 8 = 90°, T = 0 for all hv. For hv = 0.05 MeV, T = 1.39 x lo-', 4.46 

X and 8.18 X MeV at 8 = 65.5O, 42.3", and O o ,  respectively. For 
hv = 0.5 MeV, T = 0.111, 0.247, and 0.331 MeV at 8 = 50.7", 26.8O and 
O", respectively. For hv = 5 MeV, T = 3.7 1,4.54, and 4.76 MeV at 8 = 12.6", 
5.30°, and 0", respectively. 
ec = 2.1 12 x 10-25 cm*/electron; (alp)cu = 0.0580 cmVg = 0.00580 m*lkg. 6. 

7. At 
- 

20 keV: T,, = 1.45 keV, T = 0.721 keV 
20 MeV: T,,, = 19.75 MeV, r = 14.5 MeV 

8. 
9.  At 

T = 10.8 keV; 7Jp = 0.99mVkg. 

- 
hv = 2 MeV: 
hv = 20 MeV: 7 = 9.49, 6.33 MeV. 

T = 0.489, 0 MeV. 

10. Photoelectric: 1.00 X lo'*; Compton: 1.793 X 10"; pair: 2.556 X lo", Ray- 
leigh: ~6 X 

Photoelectric: 9.6 x 105 J; Cornpton: 1.72 x lo7 J; pair: 2.46 x lo7 J; Rayleigh: 
6 X lo4 J. 
Photoelectric: 9.5 x lo5 J; Compton: 1 . 1 1  x 107 J; pair: 2.04 X lo7 J; Rayleigh: 
0. 

11. 

12. 
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CHAPTER 8 
C ticle 

1. INTRODUCTION 
Charged particles lose their energy in a manner that is distinctly different from that 
of uncharged radiations (x- or y-rays and neutrons). An individual photon or neutron 
incident upon a slab of matter may pass through it with no interactions at all, and 
consequently no loss of energy. O r  it may interact and thus lose its energy in one 
or a few “catastrophic” events. 

By contrast, a charged particle, being surrounded by its Coulomb electric force 
field, interacts with one or more electrons or with the nucleus of practically every 
atom it passes. Most of these interactions individually transfer only minute fractions 
of the incident particle’s kinetic energy, and it is convenient to think of the particle 
as losing its kinetic energy gradually in a frictionlike process, often referred to as 
the “continuous slowing-down approximation” (CSDA). The probability of a 
charged particle passing through a layer of matter without any interaction is nil. A 
1-MeV charged particle would typically undergo - lo5 interactions before losing 
all of its kinetic energy. 

From the stochastic viewpoint, it is impossible to predict even crudely how far 
an individual photon or neutron will penetrate through matter, since only one or a 
few randomly occurring interactions are needed to dissipate all of its quantum or 
kinetic energy. Charged particles, however, can be roughly characterized by a com- 
mon pathlength, traced out by most such particles of a given type and energy in a 
specific medium. Because of the multitude of interactions undergone by each charged 
particle in slowing down, its pathlength tends to approach the expectation value that 

160 
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would be observed as a mean for a very large population of identical particles. That 
expectation value, called the range, will be discussed later in the chapter. Note that 
because of scattering, all identical charged particles do not follow the same path, nor 
are the paths straight, especially those of electrons because of their small mass. 

II. TYPES OF CHARGED-PARTICLE COULOYB-FORCE 
INTERACTIONS 
Charged-particle Coulomb-force interactions can be simply characterized in terms 
of the relative size of the classical impuctpuramcter b vs. the atomic radius a, as shown 
in Fig. 8.1. The following three types of interactions become dominant for b >> 
a, b - a,  and b << a,  respectively. 

A. “Soft” Collisions (b >> a) 
When a charged particle passes an atom at a considerable distance, the influence 
of the particle’s Coulomb force field affects the atom as a whole, thereby distorting 
it, exciting it to a higher energy level, and sometimes ionizing it by ejecting a valence- 
shell electron. The net effect is the transfer of a very small amount of energy (a few 
eV) to an atom of the absorbing medium. 

Because large values of b are clearly more probable than are near hits on individual 
atoms, “soft” collisions are by far the most numerous type of charged-particle in- 
teraction, and they account for roughly halfofthe energy transferred to the absorbing 
medium. 

In condensed media (liquids and solids) the atomic distortion mentioned above 
also gives rise to the polarization (or density) effect, which will be discussed in Section 
1II.E. 

Under certain conditions a very small part of the energy spent by a charged particle 
in soft collisions can be emitted by the absorbing medium as coherent bluish-white 

UNDISTURBED TRAJECTORY 

t 
I ”  

FIGURE 8.1. 
atomic radius; b is the classical impact parameter. 

Important parameters in charged-particle collision8 with atoms: a is the classical 
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light called &nkou radidion. If the velocity u (= &) of a charged particle traversing 
a transparent dielectric material of refractive index n exceeds c/n (the velocity of light 
in the medium), cerenkov radiation is emitted at an angle ( relative to the particle 
direction, where 

E = arccos (;) 
The Cerenkov photons thus form a conical wavefront of half angle 90° - ( behind 
the particle, much like the shock wave trailing a supersonic object passing through 
air. 

The energy emitted in the form of cerenkov radiation comprises only a negligibly 
small fraction ( < 0.1 %) of that spent by the charged particle in atomic excitation 
and ionization through soft collisions, and it is usuallx unimportant in radiological 
physics. However, in high-energy nuclear physics, Cerenkov counters are useful 
instruments for detecting charged particles and_ measuring their velocities. 

It has been sometimes pointed out that the Cerenkov effect is related to the po- 
larization effect, since both depend in their theoretical treatments upon the dielectric 
constant of the absorbing medium. However, the polarization effect dccrcascs the 
energy lost by a charged particle in traversing a given mass thickness of condensed 
(vs. gaseous) matter, while the production of Cerenkov radiation tends to increase the 
particle’s energy loss. Thus the relating of these two effects may be confusing in the 
context of radiological physics. The eerenkov effect is mentioned here only to put 
it in proper perspective. 

B. Hard (or “Knock-On”) Collisions (6 - a) 
When the impact parameter b is of the order of the atomic dimensions, it becomes 
more likely that the incident particle will interact primarily with a single atomic elec- 
tron, which is then ejected from the atom with considerable kinetic energy and is 
called a delta (6) ray. In the theoretical treatment of the knock-on process, atomic 
binding energies have been neglected and the atomic electrons treated as “free.” 
&rays are of course energetic enough to undergo additional Coulomb-force inter- 
actions on their own. Thus a &ray dissipates its kinetic energy along a separate track 
(called a “spur”) from that of the primary charged particle. 

The probability for hard collisions depends upon quantum-mechanical spin and 
exchange effects, thus involving the nature of the incident particle. Hence, as will 
be seen, the form of stopping-power equations that include the effect of hard collisions 
depends on the particle type, being different especially for electrons us. heavy par- 
ticles. 

Although hard collisions are few in number compared to soft collisions, the frac- 
tions of the primary particle’s energy that are spent by these two processes are gen- 
erally comparable. 

It should be noted that whenever an inner-shell electron is ejected from an atom 
by a hard collision, characteristic x rays and/or Auger electrons will be emitted just 
as if the same electron had been removed by a photon interaction, as discussed in 
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Chapter 7. Thus some of the energy transferred to the medium may be transported 
some distance away from the primary particle track by these carriers as well as by 
the 6 rays. 

C. Coulomb-Force Interactions with the External Nuclear Field 
(6 c< a) 
When the impact parameter of a charged particle is much smaller than the atomic 
radius, the Coulomb-force interaction takes place mainly with the nucleus. This kind 
of interaction is most important for electrons (either + or -) in the present context, 
so the discussion here will be limited to that case. In all but 2-3 ’% of such encounters, 
the electron is scattered elasticul~ and does not emit an x-ray photon or excite the 
nucleus. It loses just the insignificant amount of kinetic energy necessary to satisfy 
conservation of momentum for the collision. Hence this is not a mechanism for the 
transfer of energy to the absorbing medium, but it is an important means of d$ecting 
electrons. It is the principle reason why electrons follow very tortuous paths, es- 
pecially in high-Zmedia, and why electron backscattering increases with Z. In doing 
Monte Carlo calculations of electron transport through matter, it is often assumed 
for simplicity that the energy-loss interactions may be treated separately from the 
scattering (i.e., change-of-direction) interactions. The differential elastic-scattering 
cross section per atom is proportional to 2‘ (see Evans, 1955, Chapter 19). This 
means that a thin foil of high-Z material may be used as a scatterer to spread out 
an electron beam while minimizing the energy lost by the transmitted electrons in 
traversing a given mass thickness of foil. 

In the other 2-3 % of the cases in which the electron passes near the nucleus, an 
inelastic radiative interaction occurs in which an x-ray photon is emitted. The electron 
is not only deflected in this process, but gives a significant fraction (up to 100%) of 
its kinetic energy to the photon, slowing down in the process. Such x-rays are referred 
to as bremsstrahlung, the German word for “braking radiation.” 

This interaction also has a differential atomic cross section proportional to Z2, 
as was the case for nuclear elastic scattering. Moreover, it depends on the inverse 
square of the mass of the particle, for a given particle velocity. Thus bremsstrahlung 
generation by charged particles other than electrons is totally insignificant. As a prac- 
tical consequence, the spectroscopy of x rays generated by proton beams colliding 
with matter reveals the presence of only the characteristic x-ray lines resulting from 
the knock-on collisions, with no detectable bremsstrahlung background. This of 
course is useful in x-ray analysis for trace elements. 

Although bremsstrahlung production is an important means of energy dissipation 
by energetic electrons in high-2 media, it is relatively insignificant in low-Z (tissue- 
like) materials for electrons below 10 MeV. Not only is the production cross section 
low in that case, but the resulting photons are penetrating enough so that most of 
them can escape from objects several centimeters in size. Thus they usually carry 
away their quantum energy rather than expending it in the medium through a further 
interaction. 

In addition to the foregoing three modes of kinetic energy dissipation (soft, hard, 
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and bremsstrahlung interactions), a fourth channel is available only to antimatter 
(i.e., positrons): in-fight annihilation. In this process (see Berger, 1961) the positron 
is annihilated in encountering an electron before stopping. The remaining kinetic 
energy of the positron at that instant is given to one or both of the annihilation pho- 
tons, so that their individual quantum energies may exceed the usual 0.511 MeV. 
The average fraction of a positron’s kinetic energy that is spent in this type of ra- 
diative loss is said to be comparable to the fraction going into bremsstrahlung pro- 
duction (Berger, 1961). As noted in Chapter 6, the value of the energy absorption 
coefficient for pair production is decreased by in-flight annihilation of the positrons 
produced, and Hubble has taken this effect into account in his tables (see Appendixes 
D.2-D.4) by referring to Berger’s 1961 calculations. 

D. Nuclear Interactions by Heavy Charged Particles 
A heavy charged particle having sufficiently high kinetic energy (- 100 MeV) and 
an impact parameter less than the nuclear radius may interact inelastically with the 
nucleus. When one or more individual nucleons (protons or neutrons) are struck, 
they may be driven out of the nucleus in an intranuclear cascarh process, collimated 
strongly in the forward direction. The highly excited nucleus decays from its excited 
state by emission of so-called evaporation particles (mostly nucleons of relatively low 
energy) and y-rays. Thus the spatial distribution of the absorbed dose is changed 
when nuclear interactions are present, since some of the kinetic energy that would 
otherwise be deposited as local excitation and ionization is carried away by neutrons 
and y-rays. Sondhaus and Evans (1969) and Cowan (1969) have discussed these 
processes. Raju et al. (1969) have provided tabulardata indicating that, for example, 
100-MeV protons incident on 5 g/cm2 of graphite deposit an average absorbed dose 
only 2.5% less than that which would have resulted if no nuclear interactions oc- 
curred. This 2.5 ’% is the maximum dose deficit in that example, assuming the escape 
of all the kinetic energy carried by a proton into a nuclear interaction, which is cer- 
tainly an overestimate of the energy losses. 

One special case where nuclear interactions by heavy charged particles attain first- 
order importance relative to Coulomb-force interactions is that of ‘K- mesons (negative 
piom). These particles have a mass 273 times that of the electron, or 15 % of the proton 
mass. They interact by Coulomb forces to produce excitation and ionization along 
their track in the same way as any other charged particle, but they also display some 
special characteristics: 

1. Being only moderately heavy, *--mesons scatter much less than do electrons, 
but more than protons. The rms scattering angle resulting from passage of a heavy 
charged particle through a thin slab of material is approximately inversely pro- 
portional to the particle’s mass, and results from many small-angle nuclear scat- 
tering events. Thus the pion typically scatters at about a 7 times larger angle than 
a proton. 
2. Negative pions are unstable, decaying to negative muons (p.) with a half- 
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life of 2.54 X s. Half of a beam of 50-MeV pions will decay over a 5-m flight 
path in vacuum. Muons decay to electrons (7112 

3. When a negative pion reaches the end of its path in tissue, it is absorbed and 
annihilated by a nucleus (usually oxygen), which then releases about 100 MeV 
in the form of available kinetic energy of nuclear fragments. The rest mass of the 
pion is 140 MeV; the other 40 MeV is spent by the escaping fragments in 
overcoming the nuclear binding energy. Of the 100 MeV of kinetic energy avail- 
able, 70 MeV is given to neutrons and 30 MeV to several charged particles (pro- 
tons, a’s, and heavier fragments), the tracks of which appear as a “star” in a 
photographic emulsion. This is called “star production”. The neutrons carry 
away their energy, but the charged particles greatly enhance the dose near the 
end of the negative pion’s track. These secondary particle tracks are very dense 
and biologically effective, and this mechanism for dose delivery to a tumor is of 
interest for cancer radiotherapy applications (Raju and Richman, 1972). 

The effect of nuclear interactions is conventionally not included in defining the 
stopping power or runge of charged particles, as in the following sections. Nuclear in- 
teractions by heavy charged particles are usually ignored in the context of radio- 
logical physics and dosimetry, but if necessary they can be corrected for by methods 
discussed by Bichsel (1968). 

Internal nuclear interactions by electrons are negligible in comparison with the 
production of bremsstrahlung. 

2.2 ps). 

111. STOPPING POWER 
The expectation value of the rate of energy loss per unit of path length x by a charged 
particle of type Y and kinetic energy T, in a medium of atomic number 2, is called 
its stoppingpower, (dT/~k)~.~,~. The subscripts need not be explicitly stated where that 
information is clear from the context. Stopping power is typically given in units of 
MeV/cm or J/m (1 MeV/cm = 1.602 X lo-” J/m). Dividing the stopping power 
by the density p of the absorbing medium results in a quantity called the m s  stopping 
power (dT lp  du), typically in MeV cm2/g or J m2/kg (1 MeV cm2/g = 1.602 X 

J m2/kg). 
When one is interested in the fate of the energy lost by the charged particle, stop- 

ping power may be subdivided into “collision stopping power’’ and “radiative stop- 
ping power. ” The former is the rate of energy loss resulting from the sum of the soft 
and hard collisions, which are conventionally referred to as “collision interactions. ” 
Radiative stopping power is that owing to radiative interactions, as discussed in Sec- 
tion 1I.C. Unless otherwise specified, however, radiative stopping power may be 
assumed to be based on bremsstrahlung production alone. (The effect of in-flight 
annihilation, which is only relevant for positrons, is accounted for separately.) En- 
ergy spent in radiative collisions is carried away from the charged-particle track by 
the photons, while that spent in collision interactions produces ionization and ex- 
citation contributing to the dose near the track. 
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The mnrr collision stopping power can be written as 

where subscripts c indicate collision interactions, s being soft and h hard. 
The terms on the right can be rewritten as 

in which: 

1. T' is the energy transferred to the atom or electron in the interaction. 
2. H is the somewhat arbitrary energy boundary between soft and hard col- 
lisions, in terms of T '. 
3. T&= is the maximum energy that can be transferred in a head-on collision 
with an atomic electron, assumed unbound. For a heavy particle with kinetic 
energy less than its rest-mass energy M,,c2, 

which for protons equals 20 keV for T = 10 MeV, or 0.2 MeV for T = 100 MeV. 
For positrons incident, TLm = Tif annihilation does not occur. However, in the 
case of electrons the primary and the struck electron are indistinguishable after 
the collision, according to the Dirac theory. Thus by convention the electron com- 
ing away with the greater energy is always referred to as the primary, and 
TLax = Tl2. 
4. TLU is related to TLin by 

in which Z is the mean exciaion pofmtial of the struck atom, to be discussed later. 
5 .  Q: and are the respective differential mass collision coefficients for soft 
and hard collisions, typically in units of cm2/g MeV or m2/kg J. 

A. The Soft-Collision Term 
The soft-collision term in Eqs. (8.2) and (8.3) was derived by Bethe, for either elec- 
trons or heavy charged particles with z elementary charges, on the basis of the Born 
approximation which assumes that the particle velocity (v = BG) is much greater than 
the maximum Bohr-orbit velocity (u )  of the atomic electrons. The fractional error 
in the assumption is of the order of (U/U)~, and Bethe's formula is valid for - 
(2/137/3)2 << 1. This appears to be a rather severe restriction, but the formula is 
found to be practically applicable even where this inequality is not well satisfied. 
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The Bethe soft-collision formula can be written as 

where C = *(NAZ/A) r: = 0.15OZlA cm'lg, in which NAZIA is the number ofelectrons 
per gram of the stopping medium, and ro = e2/m~' = 2.818 X cm is the clas- 
sical electron radius. We can further simplify the factor outside the bracket by de- 
fining it as 

2 C?710C2t2 Zz2 MeV 
o2 AB2 glcm 

k=-- - 0.1535 -7 

where m,,c2 = 0.51 1 MeV, the rest-mass energy of an electron. 
The bracket factor in Eq. (8.6) and other following stopping power formulae is 

dimensionless, thus requiring the quantities m,,c2, H, and Zoccurring within it to be 
expressed in the same energy units, usually eV. Only the factor k controls the di- 
mensions in which the stopping power is to be expressed. 

The mean excitation potential Z is the geometric-mean value of all the ionization 
and excitation potentials of an atom of the absorbing medium. The influence of chem- 
ical binding on the I-value for atoms in a compound was studied by T. J. Thompson, 
whose results have been summarized by Berger and Seltzer (1983). The effect is 
significant in some cases for H, C, N, and 0, and those authors employ a simple 
approximate means for taking this into account in computing Z for compounds. 

In general Z for elements cannot be calculated from atomic theory with useful 
accuracy, but must instead be derived from stopping-power or range measurements. 
Bloch has estimated that I a Z, but actually Z/Z shows variations vs. Z ,  and tends 
to increase at low Z. Appendixes B. 1 and B.2 list some I-values according to Berger 
and Seltzer (1983). That reference contains an extensive review of Z, electron and 
positron stopping-power and range information, and a comprehensive list of relevant 
references. 

Since Z only depends on the stopping medium, but not on the type of charged 
particle, experimental determinations have been done preferentially with cyclotron- 
accelerated protons, because of their availability with high &values and the relatively 
small effect of scattering as they pass through layers of material. The paths of elec- 
trons are too crooked to allow their use in accurate stopping power determinations. 

B. The Hard-Collision Term for Heavy Particles 
The form of the hard-collision term in Eqs. (8.2) and (8.3) depends on whether the 
incident charged particle is an electron, positron, or heavy particle. We will treat 
the case of heavy particles first, having masses much greater than that of an electron, 
and will assume that H << TL,,. The hard-collision term may be written as 

r2)< = k [ln (%) - p2] 
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This can be combined with Eq. (8.6) to obtain the mass collision stopping power 
for combined soft and hard collisions by heavy particles: 

which can be simplified further by substituting for Tka from Eq. (8.4) 

13.8373 + In (-) o2 - f12 - In Z] (8.10) 
1 - 82 

Several important features of this formula should be pointed out. 

1. 
There are two expressions influencing this dependence, and both decrease the mass 
collision stopping power as Z is increased. The first is the factor ZIA outside the 
bracket, which makes the formula proportional to the number of electrons per unit 
mass of the medium. This decreases by about 20% in going from C to Pb (see Ap- 
pendix B. 1). 

The second is the term -In Z in the bracket, which further decreases the stopping 
power as 2 is increased. The size of the decrease depends on the particle velocity, 
however, due to the influence of the o2 terms in the bracket. For example, -In Z 
causes (dTIpdr), to be 48% lower for Pb than for C at = 0.1 (- 5-MeV proton), 
and only 24% lower at 8 = 0.85 ( G 850-MeV proton). Thus the term -In Zprovides 
the stronger variation withZ, and the combined effect of the twoZ-dependent expres- 
sions is to make (dTI&), for Pb less than that for C by =40-60% within the 8- 
range 0.85-0.1, respectively. 

DEPENDENCE ON THE STOPPING MEDIUM 

2. DEPENDENCE ON PARTICLE VELOCITY 
The strongest dependence on velocity comes from the inverse f12 (outside of the 
bracket), which rapidly decreases the stopping power as 6 increases. That term loses 
its influence as @ approaches a constant value at unity, while the sum of the B2 terms 
in the bracket continues to increase. The stopping power gradually flattens to a broad 
minimum of 1-2 MeV cm2/g at T/M&’ 3, and then slowly rises again with further 
increasing T. Figure (8.2) illustrates this behavior for several stopping media, but 
does not show the high-energy rise, since the abscissa extends only to T/M&2 = 1 
(equivalent to a proton energy of 938 MeV). 

The factor 1/B2 implies that the stopping power increases in proportion to l / T  
without limit as particles slow down and approach zero velocity. Actually the validity 
of the stopping-power formula breaks down for small 8, as will be discussed in Section 
1II.C. However, the steep rise in stopping power that does occur (see Fig. 8.2) ac- 
counts for the “Bragg peak” observed in the energy-loss density near the end of a 
charged particle’s path. 
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0.0 4 4 0.141 P 0.416 0.866 

FIGURE 8.2. Mass collision stopping power (dT/pdr), for singly charged heavy particles, as a 
function of p (upper scale) or of their kinetic energy T normalized by the rest mass M,,c2. For 
protons T/MocZ = 1 at T = 938 MeV. For particles with P charges, multiply ordinate by z*. From 
data of Bichsel (1968). 

3. DEPENDENCE ON PARTICLE CHARGE 
The factor z2 means that a doubly charged particle of a given velocity has 4 times 
the collision stopping power as a singly charged particle of the same velocity in the 
same medium. In Fig. 8.2, for example, an a-particle with 0 = 0.141 would have 
a mass collision stopping power of 200 MeV cm2/g, compared with the 50 MeV cm2/ 
g shown for a singly charged heavy particle in water. 

4. DEPENDENCE ON PARTICLE MASS 
There is none. Particle mass does not appear in Eq. (8. lo). All heavy charged par- 
ticles of a given velocity and z will have the same collision stopping power. 

5. RELATIVISTIC SCALING CONSIDERATIONS 
For any particle, /3 = v/c is related to the kinetic energy T by 

T = Moc2[J7 I )*]’” (8.11) 
1 - 6  

The kinetic enerQ required by any particle to reach a given velocity is proportional to its rest 
energy, Moc2. This explains the abscissa in Fig. 8.2.  The rest energies of some heavy 
particles are listed in Table 8.1 .  
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TABLE 8.1. 
Particles 

Particle Moc2 (MeV) z 

Rest Energy and Charge of Heavy 

Muon 105.66 1 
Pion 139.60 1 
Proton 938.28 1 
Neutron 939.57 0 
Deuteron 1875.63 1 
Triton 2808.95 1 
a-particle 3727.41 2 

It will be useful to digress here briefly into a discussion of charged particle ac- 
celeration. The kinetic energy Taccumulated by acharged particle as it is accelerated 
through an electrical potential difference P (volts) is proportional to the number z 
of elementary charges it carries, but is independent of its mass. However, the heavier 
the particle, the slower it will be going at a given T,  as indicated in Eq. (8.11). A 
simple one-step accelerator (e.g., a Van de Graaff) can in principle accelerate all 
singly charged particles to a kinetic energy (eV) that is numerically equal to the ap- 
plied voltage, and an a particle to twice that energy. Thus a 10-MV potential can 
accelerate a proton to a kinetic energy of 10 MeV ( p  = 0.1448), a deuteron also to 
10 MeV (0 = 0.1029), or an a-particle to 20 MeV ( p  = 0.1032). It will be seen that 

is nearly the same for the deuteron and a ,  since their z/Moc2 values are similar (see 
Table 8.1). A linear accelerator can, in principle, accelerate any charged particle 
to s times the kinetic energy it could be given by a single application of the potential 
difference, where s is the number of times that voltage is applied to the particle in 
the accelerator. A cyclotron, on the other hand, is limited by magnetic considerations 
to delivering particles having maximum kinetic energies proportional to z2/Moc2. 
This is twice as great for a proton or an a-particle as for a deuteron. 

6. 
Bichsel(1968) tabulated 0, and a functionf(@ that equals the sum of all except the 
medium-dependent term In I inside the brackets in Eq. (8.10).* He also provided 
values of Z, In Z, and Z/A for a number of elements. 1 For a 10-MeV proton, for ex- 
ample, /3 = 0.14484,f(P) = 9.9733, and if the absorber is copper having I = 322 
eV, then In I = 5.7746 and Z/A = 0.4564, giving 28.05 MeV cm2/g for Eq. (8.10) 
in that case. An a-particle of 39.726 MeV has the same velocity or p as a 10-MeV 
proton; hence Eq. (8.10) gives 1 12.2 1 MeV crn2/g for an a-particle. This is four times 
the value obtained for the proton, since z = 2 for the a ,  and the terms in the bracket 
are unchanged. 

SAMPLE CALCULATION WITH EQ. (8.10) 

'These tables include data for protons, electrons, muons, pions, and a-particles. 
tThe values oflprovided by Berger and Seltzer (1983) differ slightly, and are to be preferred as the most 
up-to-date authoritative tabulation. See Appendixes B. 1 and €3.2 for some excerpted values. 
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A correction to Eq. (8.10) for atomic shell effects becomes significant for small 
0, as discussed in the next section. 

C. Shell Correction 
The Born approximation assumption, which underlies the stopping-power equation, 
is not well satisfied when the velocity of the passing particle ceases to be much greater 
than that of the atomic electrons in the stopping medium. Since K-shell electrons 
have the highest velocities, they are the first to be affected by insufficient particle 
velocity, the slower L-shell electrons are next, and so on. The so-called “shell cor- 
rection” is intended to account for the resulting error in the stopping-power equation 
(8.10). As the particle velocity is decreased toward that of the K-shell electrons, those 
electrons gradually decrease their participation in the collision process, and the stop- 
ping power is thereby decreased below the value given by Eq. (8.10). When the par- 
ticle velocity falls below that of the K-shell electrons, they cease participating in the 
collision stopping-power process. Equation (8.10) then underestimates the stopping 
power because that equation contains too large an I-value. (The proper I-value would 
ignore the K-shell contribution.) 

Bichsel(l968)extended the earlier workofM. C .  Walske to estimate the combined 
effect of all i shells into a single approximate correction C/Z, to be subtracted from 
the bracketed terms in Eq. (8.10). The corrected formula for the mass collision stop- 
ping power for heavy particles then becomes 

13.8373 + In (5) - 0‘ - In Z - c] (8.12) 
Z 

The correction term C/Z is the same for all charged particles of the same velocity 
0, including electrons, and its size is a function of the medium as well as the particle 
velocity. C/Z is shown in Fig. 8.3 for protons in several elements. 

A second correction term, 6, to account for the polanzafion or density eJed in con- 
densed media, is sometimes included also in Eq. (8.12). We have not done so because 
it is negligible for all heavy particles within the energy range of interest in radiological 
physics. For protons up to 800 MeV the effect on the stopping power is 0.1 76 or less. 
For electrons it is important, however, and it will be discussed in that connection. 

D. Mass Collision Stopping Power for Electrons and Positrons 
The formulae for the mass collision stopping power for electrons and positrons are 
gotten by combining Bethe’s soft collision formula (8.6) with a hard-collision relation 
based on the M4ler cross section for electrons or the Bhabha cross section for pos- 
itrons, as discussed by Evans (1955) and Kase and Nelson (1978). The resulting 
formula, common to both particles, in terms of T = T/rn,,c2, is 

(8.13) 
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0.36 I I 

PROTON ENERGY I MeV 

FIGURE 8.3. Scmiempirical shell corrections of Bichscl for selected elements, as a function of 
the proton energy (ICRU, 1984a). Reproduced with permission from H. BichKl and the Inter- 
national Commission on Radiological Units and Measurements. 

in which, for electrons, 

7'/8 - (27 + 1) In 2 
F ( 7 )  = 1 - B2 + 

(7 + 1)2 

and for positrons, 

(8.13a) 

4 
(8.13b) 

14 10 
F+(7)  = 2 In 2 - - 

12 

Here C/Z is the previously discussed shell correction and 6 is the correction term for 
the polarization or density effect, to be discussed in the next section. 

E. Polarization or Density-Effect Correction 
The polarization effect influences the soft collision process, which is an energy-trans- 
ferring interaction between a passing charged particle and a relatively distant atom. 
In gases the atoms are spaced widely enough so that they undergo interactions in- 
dependently of one another. However, in condensed media (liquids or solids) the 
density is increased by a factor of - 103-104 over that of a gas at atmospheric pres- 
sure, and the average atomic spacing is less than as great as in the gas. In this 
situation the dipole distortion of the atoms near the track of the passing particle weak- 
ens the Coulomb force field experienced by the more distant atoms, thus decreasing 
the energy lost to them. Because of this, the mass collision stopping power is de- 
creased in condensed media. 

Sternheimer has provided the most information about this phenomenon in a series 
of papers culminating in a generalized treatment (Sternheimer et al., 1982). This 
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paper gives a formula and tables of data for calculating 6, the correction term to be 
subtracted in the bracket term as shown in Eq. (8.13) to correct for the polarization 
effect. 6 is a function of the composition and density of the stopping medium, and 
of the parameter x zs loglo (film,+) = log,, (fl/m) for the particle, in which 
p is its relativistic momentum mv, and m,, its rest mass. 6 may be taken as zero below 
a threshold value xo in a given nonmetal. However, a small nonzero value of 6 3 

0.1 exists in metals even for very low-energy particles, because of conduction elec- 
trons (the so-called “zero-energy” polarization effect). 

Figure 8.4 shows that 6 increases almost linearly as a function of x above x 4 
1 for a variety of condensed media, being somewhat larger for low-2 than for high- 
2 media at a given X-value. 6 only begins to become important above the rest-mass 
energy of the particle. This accounts for the relative insignificance of the polarization 
effect, except for electrons, in normally encountered energy ranges. The size of the 
polarization effect for electrons, expressed as a percentage decrease in mass collision 
stopping power in solids or liquids compared with gases of the same Z,  is shown in 
Table 8.2. It increases roughly as the logarithm of T above a few MeV of electron 
energy, and decreases gradually with increasing Z.  

Useful tabulations of stopping power information for electrons have been pro- 
vided by Berger and Seltzer (1983) and the ICRU (1984a) for numerous elements 
andcompounds, for T = 10 keV to 1OOOMeV. Appendix Econtains tables ofelectron 
stopping powers, ranges, radiation yields (to be discussed in Section III.G), and 
density-effect corrections 6, excerpted from Berger and Seltzer’s report (1983), for 

ELECTRON KINETIC ENERGY T, MeV 

A 
FIGURE 8.4. Density-effect correction 8 as a function of x and electron kinetic energy T. After 
Sternheimer (1952). Reproduced with permission from R. M. Sternheimer and the American 
Physical Society. 
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TABLE 8.2. Polarization Effect for Electrons 

Effect" (%) 

T (MeV) C c u  Au 

0.1 0 0 0 
1 .o 3 1.5 0.7 
5 9 7 5 

10 12 10 8 
50 20 18 15 

"Decrease in mass collision stopping power for condensed media 
vs. gases. 

the stopping media HP, He, C ,  N, 0, Al, Si, Cu, Sn, Pb, air, water, A-150 plastic, 
muscle, fat, bone, polystyrene, Lucite, polyethylene, Teflon, LiF and CaF,. Table 
8.3, also derived from Berger and Seltzer (1983), relates mass collision stopping 
powers for positrons to those tabulated for electrons. The positron stopping power 
is evidently somewhat greater than that for electrons below 0.5 MeV, the reverse 
being true above that energy. 

Figure 8.5 illustrates the influence of the polarization effect on electron (or pos- 
itron) mass collision stopping powers vs. kinetic energy above 0.5 MeV. The same 
trends previously discussed for heavy particles in Section III.B.2 are also followed 
for electrons and positrons [Eq. (8.13)]. The steep rise for /3 < w2 is not shown, 
but the minimum at 3 m,+' is evident, as is the continuing rise at still higher energy. 
The dashed curves are without correction.for the polarization effect (i.e., they are 
for gaseous materials), while the solid curves show the corresponding corrected stop- 
ping powers for condensed media. 

The polarization effect is particularly relevant to radiological physics measure- 
ments in which ionization chambers are used in electron or photon beams above - 2 
MeV. Relating the absorbed dose in the gas to that in the solid surrounding medium 

TABLE 8.3. 
Electronsn 

Ratio of Mass Collision Stopping Power for Positrons to that for 

Ratio T 
(MeV) C A1 c u  Ag Pb 

0.01 1.10 1.12 1.14 1.16 1.19 
0.1 1.04 1.04 1.05 1.05 1.06 
0.5 0.990 0.989 0.988 0.988 0.987 
1 .o 0.979 0.977 0.975 0.974 0.972 

10 0.972 0.971 0.970 0.969 0.963 
100 0.974 0.974 0.973 0.972 0.972 

1000 0.976 0.976 0.975 0.975 0.974 

"After Berger and Seltzer (1983) 
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FIGURE 8.5. Mass collision stopping power for electrons in anthracene, Al, Li, AgCI, and Au, 
with (solid curves) and without (dashed curves) correction for polarization effect. After Stern- 
heimer (1952). Reproduced with permission from R. M. Sternheimer and the American Physical 
Society. 

through the application of cavity theory (Chapter 10) requires knowledge of the stop- 
ping powers, which are influenced by the polarization effect in the solid. This ap- 
plication will be discussed further in Chapter 13. 

F. Mass Radiative Stopping Power 
As mentioned in Section II.C, only electrons and positrons are light enough to gen- 
erate significant bremsstrahlung, which depends on the inverse square of the particle 
mass for equal velocities. The rate of bremsstrahlung production by electrons or 
positrons is expressed by the mass radiative stopping power (dTlpdu), in units of MeV 
cm'lg, which can be written as 

(8.14) 

where the constant uo = &(e2/m&2 = 5 .802  10-28cm2/atom [see also Eq. 7.40)], 
T is the particle kinetic energy in MeV, and B, is a slowly varying function of 2 and 
T having a value of for T << 0.5 MeV, and roughly 6 for T = 1 MeV, 12 for 
10 MeV, and 15 for 100 MeV. B,Z2 is dimensionless. 

The derivation of Eq. (8.14) according to the theory of Bethe and Heitler is dis- 
cussed by Evans (1955). Berger and Seltzer (1983) have provided extensive tables 
of (dTlpdw),, some of which are contained in Appendix E, Column 3. 

It can be seen in comparing Eq. (8.14) with Eq. (8.6) that the mass radiative 
stopping power is proportional to NAZ2/A, while the mass collision stopping power 
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is proportional to NAZIA, the electron density. Thus their ratio would be expected 
to be proportional to 2. 

Equation (8.14) also shows proportionality to T + w2, or to T for T >> moc2. 
The corresponding energy dependence of the collision stopping power is not obvious 
from its formula, but can be seen in Fig. 8.6. Above T = m$ it varies only slowly 
as a function of T. Thus the ratio of radiative to collision stopping power will be 
roughly proportional to Tat high energies. For nonrelativistic electrons ( T  << w'), 
Eq. (8.14) reduces to the Sommerfeld theory, in which the radiative stopping power 
is independent of T(see Evans, 1955) and El = $ 

The ratio of radiative to collision stopping power is often expressed in the form 

(8.15) 

in which Tis the kinetic energy of the particle, Zis the atomic number of the medium, 
and n is a constant variously taken to be 700 or 800 MeV. Comparison with the tables 
in Appendix E shows that 700 f 100 MeV best represents the value of n for Tabove 
3 MeV, and n G [700 + 200 log,,, (T/3)] f 100 MeV for 0.01 < T < 3 MeV. The 
radiative and collision stopping powers are roughly equal when 7Z P 700 (+ 100 
for Pb, or -100 for C) MeV. 

0.0 I 0. I I .o 10 100 

T, MeV 
FIGURE 8.6. 
for positrons) in C, Cu. and Pb. (From data of Bichsel, 1968). 

Mass radiative and collision stopping powers for electrons (and approximately 
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Figure 8.6 shows the stopping power trends vs. energy and Z. The collision stop- 
ping power is relatively independent of Z, so that any ratio of (dTlpdx), for one me- 
dium to that for another is only weakly dependent on T. Also, above 1 MeV the 
variation of (dTlpdx), itself vs. T is very gradual, and becomes even flatter in con- 
densed media when the polarization effect is corrected for. The radiative stopping 
power clearly shows an approximate proportionality to Z and T above - 3 MeV, 
as indicated by Eq. (8.15) and the near-constancy of (dTlpdx), in that energy range. 
The points of equality for radiative vs. collision stopping power in Fig. (8.6) are seen 
to fall near the values predicted by Eq. (8.15). 

The total mass stopping power is the sum of the collision and radiative contri- 
butions: 

(8.16) 

Along with its parts, dTlpdx is tabulated as a function of T for a given stopping 
medium and type of charged particle; in Appendix E, for electrons. For heavier par- 
ticles (dTlpdx), = 0, so (dTlpdx) = (dT/pdx), almost exactly. 

G. Radiation Yield 
The radiation yiCM Y( To) of a charged particle of initial kinetic energy To is the total 
fraction of that energy that is emitted as electromagnetic radiation while the particle 
slows and comes to rest. For heavy particles Y( To) = 0 .  For electrons the production 
of bremsstrahlung x-rays in radiative collisions is the only significant contributor to 
Y( To). For positrons, in-flight annihilation would be a second significant component, 
but this has been customarily omitted in calculating Y( To). 

Berger and Seltzer have calculated Y( To) for electrons, and their results are listed 
in the sixth column of the tables in Appendix E. The left-hand column of kinetic 
energies is to be interpreted as To in relation to the range and radiation yield. 

If we define y (  T )  as 

(8.17) 

for an electron of instantaneous kinetic energy T, then the radiation yield Y( To) for 
the electron of higher starting energy To is an average value ofv( T )  for T varying 
from 0 to To, as given by 

c To 

Jo 

The amount of energy radiated per electron is simply Y( To) * To. 

(8.18) 
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In Chapter 2, Section VB, the concept of w was discussed and defined in terms of 
a quantity gi [see Eq. (2.21)]. Its mean value g appears in the relation j ~ J p  = (pJp)( 1 
- g) in Chapter 7 [Eq. (7.59)]. g is also the average value of Y(To) for all of the 
electrons and positrons of various starting energies To present. Assuming that only 
Compton interactions occur, given a photon energy E7, 

- 
g = Y(TJ = I,“ Y(To) (&) d T j p  (*) dTo (8.19) 

n o  &, dT0 L, 

in which u is the Compton (Klein-Nishina) interaction cross section (e.g., in 
cm2/e) and (du/dT,),, is the differential cross section (cm2/e MeV), as shown graph- 
ically in Chapter 7, Fig. 7.9, and T,, is the maximum electron energy. 

H. Stopping Power in Compounds 
The mass collision stopping power, the mass radiative stopping power, and their sum 
the mass stopping power can all be well approximated for intimate mixtures of ele- 
ments, or for chemical compounds, through the assumption of Bragg’s RJc (ICRU, 
1984a). It states that atoms contribute nearly independently to the stopping power, 
and hence their effects are additive. This neglects the influence of chemical binding 
on I, as noted in Section 1II.A. In terms of the weight fractionsfzl,fz2, of elements 
of atomic numbers Z,, Z,, etc. present in a compound or mixture, the mass stopping 
power ( d T / ~ d r ) , ~  can be written as 

(8.20) 

where all stopping powers refer to a common kinetic energy and type of charged 
particle. 

Appendix B.2 lists I-values for some compounds as reported by Berger and Seltzer 
(1983), which were selected from their Table 5.5. Data with an asterisk were derived 
by those authors from the formula (also based on Bragg’s rule) 

(8.21a) 

where Z/A = Ci fzi (Z/A), for the compound, and Zis the compound’s mean excitation 
potential. The elemental Zi-values employed were those in Berger and Seltzer’s Table 
5.1, which included approximate corrections for binding in compounds. Data in 
Appendix B.2 without asterisks are I values wholly or in part derived from exper- 
iments with the compounds. 

A rough approximation to the polarization correction 6 can also be gotten from 
the Bragg rule as 

(8.2 1 b) 
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1. Restricted Stopping Power 
The mass collision stopping power (dTlpdr) ,  expresses the average rate of energy 
loss by a charged particle in all hard, as well as soft, collisions. The h a y s  resulting 
from hard collisions may be energetic enough to carry kinetic energy a significant 
distance away from the track of the primary particle. More importantly, if one is 
calculating the dose in a small object or thin foil transversed by charged particles 
(as will be discussed in Section V.A), the use of the mass collision stopping power 
will overestimate the dose, unless the escaping &rays are replaced (i.e., unless &ray 
CPE exists). 

The restricted stopping power is that fraction of the collision stopping power that in- 
cludes all the soft collisions plus those hard collisions resulting in 6 rays with energies 
less than a cutoff value A. The mass restricted stopping power in MeV cm2/g, will 
be symbolized here as (dT/pdx)A. An alternative and very important form of re- 
stricted stopping power is known as the I i m r  energy tramfcr, symbolized as LA (ICRU, 
1980). The usual units for L A  are keV/pm, so that 

(8.2 1 c) 

Linear energy transfer is of greatest relevance in radiobiology and microdosimetry . 
If the cutoff energy A is increased to equal T,, [ 772 for electrons, Tfor positrons, 

and Eq. (8.4) for heavy particles], then 

E)A = (5)' (8.2 1 d) 

and 

L A  f L ,  (8.2 1 e) 

The unrestricted linear mu 17ansjk L,  is an important reference parameter in ra- 
diation protection dosimetry, as shown in Chapter 2, Section V. 

The calculation of (dT/pdx)A for heavy particles makes use of Eq. (8.9), substi- 
tuting A(eV) for Tma. Inserting the binding correction from Eq. (8.12) gives (in 
MeV cm2/g) 

For electrons and positrons this quantity is 
1984a) in which r = T/m& and q = AIT. 

(8.21f) 

given by the following equation (ICRU, 



180 CHARGED-PARTICLE INTERACTIONS IN MATTER 

For electrons 

G- (7, q) = - 1 - @ + In [4(1 - 7)q] + (1 - q)-1 (8.21h) 
+ (1 - lsg) [+4/2 + (27 + I)ln(l - q)] 

and for positrons, substituting 5 = (7 + 2)-l, 

G+ (7, q) = ln4q - pz [l  + (2 - Tz)q - (3 + Sz)(Er/2)q* (8.2li) 
+ (1 + &)(6'7z/3)7)3 - (&5~3/4)q'] 

G-(7 ,  112) = F-(T) in Eq. (8.13a) and G+(T, 1) = F+(7) in Eq. (8.13b). Thus for A = 
TI2 in the case of electrons or A = T for positrons, Eq. (8.13) and (8.21g) become 
identical, verifying Eq. (8.21d). ICRU (1984a) provides a table of LJL- values for T 
from 0.01 to 100 MeV; A = 1, 10 and 100 keV; in C, Al, Cu, Ag, Pb, water and air; 
for electrons and positrons. Note that the symbol S(T,A) is substituted for (dTlpdx), in 
Chapter 10, and Up is used in Chapter 13, corresponding to the usage of Spencer and 
Attix (1955) and AAPM (1983), respectively. 

IV. RANGE 
The concept of charged particle range was introduced in Section I. It may be defined 
as follows: 

The range % of a charged particle of a given rypc and enera in a givtn medium is the expectation valu 
of the pathlength p thal it fohws  until it comes lo rest (discounting thmnal motion). 

A second, related quantity, the projected range, is defined thus: 

The projcclcd range ( t ) of a charged partic& of a given tvpc and initid nngv in a giucn medium is 
the expectation value of the farthest a'cpth of penetration 9 of the /mrhch in ib ini&ial direction. 

Both of these quantities are nonstochastic and are usually stated in units of mass/ 
area (e.g., g/cm2). They customarily exclude the effects of internal nuclear inter- 
actions. The concepts of p and $ are elucidated in Fig. 8.7. 

A. CSDARange 
Experimentally the range can be determined (in principle) for an optically trans- 
parent medium such as photographic emulsion by microscopically following each 
particle track in three dimensions, and obtaining the mean pathlength of many such 
identical particles of the same starting energy. A closely similar but not identical 
quantity is called the CSDA rage (Berger and Seltzer, 1983), which represents the 
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FIGURE 8.7. Illustrating the concepts of pathlength p and fir- 
that dcpth of pauhation, 9, for an individual electron. p is the 
total distance along the path from the point of entry A to the stop- 
ping point B. Note that 9 is not necessarily the depth of the ter- 
mind point B. 

range in the continuous slowing down approximation. In terms of the mass stopping 
power, the CSDA range is defined as 

(8.22) 

where To is the starting energy of the particle. If dT/p& is in MeV cm2/g and dT 
in MeV, then %cSDA is thus given in g/cm . 

&SDA is the quantity tabulated, for example, in column 5 of the electron tables 
in Appendix E, as well as in the proton range tables of Bichsel (1968, Table IX), 
of Janni (1966) (who employed different nomenclature), and more recently of An- 
derson and Ziegler (1977). For all practical purposes W C s D A  can be taken as identical 
to the range '32 as defined above. Their small and subtle difference, due to the oc- 
currence of discrete and discontinuous energy losses, has been discussed by Fano 
(NAS-NRC, 1964) and Bichsel (1968). The effect is expected to make the CSDA 
range slightly underestimate the actual range, by 0.2% or less for protons and by 
a somewhat greater (but undetermined) amount for electrons. 

Figure 8.8 gives the CSDA range fRCSDA for protons in C, Cu, and Pb. (%CSDA) 

for carbon can be approximately represented ( f5%)  in g/cm2 by 

2 

Tk77 1 
(%CSDA) 415 t- 670 (8.23) 

for proton kinetic energies 1 MeV < To < 300 MeV. Because of the decrease in 
the stopping power with increasing atomic number, the range (in madarea) is greater 
for higher Z. Thus %2csDA in Pb is G 3 times larger than for carbon at a proton energy 
of 1 MeV, decreasing to 2 times at 300 MeV. The proton range at a given energy 
is roughly proportional to Z", where x G 0.4 at 1 MeV, gradually falling to 0.3 at 
30 MeV and 0.2 at 300 MeV. 

The range of other heavy particles can be obtained from a proton table or es- 
timated from Fig. 8.8 by recalling (from Section III.B.5) that: 

a. All particles with the same velocity have kinetic energies in proportion to their 
rest masses [see Eq. (8.1 l)]. 
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PROTON CSDA RANGE, g/cm2 
FIGURE 8.8. 
and Pb.(Fmm data of Bichel, 1968). 

CSDA range (abscissa) vs. proton kinetic energy (ordinate) for C (graphite), Cu, 

b. All singly charged heavy particles with the same velocity have the same stop- 
ping power [see Eqs.  (8.7) and (8.12)]. 
Consequently the range of singly charged heavy particles of the same velocity 
is proportional to their rest mass, since a proportional amount of energy must 
be disposed of. 

c. 

For example, a deuteron with a kinetic energy of 20 MeV has the same velocity and 
stopping power as a 10-MeV proton. However, since the deuteron carries twice as 
much kinetic energy, it requires twice as much track length to dissipate that energy. 
An a-particle needs about 40 MeV to reach the same velocity as the 10-MeV proton. 
However, the z2 dependence makes the stopping power for the a-particle 4 times 
that of the proton. The range needed to dissipate 40 MeV at 4 times the rate that 
the proton expends its energy is therefore about the same as the range of the 10-MeV 
proton. 

In general the procedure for finding the CSDA range of a heavy particle of rest 
mass Mo (see Table 8.1) and kinetic energy To is to enter proton CSDA range tables 
(such as those of Anderson and Ziegler, 1977) at a proton energy TOP = 
ToM{/Mo, where M l i s  the proton’s rest mass. If the tabulated proton CSDA range 
is %GSDA, the other particle’s range WCsDA is then obtained from 

%&5DA M O  

M: z2 
~ C S D A  = (8.24) 

Equation (8.23) can be used in roughly approximating %gSDA. 
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6. Projected Range 
The projected range ( f )  , defined at the beginning of Section IV, is most easily vis- 
ualized in terms of flat layers of absorbing medium struck perpendicularly by a beam 
of charged particles. One counts the number of incident particles that penetrate the 
slab as its thickness is increased from zero to OD (or to a thickness great enough to 
stop all the incident particles). 

( t )  may be defined in that case as 

where No is the number of incident particles minus those that undergo nuclear re- 
actions, N(t) is the number of particles penetrating a slab of thickness t ,  and tht) = 
dN(t)/dt is the differential distribution of farthest depths of penetration 9. dN(t)/dt, 
which is the slope of the curve of penetrating particles vs. t ,  is always negative or 
zero. 

Figure 8.9 shows typical graphs of the number of particles penetrating through 
slabs of varying thickness t .  All particles are assumed to be monoenergetic and per- 
pendicularly incident. 

(a) HEAVY PARTICLES, NO (b) HEAVY PARTICLES UNDERGOING 
NUCLEAR INTERACTIONS. NUCLEAR INTERACTIONS 

N. 

<t> 

ELECTRONS 
MONOENERGETIC PHOTONS 

(EXPONENTIAL) 

FIGURE 8.9. Numbers of monoenergetic charged particles or photons penetrating through a 
slab thickness t of absorbing medium. Scattered photons are assumed to be ignored in d. ( t )  is 
the projected range, t. is the extrapolated penetration depth, t-.= is the maximum penetration 
depth, and R is the range (P RcsDA).  
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Figure 8.9a shows the penetration of heavy particles in the absence of nuclear 
interactions. Practically no reduction in numbers of particles is observed until the 
projected range ( t )  is approached, where a steep decrease to zero occurs. The value 
oft beyond which no particles are observed to penetrate is called t,,, the maximum 
pmctrdiorP eth. For a proton or heavier particle this is only slightly less than the max- 
imum pathlength, since f,, represents those particles which happen to suffer little 
scattering. The range 8 (the mean value of the pathlength) is generally not more 
than 3% greater than ( t )  for protons (Bichsel, 1968). 

Figure 8.96 illustrates the same situation for the case where nuclear interactions 
are present, causing the steady decline of N with increasing t from its initial value 
NA to No, which is equal to NA minus the number of particles undergoing nuclear 
reactions, and is approximately the number reaching the knee of the curve. Note 
that Eq. (8.25) calculates the projected range ( t )  on the basis of&, not NA. Likewise 
the CSDA range, which closely approximates the range %, is customarily calculated 
from Eq. (8.22) without including nuclear interactions, which are usually (but not 
always) negligible. 

C. Straggling and Multiple Scattering 
One can see from Fig. 8.9a and b that there is typically a distribution offarthest depths 
of penetration, 9, by individual particles, giving rise to an S-shaped descending curve. 
This results from the combination of two effects: multiple scafterz'ng (which is predom- 
inant), and range stra&ing-a consequence of stochastic variations in rates of energy 
loss. Range straggling alone also affects pathlengths, giving rise to a less-pronounced 
distribution than is observed in 9. A related effect, energy straggling, is the spread in 
energies observed in a population of initially identical charged particles after they 
have traversed equal path lengths. It will be somewhat exaggerated if the particles 
have passed through a layer of material, since multiple scattering then causes in- 
dividual differences in path length as well. Multiple scattering in a foil also spreads 
an initially parallel beam of heavy charged particles into a conical angular distri- 
bution in accordance with Moliere's theory, as discussed by Bichsel(l968). 

D. Electron Range 
The electron CSDA range is calculated from Eq. 8.22, and the projected range from 
(8.25), the same as for heavy charged particles. However, it should be evident in 
Fig. 8 . 9 ~  that these quantities are of marginal usefulness in characterizing the depth 
of penetration of electrons (or positrons). Scattering effects, both nuclear and elec- 
tron-electron, cause the particles to follow such tortuous paths that txt) is smeared 
out from very small depths up to t = t,,, 

For low-Z media, tmax i s  comparable to '% (or '$IcSDA), which is a convenience in the 
practical application of range tables. 8 increases as a function ofZ, as seen for protons 
in Fig. 8.8. A similar increase also occurs for electrons. However, a corresponding 
increase in the incidence of nuclear elastic scattering also takes place and tends 
to make ( t )  and tmax roughly ind@uht ofZ for electrons andpositrons (Evans, 1955). Table 
8.4 illustrates this effect, which can be seen in the static trend oft,,, as Zis increased 

2 ( t )  . 
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TABLE 8.4. 
for Electrons of Energy To 

Comparison of Maximum Penetration Depth tmax with CSDA Range" 

To tmax ~ C S D A  

(MeV) z (mg/cm2) (mg/cm2) tmaJ ~ C S D A  

.05 13 (Al) 5.05 5.71 .88 

.10 13 (Al) 15.44 18.64 .83 

.15 13 (Al) 31 .O 36.4 .85 

.05 29 (Cu) 5.42 6.90 .79 

.10 29 (CU) 17.1 22.1 .77 

.15 29 (Cu) 34.0 42.8 .79 

.05 47 (Ag) 5.04 7.99 .63 

.10 47 (Ag) 15.6 25.2 .62 

.15 47 ( A d  30.2 48.4 .62 

.05 79 (Au) 4.73 9.88 .48 

.15 79 (Au) 27.6 57.5 .48 

.10 79 (Au) 14.3 30.3 .47 

"After Bichsel(l968). based on experimental results of Gubernator and Flammersfeld, and CSDA ranges 
of Berger and Seltzer (1964). Reproduced with permission from H. Bichsel and Academic Press, Inc. 

from 13 to 79. ScSDA meanwhile increases by roughly $. Hence the curve shown in 
Fig. 8 . 9 ~  remains roughly the same for media of different atomic numbers, with S 
approximately coinciding with t,, for low 2, and % gradually moving away to the 
right oft,, as 2 increases. 

The final column in Table 8.4 gives the ratio tmaxlSCSDA, which decreases from 
about 0.85 to 0.48 as Z goes from 13 to 79. This ratio shows very little energy de- 
pendence in the range 50 5 To 5 150 keV. This trend is continued at higher energies 
as well, judging from the calculations of Spencer( 1959), which are excerpted in Table 
8.5. That table contains values of tmJ%2csDA for electrons of 0.025 MeV 5 To 5 

TABLE 8.5. 
Source of Electrons of Incident Energy T/ 

trnu/3=SDA as Calculated by Spencer (1959) for a Plane Perpendicular 

To (MeV) Z = 6 (C) 13 (Al) 29 (Cu) 50 (Sn) 82 (Pb) 
- - 0.025 .95 .90 .80 

0.1 .95 ,875 .775 .70 .60 
0.05 .95 ,875 .775 ,725 - 

0.2 .95 .875 .75 ,675 - 
0.4 .95 .875 .75 .675 - 
0.7 .95 .875 .75 .675 .55 
1.0 .95 .87, .775 .675 .575 
2 .95 .90 .775 .70 .60 
4 .95 .90 .80 .75 - 
10 .95 .92, .85 .80 - 

'f,,,= was chosen as the tabulated penetration depth at which the dose first becomes zero. Data are not 
available where a dash is shown. 



186 CHARGED-PARTICLE INTERACTIONS IN MATTER 

10 MeV in C, Al, Cu, Sn, and Pb. It is evident from a comparison of Tables 8.4 
and 8.5 at To = 0.05 and 0.1 MeV that the calculations agree reasonably well with 
experimental results for A1 and Cu. Calculations for Sn and Pb (respectively) are 
significantly higher than measurements with Agand Au, however, even after making 
allowances for the small Z-differences. The cause of this discrepancy is not known, 
but presumably resides in the calculation method for high-Zmedia. Spencer predicts 
(tma/'iRFsoA) = 0.95 for carbon at all energies. This is consistent with the statement 
earlier In this section that t,, is comparable to (i.e., probably 
for electrons in low-Z media. 

Figure 8.10 is a graph of 'illcSDA vs. To for electrons in carbon. Note the pro- 
portionality to To above 2 MeV and to Ti below 0.1 MeV. 

The quantity to, also shown in Fig. 8.9c, is commonly called the extrapolated range, 
and is obtainable from experimental data by extrapolation of the straight portion 
of the descending curve to the axis. It has no physical significance except as a fairly 
well-defined experimental parameter for characterizing the penetrating power of 
charged particles for which multiple scattering is important, especially electrons. 

5 '36 less than) 

E. Photon "Projected Range" 
For comparison with the charged-particle penetration curves, Fig. 8.9d gives a cor- 
responding curve for monoenergetic y- or x-rays, where scattered photons are ig- 
nored. It is exponential vs. depth, with t,,,= at 1 = OD. The concept of projected range 
( t )  is even less useful here than it is for electrons as an indication of how far an in- 
dividual ray will penetrate. Nevertheless if Eq. (8.25) is applied to the photon pen- 

CSDA RANGE, g/cm2 
FIGURE 8.10. CSDA range (s 1.05t,.) of electrons in carbon. Noteslependence upon To above 
2 MeV and upon Ti below 0.1 MeV. r,. is comparable for higher 2-values as well. Data after Berger 
and Seltzer (1983); see Appendix E tables. 
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etration curve, employing N ( t )  = Not-@, one obtains ( t )  = 1/p, which is known 
as the mcanfrcepath or reha twn  h g t h  of the photons in the medium. As noted in Chap- 
ter 7, it is the mean distance traveled by the individual photons in a large homo- 
geneous population before each undergoes its first interaction. When t = ( t ) ,  N = 
No/e. 

V. CALCULATION OF ABSORBED DOSE 

A. Dose in Thin Foils 

1. SIMPLEST CASE 
Consider a parallel beam of charged particles of kinetic energy To perpendicularly 
incident on a foil of atomic number 2. We assume that the foil is thin enough so that: 

the collision stopping power remains practically constant and characteristic 
of To, and 
every particle passes straight through the foil, that is, scattering is negligible. 

a. 

b. 

At the same time we will assume that: 

c.  the net kinetic energy carried out of the foil by 6 rays is negligible, either 
because the foil is thick compared to the average &ray range, or because the 
foil is sandwiched between two foils of the same Z to provide CPE for the 
6 rays. 

Backscattering may be ignored, as it is insignificant for heavy particles, and the av- 
erage energy deposited by electrons in a thin foil is practically the same whether they 
are backscattered or transmitted (see Section V.D). 

For heavy charged particles it is usually feasible to satisfy all of these requirements 
reasonably well if the foil thickness is only a few percent or less of the range. For 
electrons assumption b is the weakest, but may still give an adequate approximation 
in thin low-Z foils. Corrections for failure of each of these assumptions will be ad- 
dressed later. 

(charged particles/cm2) 
of energy To passing perpendicularly through a foil of mass thickness pt (g/cm2) is 

The energy lost in collision interactions by a fluence of 

E = @ E ) c p t  (-) MeV 
cm2 

(8.26) 

where (dT/+), (MeV cm*/g particle) is the mass collision stopping power of the foil 
medium, evaluated at To, and pt is the particle pathlength through the foil. 

Under assumption c the energy thus lost by the particles remains in the foil as 
energy imparted. Hence the absorbed dose in the foil can be gotten by dividing Eq. 
(8.26) by the mass per unit area of the foil: 
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@c Gy 
= 1.602 X lo-’’ @ (8.27) 

in which the foil mass thickness pt cancels, leaving the dose as simply the product 
of fluence and mass collision stopping power. This cancellation is very important, 
meaning that the dose in the foil is i- of its thicknws as long as the particles 
travel straight through and do not lose enough energy to cause the stopping power 
to change significantly. Within these limitations, even tilting the foil away from the 
perpendicular does not alter the dose. 

2. ESTIMATING &RAY ENERGY LOSSES 
In the case where the foil is comparable in thickness to the range of the 6 rays produced 
in it, assumption c may not be satisfied unless the target foil is sandwiched between 
“buffer” foils of the same material. Otherwise 6 rays leaving will carry out energy, 
and other 6 rays from adjacent but dissimilar materials may carry a different amount 
of energy in, producing a non-CPE situation for the 6 rays in which the dose may 
differ from that given by Eq. (8.27). 

If such a foil is isolated so that only the primary charged particles (no 6 rays) are 
incident on it, one can estimate the dose in it by modifying Eq. (8.27). The mass 
collision stopping power is replaced by the corresponding restricted stopping power, 
( d T l p ~ k ) ~ ,  as discussed in Section 111.1. Here ( d T / p ~ k ) ~  is that portion of the collision 
stopping power that includes only the interactions transferring less than the energy 
A. Thus if one chooses A to be the energy of those 6 rays having, say, ( t )  = pt, then 
one discards all the energy given to 6 rays having projected ranges greater than the 
foil thickness. This will roughly account for the energy carried out of a thin isolated 
foil by 6 rays, and provide an improved estimate of the average dose remaining in 
the foil. 

In most cases it is difficult to fully isolate a foil with respect to incoming 6 rays. 
Thus it is usually simpler and more accurate to use the sandwich method to provide 
&ray CPE in the foil than to estimate &ray energy losses. 

3. ESTIMATING PATH LENGTHENING DUE TO SCATTERING IN 
THE FOIL 
The average pathlength of heavy charged particles penetrating a foil in which only 
a few percent of the incident kinetic energy is lost is not significantly longer than a 
straight path through the foil in the direction of the entering particles. This is evident 
from the fact that the entire range of protons is usually not more than 3% greater 
than the projected range (see Section 1V.B). Therefore a correction to Eq. (8.27) 
for path lengthening is not necessary for heavy particles. 

For electrons, however, significant path lengthening results from multiple scat- 
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tering, and a correction to Eq. (8.27) may be indicated. That is, the factor t in the 
numerator, which represents the mean electron pathlength traversed, becomes 
greater than the foil thickness t in the denominator, and should be given a modified 
symbol t ‘ .  Thus t ’ l t  becomes greater than unity, and constitutes a correction factor 
for Eq. (8.27) to take account of path lengthening. 

Birkhoff (1958) has discussed such a correction devised by Yang (1951), but sug- 
gested that on the basis of comparison with the Monte Carlo calculations of Hebbard 
and Wilson (1955) the Yang pathlength increase is probably too large by a factor 
of 2, and should be modified accordingly. Figure 8.11 gives values of 100(t‘ - t ) /  
t ,  the mean percentage path increase of electrons traversing a foil of mass thickness 
pt (g/cm2). In order to make the figure common to all foil media, the foil thickness 
is normalized by dividing it by the radiation rcngth for the medium, which is the mass 
thickness in which electron kinetic energy would be diminished to l / c  of its original 
value due to radiative interactions only. That is, the normalized (dimensionless) foil 
thickness [ is given by 

(8.28) 

3-‘ I 0 

$ 4  

$ 2  
3 

Z I  
W 

w I o - ~  I o-2 Is“-4 10-5 
-I0 

FIGURE 8.11. Percentage increase in mean electron pathlength relative to normalized foil 
thickness [ [ = foil mass thickness pt  divided by radiation length of the medium; see Eq. (8.‘28)]. 
Data were calculated from the “modified Yang theory” according to Birkho5 (1958), given by 
50t/w2 in Birkhoffs terminology. For a given energy and foil material the percentage increase in 
pathlength is proportional to foil thickness in  the Yang approximation. Numbers on curves give 
electron energies in MeV. 
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where Xo is the radiation length in the same units as pt (ghm'). Seltzer and Berger 
(1985) have provided a table of Xo-values for 3 1 elements, of which a few are re- 
produced in Table 8.6. 

As an example of the use of Fig. 8.11, consider a fluence of 10*0/cm2 1-MeV elec- 
trons perpendicularly incident on a copper foil 0.01 g/cm2 $hick. Xo for Cu is 13.04 
g/cm2 (from Table 8.6), giving = 7.7 X lo-*. Figure 8.1 1 indicates that the mean 
electron pathlength will be 2.4% greater than 0.01 g/cm2, increasing the absorbed 
dose in the foil by the same amount. The mass collision stopping power is 1.293 
MeVcm2/g, remaining constant within 0.1 while traversing the foil (see Appendix 
E). Ignoring &-ray effects, the absorbed dose is thus increased from 2.07 Gy to 2.12 
Gy by path lengthening due to electron scatter in the foil. 

For applying Eq. (8.28) to compounds with elemental weight percentagesfz,, a 
mean value of Xo is obtained from 

(8.29) 

B. Mean Dose in Thicker Foils 
In foils that are thick enough to change the stopping power significantly (i.e. cause 
failure of assumption a in Section V.A. 1 , but not to stop the incident particles) one 
makes use of charged-particle CSDA range tables instead of stopping-power .tables 
to calculate the average absorbed dose, which of course will no longer be uniform 
in depth through the foil. &-ray effects may be neglected (that is, assumption c is 
satisfied), since the foil thickness is now large compared to most &-ray ranges. 

Assumption b, however, requiring straight tracks through the foil, will not be 
satisfied for this case, especially for electrons. As pointed out before, the resulting 
path-lengthening error is small ( - 1 %) for heavy particles, and that correction will 
not be discussed here. The student is referred to Kase and Nelson (1978) or Evans 
(1955) for relevant information if such a correction is required. We will, however, 

TABLE 8.6. Radiation Lengths 
for Selected Elements" 

H 
He 
C 
A1 
cu 
Sn 
Pb 
U 

1 
2 
6 

13 
29 
50 
82 
92 

63.04 
94.39 
43.35 
24.46 
13.04 
8.919 
6.496 
6.124 

"After Seltzer and Berger (1985). 
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discuss next the calculation of the dose for the case of heavy charged particles passing 
straight through thicker foils. 

1. DOSE FROM HEAVY PARTICLES 
Using appropriate heavy-particle range tables such as those of Anderson and Ziegler 
(1977), one first enters the table to find the CSDA range(g/cm2) of the incident beam 
of particles having kinetic energy To, in the appropriate foil material. The foil mass 
thickness in the beam direction is then subtracted, to find the residual CSDA range of 
the exiting particles. The range table is again entered to find the corresponding re- 
sidual kinetic energy, T,,, interpolating as necessary. Thus the energy spent in the 
foil by each particle is 

A T  = To - T,, (MeV) (8.30) 

and the energy imparted per unit cross-sectional area of particle beam is 

E = CP A T  (MeV/cm2) (8.31) 

where CP is the fluence. 
The average absorbed dose is then obtained by dividing Eq. (8.31) by the mass 

thickness pt if the beam passes through perpendicularly, or ptlcos 8 if the beam makes 
an angle 8 with the perpendicular to the foil plane. Thus 

a A T ~ O ~  e 
D = 1.602 X lo-'' GY 

P t  
(8.32) 

2. DOSE FROM ELECTRONS 
In this case we combine the technique of using range tables with that in which the 
path lengthening is corrected for. A further complication arises from the effect of 
bremsstrahlung production on the range. To avoid needless complication let us as- 
sume that the beam is perpendicularly incident; it will be obvious from the preceding 
section how to modify the calculation for a tilted foil. 

The first step is to estimate the true mean pathlength for the electrons, which is 
done by the method discussed in Section V.A.3. If the foil is too thick to be covered 
by Fig. 8.11, this method is probably inadequate and computer radiation transport 
calculations should be employed. However, the percentage path lengthening in 
thicker foils may be roughly estimated by noticing that it is proportional to foil thick- 
ness in this approximation. 

Using electron range tables such as those in Appendix E, one enters at the incident 
kinetic energy To and obtains the corresponding CSDA range. From this the true 
mean pathlength of the electrons is subtracted to obtain the residual range of the 
exiting electron. The table is then reentered to obtain the residual kinetic energy 
T,,. The energy lost by the particle is just To - T,,. 

Some of this energy is carried away by bremsstrahlung x-rays, which can usually 
be assumed to make a negligible contribution to the energy imparted (or the dose) 
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in the foil. To estimate the production of x-rays (which we will assume all escape), 
the “radiation yield” column in the Berger-Seltzer tables in Appendix E is em- 
ployed. As explained before, the radiation yield Y( T )  of an electron of kinetic energy 
T is the fraction of T that is spent in radiative collisions as the electron slows down 
and stops. Consequently the energy fraction spent in collision interactions is 1 - 
Y(T).  The energy spent in collision interactions in the foil is 

where Y( To) and Y(7’‘J are obtained from column 6 in Appendix E. For a fluence 
Q the average dose in the foil of mass thickness pt is given in grays by 

- Q AT, 
D = 1.602 X lo-” - GY 

Pt  
(8.34) 

As an example of the calculation of the mean dose deposited by electrons in thicker 
foils, consider the case of a fluence of 10’0/cm2 10-MeV electrons perpendicularly 
incident on a Pb layer 1 mm (1.13 g/cm2) thick. From Table 8.6, the value of the 
radiation length for lead isXo = 6.496 g/cm2, so the normalized foil thickness isO.174. 
The pathlength increase is 8.5 %I, from Fig. 8.1 1 ; hence the mean pathlength is 1.23 
g/cm2. 

Entering the electron range table for lead in Appendix E at To = 10 MeV, we find 
(RaM)o = 6.133 g/cmz. The residual range of the exiting electrons is (RmM)- = 4.90 
glcmz, having a corresponding residual kinetic energy T, = 7.29 MeV. 

The radiation yield of a 10-MeV electron is Y(To) = 0.3162, and that of a 7.29- 
MeV electron is Y(T,) = 0.2607 (see column 6 in Appendix E). Equation (8.33) gives 

AT, = lO(1 - 0.3162) - 7.29(1 - 0.2607) 

= lO(0.6838) - 7.29(0.7393) = 1.449 MeV 

The average absorbed dose, from Eq. (8.34), is therefore 

1 X lOI0 X 1.449 
1.13 

5 = 1.602 x 10-’0 = 2.05 Gy 

If both path lengthening and the change in stopping power had been ignored, the 
corresponding approximate dose would have been about 6% less [from Eq. (8.27)]: 

MeV cmz 
g 

D = 1.602 x 1 0 - 1 O  x 1.201 x lO~Ocrn-~ = 1.92 Gy 

C. Mean Dose  in Foils Thicker than the Maximum Projected Range of 
the Particles 
If the charged particles cannot penetrate through the foil of mass thickness p t ,  then 
there will be a layer of unirradiated material beyond their stopping depth. If Q par- 



V. CALCULATION OF ABSORBED DOSE 193 

ticles/cm2 of energy To are perpendicularly incident and backscattering is negligible 
(as we have assumed throughout Section V), then the energy imparted in the foil 
per cm2 equals the energy fluence (except for the correction for radiative losses): 

E = QrT0[1 - Y(To)] (MeV/cm2) 

where the radiation yield Y(To) is zero for heavy particles. 
The average absorbed dose in the foil is given by 

- Qr7-0[1- Y(7-Cl)I Gy D = 1.602 X lo-'' X 
Pt 

(8.35) 

(8.36) 

The dose of course changes radically with depth in the foil, as will be discussed in 
Section V.E. 

If the radiative losses are considerable and the foil thickness is great enough, the 
dose throughout the foil may be significantly enhanced by the resulting x-ray field. 
A very crude estimate of the reabsorbed fraction of the energy invested in these x- 
rays can be gotten by calculating 

(8.37) 

where pcn/p for the foil material is to be evaluated at some mean x-ray energy, say 
().&To for thick-target bremsstrahlung. Multiplying the Y(To) in Eq. (8.35) or (8.36) 
by the above exponential term roughly corrects for x-ray absorption, assuming the 
rays must pass through half the foil thickness to escape. An accurate treatment of 
this problem requires computer calculations, taking account of x-ray distributions 
vs. angle and energy. 

D. Electron Backscattering 
As noted before, the effect of particle backscattering on dose calculation has been 
neglected throughout Section V so far. For heavy particles this is justified by the fact 
that they are seldom scattered through large angles. For electrons, backscattering 
due to nuclear elastic interactions can be an important cause of dose reduction, es- 
pecially for high 2, low To, and thick target layers. In this connection, an infinitely 
thick foil with respect to the backscattering of a perpendicularly incident beam of 
charged particles will be provided by a thickness of t,,/2 (i.e., half of the maximum 
penetration depth as defined in Section 1V.B). Particles penetrating beyond that 
depth in a thicker layer obviously cannot return to the surface. 

Electrons incident on a thin foil, in which a backscattering event is equally likely 
to occur in the first or the last infinitesimal layer of the foil, require no backscattering 
correction to the absorbed dose. O n  average, backscattering can be assumed to occur 
in the midplane of the foil. The energy spent in the foil by an electron reflected from 
the midplane is the same as if it passed straight through without backscattering. The 
energy distribution vs. depth in the foil is thus shifted toward the entry surface, but 
the average absorbed dose through the foil remains the same to a first approximation. 
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For thicker foils a backscattering correction requires a knowledge of what fraction 
of the incident energy fluence is redirected into the reverse hemisphere. For electrons 
perpendicularly incident on infinitely thick layers, this fraction may be called the 
electron energy 4 z c k s m a n g  c+ient, qXTo, Z, a). The measurement of qe is best ac- 
complished by calorimetry, comparing the known incident energy flux (i.e., the 
number of primary electrons multiplied by their individual energy) with the heating 
of the target. An example of such data has been provided by Wright and Trump 
(1962) for the energy range To = 1 to 3.5 MeV, as shown in Fig. 8.12. The results 
ofSchuler (1958) with 2-MeV electrons are in reasonable agreement. More extensive 
experiments of this type for other To, Z, and foil thicknesses less than as well as greater 
than tmJ2 are needed to allow accurate electron backscattering corrections to be 
applied more generally. 

For lack of additional data on electron energy backscattering, one can make use 
of information on backscattered-electron numbers as an upper limit on the back- 
scattered energy. For electrons with incident energies To 2 1 MeV, the backscat- 
tering coefficient q( To, 2, OD)  (i-e., the fractional number of perpendicularly incident 
electrons that are backscattered from an infinitely thick layer of atomic number Z) 
has been given by Tabata (1967) as 

q(To, Z ,  W) = 1.28 exp [-11.92°.65(1 + 0.1032°.37c.65)] (8.38) 
which applies for To at least up to 22 MeV, although it tends to underestimate small 
values of q 2%. This formula predicts that q increases with Zand decreases with 

t A l  a I I I I 
I 2 3 4 

ELECTRON KINETIC ENERGY TO, MeV 
FIGURE 8.12. Fraction q, of incident energy flux carried away by backscattered electrons. 
Primary electrons are perpendicularly incident, with individual kinetic energy To, on infinitely 
thick (>:,,/?) Iayers of the indicated scattering materials. After Wright and Trump (1962). 
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increasing electron energy. For example, at To = 1 MeV, q is given as 0.45 for lead, 
0.21 for copper, and 0.074 for aluminum, while at To = 3 MeV these figures are 
reduced to 0.31, 0.13, and 0.040 respectively. 

For electrons below To = 1 MeV, Eq. (8.38) probably underestimates q .  The 
experimental results of Bothe (1949), obtained with 0.37- and 0.68-MeV electrons, 
showed practically no energy dependence, yielding for copper the value 7 z 0.43. 
By comparison, for copper Eq. (8.38) gives 0.26 for To = 0.37 MeV and 0.23 for 
To = 0.68 MeV. Other backscattering data reviewed by Baily (1980) provide a va- 
riety of values, yielding no clear consensus on the true electron-backscattering pic- 
ture for To < 1 MeV. The role played by the numerous low-energy secondary elec- 
trons (&rays) that emerge from the scatterer along with the backscattered primaries 
may be an important source ofvariability inexperimental results, especially for lower 
To. Tabata arbitrarily chose not to count any electrons that were backscattered with 
energies less than-50 eV, thus eliminating most secondaries. 

As mentioned above, qe (To, Z ,  00) should be less than q( To, Z, a), because each 
backscattered electron has less kinetic energy than it had when it was incident on 
the scattering material. Comparison of Eq. (8.38) with Fig. 8.12 tends to verify this. 
For example, 1 -MeV electrons on Pb have a value of ql = 0.34 from Fig. 8.12, while 
q = 0.45 from Eq. (8.38). Thus the average fractional energy per backscattered 
electron from Pb is about 0.75 of To in that case, but decreases to 0.58 at To = 3 
MeV. 

Tabata also measured q( To, 2, t) as a function of the foil thickness t ,  but only for 
To = 6.08 MeV and Z = 29,47, and 79. The ratio q( To, Z, t)/q( To, Z, 00) was found 
to increase continuously with increasing t from 0 to t,,,/2, and to have a value of 
about 0.6 to 0.8 for t = t,,,/4. This shows that layers of material nearer the entry 
surface are more important in electron backscattering than are the deeper layers, 
as one might expect, but that the process is not confined to a thin surface layer. 

E. Dose vs. Depth for Charged-Particle Beams 
Figure 8.9u, b, and c illustrated how the number of charged particles penetrating 
through a layer of some absorbing medium varies with the layer thickness. The vari- 
ation of absorbed dose vs. depth in a medium shows quite different characteristics. 
The shape of this function depends on particle type and energy, the medium being 
penetrated, and the geometry of the beam. 

1. THE BRAGG CURVE 
Heavy charged particles (protons and heavier) penetrating a material in which nu- 
clear interactions are negligible show a dose-vs.-depth distribution in the shape of 
the classical Bmgg curve, as illustrated in Fig. 8.13~.  This is a consequence of the 
a Ti dependence of the range at low energies (see, e.g., Figs. 8.8 and 8.10), which 
in turn results from the a P-* dependence of the stopping power. This means that 
if a particle spends the first half of its initial kinetic energy along a pathlength x ,  the 
remaining half of the energy will be spent in distance x/3, thus crowding the spatial 
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FIGURE 8 . 1 3 ~ .  Dose vs. depth for 187-MeV protons in water, showing Bragg peak. The dashed 
curve demonstrates the effkct of passing the beam through optimally designed, variable-thickness 
absorbers such as oacibting wedges. (After Karlsson, 1964. Reproduced with permission from 
Strahlentherapie.) 

rate of energy expenditure toward the end of the track. The dose decreases from its 
maximum as the particles run out of energy and stop. This descending limb of the 
Bragg curve roughly coincides with the corresponding curve of particles vs. depth. 

The highly localized dose maximum shown in Fig. 8.13~ suggests the possible 
usefulness of such a beam for delivery of therapeutic doses of ionizing radiation to 
tumors at some depth in the body while minimizing dose to overlying normal tissues. 
This possibility was discussed by Raju et al. (1969). They pointed out that the Bragg 
peak of heavy particles i s  too localized, and needs to be “smeared out” in depth if 
tumors even 1 cm in diameter are to be uniformly dosed. Such devices as oscillating 
wedges can be used to produce a distribution of incident energies, resulting in a 
roughly square-topped Bragg peak as in Fig. 8.13u, but at the expense of increasing 
the “plateau” dose level relative to the Bragg peak dose. 

As mentioned earlier, negative pions are captured by atoms of tissue when they 
stop, causing the atomic nuclei to emit neutrons, y-rays, and heavy charged particles. 
The latter particles, being of relatively short range, enhance the dose in the vicinity 
of the Bragg peak. Figure 8.136 shows the resulting enhanced Bragg curve, in com- 
parison with the corresponding curve for positive pions that are not captured. 

2. DOSE VS. DEPTH FOR ELECTRON BEAMS 
As noted before, the small mass of electrons makes them scatter easily. As a result, 
they do not give rise to a Bragg peak near the end of their projected range as heavy 
particles do. Instead, a diffuse maximum is reached at roughly half of the maximum 
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FIGURE 8.136. Dose vs. depth in water for 65-MeV positive and negative pion beams. The 
absorbed dose is enhanced for the negative beam, especially around the Bragg peak, by nuclear 
capture and annihilation with emission of energetic particles. (After Raju and Richman, 1972. 
Reproduced with permission from the North Holland Physics Publishing Co.)  

penetration depth, as shown in Fig. 8 . 1 4 ~  for “broad” beams ofelectrons of several 
incident energies. An electron beam is defined as broad if its radius upon entry is 
at least equal to its CSDA range. Figure 8.14b shows the effect ofdecreasing the radius 
below that value (indicated as 00 in the figure), for a 10-MeV beam. The curve shape 
is evidently affected very strongly. 

3. 
At any point Pa t  depth x in a medium w where the charged-particle fluence spectrum 
is known, the absorbed dose can be calculated as 

CALCULATION OF ABSORBED DOSE AT DEPTH 

(8.39) 

where %x(  T )  is the differential charged-particle fluence spectrum, excluding 6 rays, 
in particles/cm* MeV; (dTlpdx),, is the mass collision stopping power for medium 
w ,  in units of MeV cm2/g particle, given as a function of kinetic energy T is in 
MeV; and 0, is given in grays, since 1.602 X lo-’’ Gy = 1 MeVIg. 

The exclusion of 6 rays from @ x (  T )  is based on the assumption that CPE exists 
at P for the 6 rays. Thus any energy carried out of a small volume around P by 6 
rays will be replaced by  other 6 rays from elsewhere. The use of the mass collision 
stopping power, rather than a restricted stopping power, is consistent with this as- 
sumption. &ray CPE requires that the medium and the particle fluence be ho- 
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FIGURE 8.14~1. Dose vs. depth in water for broad electron beams of the indicated incident 
energies. (After Holm, 1969. Reproduced with permission of N. W. Holm and Academic Press.) 

mogeneous within the maximum &-ray range from P. In practice this assumption 
is usually adequately satisfied because most 6 rays tend to have short ranges ( 5 1 
mm) in condensed media. 

The problem ofdetermining9,( T )  at the point of interest is, ofcourse, nontrivial, 
generally requiring radiation-transport calculations for a good solution. However, 
an estimate can be obtained rather easily from range tables for a monoenergetic 
plane-parallel beam of heavy charged particles incident on a homogeneous medium, 
since scattering and energy straggling are small effects. One enters the range tables 
at initial energy To, determining the range '3. From this the depth x is subtracted 
to obtain the remaining range '3, of the particle when it reaches depth x .  Then the 
table is reentered at range 3, to determine the remaining kinetic energy T,. The 
particle fluence 9, at depth x in this simple case is taken to be the same a!: the 9o 
incident on the surface (neglecting nuclear interactions), and all the partkles are 
assumed to have energy T, (MeV). Thus the integral in Eq. (8.39) can be dispensed 
with, and the dose (Gy) is given by 

(8.40) 



V. CALCULATION OF ABSORBED DOSE 199 

FIGURE 8.146. 
= CSDA range, 
permission from 

0 . I  .2 .3 4 .5 .6 .7 .8 .9 1.0 
dbt 

Dose vs. depth in water for circular electron beams of radius r at incidence. % 
I = depth in phantom. To = 10 MeV. (After Berger, 1981. Reproduced with 
M. J. Berger and the American Institute of Physics.) 

where @,, is in particles/cm* and (dT/p  d ~ ) ~ , ~  is the mass collision stopping power for 
the medium w, evaluated at T,. This method begins to fail when x approaches the 
particle range, making ax < Go (see Fig. 8 . 9 ~ ) .  

For the case of a broad beam of monoenergetic electrons (see preceding section) 
of energy To > 1 MeV (see Fig. 8.10) perpendicularly incident on a semi-infinite 
homogeneous low-2 medium, one can roughly estimate the most probable energy 
of the electrons at depth. Since the range is proportional to the kinetic energy for 
megavolt electrons, the modal energy decreases from To to 0 approximately linearly 
with depth as x goes from 0 to the range W. However, the electron fluence at depth 
is not easily estimated, mainly because of multiple scattering. Thus dose calculations 
on the basis of electron fluence generally require radiation transport calculations (see 
Nelson, 1980). 

The problem of measuring dose in a medium by inserting a small sensor or probe 
(e.g., a cavity ion chamber) at the point of interest involves cavity theory, which 
will be discussed in Chapter 10. Chapter 13 will deal with in-phanton dosimetry, 
including practical application of cavity theory. The usefulness of the above method 
for estimating the electron modal energy vs. depth will become apparent there, as 
it provides an effective energy at which stopping-power ratios (used in cavity theory) 
can be evaluated. 
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PROBLEMS 

CHARGED-PARTICLE INTERACTIONS IN MATTER 

1. 

2. 

3. 

4. 

5 .  

6. 

7. 

8. 

9. 

10. 

11. 

12. 

Compare the passage of charged and uncharged particles through matter. What 
are the approximate probabilities of a single charged particle achieving a path- 
length equal to twice its range, or of a single photon having a pathlength twice 
as great as the mean free path lip? (Assume the photon is totally absorbed 
in its first interaction.) 
Describe the general types of interactions that contribute to the collision stop- 
ping power, (dTl&),. 
A 200-keV electron passes through a thin sample of fused silica for which the 
index of refraction is n = 1.46. At what angle is the cerenkov radiation (if 
any) emitted, relative to the electron direction? What is the half angle of the 
conical ‘‘shock” wavefront (relative to the backward direction)? 
Consider a small mass of tissue irradiated by negative pions. 

(a) Calculate the absorbed dose in grays due to star production only, at a 
point in a region throughout which 7 X lo7 pions stop per gram (as- 
suming CPE for the star fragments). 
Use Eqs. (2.1) and (2.2) to obtain the value of the kerma. (b) 

What is the maximum energy that can be transferred to an electron in a hard 
collision by a 25-MeV (a) electron (according to convention), (b) positron, (c) 
proton, (d) a-particle? 
Redo problem 5 for the case where each of the particles has the same velocity 
as a 25-MeV proton. 
What are the soft and hard components of the mass collision stopping power 
for an 800-MeV triton in copper? (Assume H = 10’ eV.) Does the total agree 
with Eq. (8.10)? 

(a) At what kinetic energy would an a-particle have the same velocity as the 
particle in problem 7? 

(b) What is the mass collision stopping power of such an a-particle in Cu? 
A cyclotron is capable of accelerating protons to 100 MeV, maximum. 
(a) What are the approximate maximum kinetic energies to which deuterons 

and a-particles can be accelerated? 
(b) Compute the mass collision stopping power in water for such an cr-par- 

ticle. Ignore the shell correction. 
Calculate the mass collision stopping power for a 20-MeV proton in lead, with- 
out the shell correction,. 
Calculate the mass collision stopping powers for an electron and for a positron 
with a kinetic energy of 50 MeV in aluminum. (Include the polarization-effect 
correct ion. ) 
Estimate the approximate mass radiative stopping power for the electrons in 
problem 11. Also, what would it be for lead in place of aluminum? 
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13. From Appendix E, how much energy (J) is emitted as x-radiation by l O I 5  elec- 
trons entering a layer of tin at To = 10 MeV and exiting at 

14. From Eq. (8.23) and following discussion, what is the approximate value of 
the range (g/cm2) of a 30-MeV proton in iron? 

15. (a) At what energy would a deuteron have the same velocity as the proton 
in problem 14? 

(b) What would be this deuteron's range in iron? 
What is the dose (Gy) in a thin LiF dosimeter struck by a fluence of 3 X 10" 
dcm2 with To = 20 MeV? (Ignore 6-rays.) 
What is the average dose (Gy) in an aluminum foil 0.3 g/cm2 thick, from being 
irradiated perpendicularly by lo9 dcm2 of energy To = 3 MeV? (Let x-rays 
escape.) 

= 7 MeV? 

16. 

17. 

SOLUTIONS TO PROBLEMS 

1. The charged particle has S O  probability of reaching twice its range, while the 
photon has a probability of e-' = 0.14 of traveling a distance 2 / p  without an 
interaction. 
[ = 9.9', 90' - 9.9' = 80.1'. 3. 

4. (a) 0.336 Gy. 
(b) 0.336 Gy; note that 

E : ~  = etr = (Rim)" - + C Q 

- -  'El' - 7 X 107[0 - 70 MeV + 100 MeV] = 2.1 X log MeV/g; 
dm 

40 MeV spent in overcoming nuclear binding energy is part of the re- 
maining products' rest mass. 
12.5 MeV. 
25 MeV. 
0.0552 MeV. 
0.0138 MeV. 
6.8 keV. 
13.6 keV. 
0.0552 MeV. 
0.0552 MeV. 
1 .OH MeV cm2/g. 
1.49 MeV cm2/g. 
2.57 MeV cm'/g (agrees). 
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8. 

9. 

10. 
11. 
12. 

13. 
14. 
15. 

16. 
17. 

(a) 1062 MeV. 
(b) 10.3 MeV cm2/g. 

(a) 
(b) 86 MeV cmVg. 
11.6 MeV cm2/g. 
Electron: 1.79 MeV cm2/g; positron: 1.74 MeV cm2/g. 
1.6 MeV cm2/g for Al (vs. 1.76 in Appendix E); 8 MeV cm2/g for Pb, (vs. 
6.87 in Appendix E). 
168 J. 
1.5 g/cm*. 
(a) 60 MeV. 
(b) 3.1 g/cmP. 
79.5 Gy. 
0.256 Gy. 

Deuteron: 50 MeV, a-particle: 101 MeV. 
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1. INTRODUCTION 
The scope of this chapter is limited to the physics of x-ray generation and beam- 
quality description. The. specifics of various types of x-ray machines and electron 
accelerators have been adequately dealt with in other texts such as that of Johns and 
Cunningham (1983). 

The word “quality” as applied to an x-ray beam ordinarily may be taken as syn- 
onymous with “hardness”, i.e., penetrating ability. In the earlier days of radio- 
therapy, before megavolt x- or y-ray beams became generally available, the effec- 
tiveness of x-ray treatment of deep-seated tumors depended upon the ability of the 
orthovoltage ( < 300-kV) x-rays to penetrate to the tumor while limiting the dose to 
overlying tissues. For that application, the more strongly penetrating the beam, the 
higher its quality. The same term is still applied to x-ray beam hardness even in cases 
where penetrating power should not necessarily be maximized (e.g., in diagnostic 
radiology). 

“Quality” of radiation is also used in the more general sense of energy spectral dis- 
tribution, or in the special meaning of biological efectiueness. 

II. X-RAY PRODUCTION AND ENERGY SPECTRA 

A. Fluorescence X-Rays 
Fluorescence (also called “characteristic’ ’) x-ray production has been discussed to 

some extent in Chapters 5 (in connection with the electron capture and internal con- 
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version) and 7 (in its association with the photoelectric effect). It was also mentioned 
in Chapter 8 that when hard collisions occur between charged particles and inner- 
shell electrons, the filling of the resulting shell vacancy generates fluorescence x-rays. 
Only a small fraction (S 1 %) of the charged-particle energy spent in collision in- 
teractions goes into fluorescence x-ray production, however. 

1. FLUORESCENCE YIELD 
The probability that a fluorescence x-ray will escape from the atom of its origin is 
called thejluoresmeyukf, symbolized by YK for a K-shell vacancy, and so on. YK and 
Y, are plotted vs. 2 in Fig. 7.14. Evidently, escaping fluorescence x-rays are prac- 
tically nonexistent for elements with atomic numbers less than 10, and the K-shell 
yield increases rapidly with Zto about 0.95 for tungsten (2 = 74), the most common 
x-ray tube target. 

For the L-shell the yield remains relatively low, and since the L-shell binding en- 
ergy also is small (12.1 keV for the L1 shell in tungsten-see Table 9.1), L-shell 
fluorescence is of little practical importance as an x-ray production process. Only 
K-shell fluorescence need be considered here. 

2. INITIATING EVENT 
The initiating event in K-fluorescence x-ray production is the removal of a K-shell 
electron by one of the processes mentioned above. Thus the minimum energy that 
must be supplied is the K-shell binding energy, ( J T ~ ) ~ .  Appendix B. 1 lists (&)K and 
(&)LI for all the elements. A photon ofquantum energy Av 1 69.5 keV, for example, 
can generate K-fluorescence in tungsten through the photoelectric effect. 

An electron of kinetic energy T > 69.5 keV can do likewise by ejecting the K- 
shell electron in a hard collision. Notice that the electron is not required to have an 
incident energy exceeding twue the binding energy to accomplish this, even though 
an electron is conventionally supposed to be able to give no more than half its energy 
to another electron, as discussed in Chapter 8,  Section 1II.D. That formalism, as 
applied in the electron stopping-power equation, merely acknowledges that the in- 
cident electron and the struck electron are indistinguishable after the collision, and 
the one departing with the most energy is therefore ~~, post f a to ,  as having 
been the incident electron. The fact that an incident electron with T > can 
remove a K-shell electron proves, however, that kinetic-energy transfers up to Tmust 
occur in electron-electron collisions, as one would expect from momentum-con- 
servation considerations. 

Although electron beams are the most common means of generating fluorescence 
x-rays, they appear in that case against a very strong background of bremsstrahlung 
continuous-spectrum x-rays. If it is desired to have a relatively pure fluorescence 
x-ray source with greatly reduced bremsstrahlung background, either heavy-particle 
excitation or x-ray excitation of fluorescence by the photoelectric effect may be em- 
ployed. Both methods are used for trace-element fluorescence analysis (Gilfrich et 
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al., 1973). Larson et al. (1955) designed an x-ray-excited fluorescence source that 
was said to be suitable for dosimeter calibrations. Compton-scattering limits the 
beam purity in that case, and the output dose rate is low. 

When heavy particles such as protons or a-particles are used to excite x-ray flu- 
orescence, one might suppose from momentum-conservation considerations that the 
minimum energy necessary to ionize the K-shell would be controlled by Eq. (8.4), 
or 

where TmaX is the maximum energy that can be transferred by a heavy particle of 
rest mass Mo and kinetic energy T to a free electron of mass m, at rest. Thus, on 
this basis, a proton (Mo = 1836%) would have to have an energy 460 times the bind- 
ing energy Eb to eject an electron from its shell. However, it is found that this thresh- 
old does not apply for ionization of strongly bound electrons by heavy particles. That 
is because the binding energy, in effect, increases the mass of the electron, thereby 
allowing larger energy transfers. A thorough discussion has been provided by Merz- 
bacher and Lewis (1958). Figure 9.1 gives cross sections for fluorescence x-ray pro- 
duction by protons. 

tn z a a 
m 
cc 

I 0' 

PROTON ENERGY (MeV) 
FIGURE 9.1. 
don and Kraner, 1971. Reproduced with permission from Brookhaven National Laboratory .) 

Atomic cross sections for fluorescence x-ray production by protons. (From Gor- 
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TABLE 9.1 Electron Binding Energies Eb in Tungsten" 

Shell (E& shell (E6)L Shell (Eb)M Shell (Eb)N 
1 (keV) 1 (keV) 1 (keV) 1 (keV) 

K 69.525 LI 12.098 MI 2.820 NI 0.595 

LIll 10.204 Mi11 2.281 0.424 

3. K-FLUORESCENCE PHOTON ENERGY 
Following the creation of a K-shell vacancy, an electron from another higher shell 
will fill it, and may emit a fluorescence photon having a quantum energy equal to 
the difference in the two energy levels involved. Again citing the example of tung- 
sten, Table 9.1 lists the binding energies for the K-, L-, M-, and N-shells, having 
1, 3, 5, and 7 subshells, respectively. Quantum mechanical selection rules allow 
transitions to the K-shell mainly from the levels shown in boxes. 

The resulting transitions to the K-shell, the designation of the resulting fluores- 
cence lines, and their quantum energies and relative frequencies of occurrence are 
shown in Table 9.2. It will be seen that the fluorescence line known as a1 occurs at 
59.321 keV with relative strength 100, a2 at 57.984 keV with relative strength 57.6, 

TABLE 9.2 K-Shell X-Ray Fluorescence Energies in Tungstena 

Energy Relative No. 
of Photons Transition Designation (keV) 

K-h, f f l  59.321 100 

K-M111 P I  

K-LII ff2 57.984 57.6 
K-Mu 03 66.950 

K - M I V  PSI1 67.654 
K-Mv 8512 67.716 
K-41 P211 69.033 
K-NIII P 2 / 2  69.101 
K-Nlv 8411 69.269) 69.276 G69.1 
K-Nv 16412 69.283 

K-011 0213 69.478] 69.484 
K-0111 P 2 N  69.489 

0.233 
0.293 

!:7 1 8 . 4  

"After Storm and Israel (1970). Reproduced with permission from Academic Press 
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& + PI + Prll + &/2 at about 67.2 keV with combined relative strength 32.1, and 
all the other lines closely grouped around 69.1 keV with combined relative strength 
8.4. With typical spectroscopic resolution the lines appear as two closely spaced doub- 
lets separated by about 10 keV, the a-doublet being about four times as strong as 
the p. This general pattern is typical of other x-ray targets as well. 

If a narrower energy spectral distribution than the combined a + @ line array 
is desired, a filter having its K-edge between the a- and @-lines will discriminate 
against the latter. 

X-ray fluorescence lines are often used for energy calibration of photon spec- 
trometers. 

4. 
BREMSSTRAHLUNG 
Since fluorescence is emitted in a secondary transition process following a primary 
ionization event, there is no angular correlation between the direction of the incident 
particle and that of the fluorescence photon. Fluorescence is emitted isotropically 
with respect to both energy and intensity, neglecting attenuation of rays in escaping 
the target. Bremsstrahlung x rays, on the other hand, are emitted anisotropically, 
tending to go more and more closely in the electron's direction with increasing en- 
ergy. In thin targets in which electron scattering can be neglected, bremsstrahlung 
production shows strong angular dependence and a minimum value at 180O. Figure 
9.2 compares the directional distributions for K-fluorescence and bremsstrahlung 
x rays generated in a thin silver foil by 50- and 500-keV electrons. It is evident that 
the ratio ofK-fluorescence to bremsstrahlung is a maximum at 180'. This is generally 
true irrespective of 2, T, or target thickness, although the angular dependence of 
bremsstrahlung x rays becomes much less pronounced for thick targets. Motz et al. 
(1971) and Dick et al. (1973) have investigated high-intensity K-fluorescent x-ray 
sources based on this principle. 

DIRECTIONAL DISTRIBUTIONS OF FLUORESCENCE VS. 

5. DEPENDENCE OF FLUORESCENCE OUTPUT ON ELECTRON 
BEAM ENERGY 
The energy of the incident electron beam also influences the intensity of fluorescence 
x-ray production. If T is below the K binding energy, no K-lines appear. For T > 
(EB)K all the K-lines are generated with fixed relative strengths, shown in Table 9.2 
for tungsten, regardless of how much higher T may be. However, the efficiency for 
K-fluorescence production increases rapidly at first for T > ( E b ) ~ ,  reaches a max- 
imum, and then decreases slowly as T continues to rise. 

Figure 9.3 shows this trend for thick targets. For thin targets the maxima occur 
at lower energies, and of course the K-fluorescent x-ray outputs are also lower, as 
reported by Motz et al. (1971). Since the bremsstrahlung output from a thick target 
continues to increase with Twithout limit (as will be discussed in the next section), 
the ratio of K-fluorescence to bremsstrahlung x-ray output must also reach a max- 
imum and then decrease far still higher T. Measuring at 180°, Motz et al. report 
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FIGURE 9.2. Comparison of the directional distributions of K x-rays (solid curves) and bremss- 
trahlung (dashed curves) for 50- and 500-kcV electrons incident on a thin silver target. The 
relative magnitudes are shown in terms of differential cross sections for K-shell ionization and 
bremsstrahhng production, per unit solid angle in which the photons are emitted. (From Dick 
et al., 1973. Reproduced with permission of C. E. Dick and The American Institute of Physics.) 

achieving maximum fluorescence x-ray “purities” (i.e., K-photodtotal photons) 
of 56-86%, depending upon Z. 

Table 9.3 roughly compares the K-fluorescence outputs and beam purities at- 
tainable by (a) the photoelectric effect (usingx rays to excite the fluorescer), (b) using 
electrons with 180° geometry, and (c) using heavy ions. The last method is seen to 
reach the highest-purity beams, with outputs comparable to those gotten with elec- 
trons. The output with photoelectric excitation is evidently several orders of mag- 
nitude lower. 

At the time of this writing none of these methods for fluorescence x-ray beam 
generation is in common use for dosimetry applications, probably because all require 
special apparatus. Instead, heavily filtered bremsstrahlung x-ray beams are usually 
employed, e.g., for dosimeter energy-dependence measurements. It will be shown, 
however, that the spectral widths of such beams are much greater than for K-flu- 
orescence lines, with a resulting loss of energy resolution. 
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TABLE 9.3. 
X-ray Production" 

Comparison of Different Excitation Sources for K 

Maximum Beam 
output (K Purity 

Excitation Source photondsr s) (%I  
- ~~ 

a. X-ray Photons 
300 kV, 10 mA 

b. Electrons 
300 kV, 10 mA 
1000 A, pulsed 

- 10'O > 90 

- 10" - 1019 50-95 
50-95 

c .  Heavy Ions 
2 MeV, 1 mA, DC - 10" > 95 
10 A, pulsed - 10l8 > 95 

'After Motz et al. (197 1).  Reproduced with permission from J .  W .  Motz and The 
American Institute of Physics. 
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B. Bremsstrahlung X Rays 

1. PRODUCTION EFFICIENCY 
The practical generation ofbremsstrahlung x rays is done by accelerating an electron 
beam and allowing it to strike a metallic target. Equation (8.15) shows that the ratio 
of mass radiative stopping power to mass collision stopping power is proportional 
to TZ. This means that high-Z targets convert a larger fraction of the electron’s en- 
ergy into bremsstrahlungx rays than lower-Ztargets. Tungsten (Z = 74). is a common 
choice, as it has not only a high atomic number, but a high melting point as well. 
The energy that is not radiated as bremsstrahlung is of course spent in producing 
ionization and excitation by collision interactions. This energy nearly all degrades 
to heat in the target, except for the very small fraction emitted as fluorescence x rays. 
Thus target cooling is required. In a thin target (i.e., in the present context, one 
in which the electron beam is not appreciably scattered and loses so little energy that 
the stopping power is unchanged) the approximate fraction of the total energy lost 
that goes into bremsstrahlung x-ray production is (from Eq. 8.15) 

n 
(9.2) =- (dTlPdr), - - ( d T W 4 ,  

(dT/p&) (dTlpdr), + (dTIpcLr), n + TZ 

where Tis the electron energy in MeV, and the value of n for tungsten is 775 at 100 
MeV, 786 at 10 MeV, 649 at 1 MeV, 371 at 0.1 MeV, and 336 at 0.01 MeV. Figure 
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FIGURE 9.4. Fraction of electron energy losses that are spent in bremsstrahlung x-ray produc- 
tion in thin (upper curve) or thick (lower curve) tungsten targets (data after Berger and Seltzer, 
1983). Upper curve: Eq. (9.2); lower curve: radiation yield (fraction of the incident electron 
kinetic energy To that goes into x-ray production as the particle slows to a stop in a thick target). 
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9.4 shows in the upper curve the value of Eq. (9.2), from the tables of Berger and 
Seltzer (1983). This ratio rises roughly linearly with increasing T (= the incident 
energy To), asymptotically approaching unity. At 1 GeV, 99% of the energy lost 
in a thin W foil goes into x-ray production. 

However, the overall energy x-ray production efficiency remains small in thin 
targets at all electron energies, since most of To is retained by the electron and carried 
out the back of the target foil. Only in thick targets, in which the electrons are stopped, 
or semithick ones, in which a large part of the electrons’ energy is spent, can rea- 
sonable efficiencies be attained. The lower curve of Fig. 9.4 expresses this, indicating 
the radiation yield, or fraction of To spent in generating bremsstrahlung x-rays as the 
electron is brought to a stop in a thick tungsten target. The ordinate of this curve 
at each To represents the average value of the upper curve from T = 0 to To, since 
an incident electron descends in energy through all the intermediate T-values as it 
slows down in the target. 

It can be seen from Fig. 9.4, for example, that a 100-keV electron beam spends 
only 1% of its energy on bremsstrahlung production in a thick tungsten target. The 
other 99% is spent in collision interactions, of which < 1 % generates fluorescence 
x-rays and the rest heats the target. 

2. UNFILTERED BREMSSTRAHLUNG ENERGY SPECTRUM 

a. For To cc moc2 
The shape of the unfiltered bremsstrahlung radiant energy spectrum, generated in 
a thin target of any atomic number 2 by an electron beam of incident energy To 
<< mOc2, is shown in Fig. 9 . 5 ~ .  It will be seen that the maximum photon energy 
hv,,, is To, the kinetic energy of the incident electrons. This relationship is known 
as Duane and Hunt’s law (1915). 

This figure also shows that the radiant-energy spectrum is constant over the energy 
range from 0 I hv 5 hv,,,. Thus, for example, the number of photons emitted per 
unit energy interval at energy hv is twice the number at 2hv, assuming both energies 
to be less than hv,,,. 

It is not obvious why electrons impinging on a thin target should generate a spec- 
trum ofthis simple shape, but it can be visualized intuitively by means of an argument 
based on the classical impact parameter(see Chapter 8, Section 11). When the impact 
parameter b is equal to 0, the electron has a direct hit on the nucleus and gives all 
of its energy To to create a photon hv,,. (We need not consider here the more prob- 
able nuclear elastic scattering process, which competes with x-ray production for all 
impact parameters.) As the impact parameter increases, the area in an annulus of 
radius b and width db increases proportionally, as shown in Fig. 9.6. The differential 
interaction cross section therefore also increases in proportion to b, as does the num- 
ber of photons generated in a given annulus. However, the strength of the inter- 
action, hence the quantum energy of the x-rays produced, certainly decreases as b 
increases. If we assume that hv oc l l b ,  then the number of photons and their quantum 
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FIGURE 9.5. 
irradiated by electrons of incident energy To << m,,c2. 

Bremsstrahlung radiant-energy spectrum from (0) a thin target, (b) a thick target 

energy will be reciprocal, and a flat radiant-energy spectrum such as that in Fig. 9 . 5 ~  
will result. 

Thick targets can be simplistically regarded as a stack of imaginary thin target 
foils, adequate in aggregate depth to stop the electron beam. As the beam passes 
through successive foils, the electrons lose their kinetic energy gradually by many 

FIGURE 9.6. Cl~sical explanation of the thin- 
target x-ray rpeetrum generated by nonrelativistic 
electrons. Consider a beam of electrons of kinetic 
energy To entering the page perpendicularly, and 
each passing the nucleus at some distance (impact 
parameter) b. The diffrrcntial interaction cross scc- 
tion when b = bl is proportional to the area dA, = 
2 nb, db. For b = b, = 2b1, dA2 = 2 dA,. Thus twice 
aa many photons (N*) come from interactions in d.4, 
as the NI from dAl. i f  the magnitude of the inter- 
action (i.e., the x-ray quantum energy hv produced) 
is assumed to be proportional to l lb,  then hvl = 2 
hv2, Therefore Nlhvl = NZhv2, and the x-ray ra- 
diant-energy spectrum should be flat, aa it is ob- 
served to be. 
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small collision interactions. Radiative losses are negligible as a mechanism for re- 
ducing the beam energy for To << w2. 

The foils in the stack need not all be taken to be the same thickness, but instead 
are assumed to become progressively thinner with increasing depth, so that each one 
reduces the beam energy by the same amount. The collision stopping power increases 
approximately as 1/T (a 1/b2) for decreasing energies (see Chapter 8 ,  Section 
III.B.2); therefore the foil thicknesses must be successively decreased in proportion 
to T to maintain constant energy expenditure in each one through collision inter- 
actions. The amount of energy spent by the electron beam in x-ray production per 
foil must therefore decrease with depth in proportion to the foil thickness, since the 
Sommerfeld nonrelativistic radiative stopping power is independent of T. 

These considerations explain the shape of Fig. 9.5b.  The electron beam enters 
the first target foil at kinetic energy To, and generates an amount of x-ray energy 
proportional to the area of the shaded rectangular block. In passing through that 
foil it loses energy AT,  nearly all through collision interactions, and then enters the 
second foil with energy TI = To - AT. The amount of x-ray energy it generates 
in the second foil is represented by the area of the second block, which is drawn to 
have the same height as the first, but with a maximum photon energy hvLax = T I .  
Thus the x-ray energy emitted from the second foil is T1/To times that from the first, 
and so on for subsequent foils. 

It will be instructive to derive an approximate equation for the total brems- 
strahlung production in a thick target. The Sommerfeld formula for the mass ra- 
diative stopping power for nonrelativistic electrons can be gotten from Eq. (8.14) 
by setting T = 0 and B, = 9: 

NAZ2 
A 

e), = 5.80 X lo-"- (0.511) (4f) 

Z 2  
- MeV cm2/g 
A 

= 9.52 X (9.3) 

The radiant energy R ,  of the bremsstrahlung emitted from the nth foil in the stack 
of N foils is equal to the product of Eq. (9.3), the number of incident electrons N,, 
and the nth-foil thickness. Thus 

(9.4) 
Z 2  [(To - (nT; 1) AT 
A 

R ,  = 9.52 x 1 0 - ~  - N, ) pt , ]  MeV 

where pi, = mass thickness of the 1st foil, in g/crn2, and the bracketed factor is that 
of the nth foil, 

To = electron energy incident on the 1st foil (MeV), 
AT = energy loss by collision interaction in any foil (MeV), 

n = number of the foil, counting from the front (incident) side, 
N, = number of electrons incident, and 

Z, A = atomic number and atomic weight, respectively. 
The total radiant energy from all N foils is the summation of Eq. (9.4): 
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R = 9.52 x MeV (9.5a) "31 A n =  1 

where the bracketed factor is simply the total mass thickness of the stack of foils. This 
may be set equal to the range !?I of the electrons, which we can assume have straight 
tracks for ease of visualization. Substitution in Eq. (9.5a) gives 

Z2Nc R = 9.52 X 8 MeV 
A 

(9.5b) 

For nonrelativistic electrons Fig. 8.10 indicates that la T:. Numerical exam- 
ination of the range data listed in Appendix E for high-Z media at To - 0.1 MeV 
indicates that 

where '33 is given in g/cm2, To in MeV, and k is a constant of proportionality roughly 
equal to 1 g/cm2 MeV2 

Substituting Eq. (9.6) into Eq. (9.5b) gives 

R 1 X N,ZT:  MeV (9.7) 
where the constant includes k and has the units MeV-'. This approximate formula 
can be verified by comparison with the radiation yields tabulated in Appendix E, 
remembering that Y(T',) = R/TdV,. Thus, for example, for Z = 82 and To = 0.1 
MeV, Eq. (9.7) equals 8.2 X lo-* MeV per electron, while Y(To)To = 1.162 X 

The crude agreement (30%) is adequate, considering the approximations in- 
volved in Eq. (9.7). The tabulated yield values are of course the more correct. 

Nevertheless Eq. (9.7) provides a useful estimate of the bremsstrahlung radiant 
energy generated in a thick target, in terms of number and energy of electrons de- 
livered to the target and its atomic number. It will be seen that the unfiltered x-ray 
output is proportional to the charge delivered to the target in the x-ray tube (i.e., 
current X time), as well as the atomic number of the target and the square of the 
electron kinetic energy (or x-ray tube voltage). 

Returning now to the unfiltered thick-target spectrum shown in Fig. 9.56, it will 
be seen that the array of rectangular areas (representing the x-ray outputs of all the 
imaginary individual foils comprising the thick target) can be fitted by a triangular 
envelope called the Kramers spcctnun (Kramers, 1923), having the formula 

R ' ( h ~ )  = C N, 2 (hum,, - hu),  (9.8) 

where R ' (hu) is the differential radiant-energy spectral distribution of bremsstrah- 
lung generated in the thick target of atomic number Z, typically in J/MeV; hvmax 
= To is the maximum photon energy (MeV); Cis a constant of proportionality; and 
R ' (hu)  = C N, Z(hv),, for hu = 0. The area under the triangle represents the total 
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radiant energy of the unfiltered bremsstrahlung, and can be seen from Fig. (9.56) to 
have the value 

c c 
2 2 

R = - N, Z(hv )~ , ,  = - N, Z Ti  (9.9) 

Comparison with Eq. (9.7) shows that the constant C12 has a value around 1 X 

MeV-' when R and To are both expressed in MeV. R may of course be con- 
verted into joules while leaving To in MeV by use of the relation 1 MeV = 1.602 
X J; hence 

R a 1.6 X N , Z  T i  J (9.10) 

The constant C in Eq. (9.8) evidently has a value around 3 X JIMeV' if 
R'(hv)  is given in JIMeV, as shown in Fig. 9.5b. 

It is helpful in interpreting Eqs. (9.8)-(9.10) to observe the graphical effect of 
changing the parameters. Figure 9 . 7 ~  shows the effect of doubling N, or Z. The curve 
slope is doubled; hence the ordinate is doubled at every energy. The area under the 
curve (i.e., the total radiant energy) islikewise multiplied by 2. In Fig. 9.76 the effect 
of doubling To = hum,, is indicated. The curve slope remains constant in this case, 
while the area under the curve quadruples, as shown by the construction in dashed 
lines. Combined changes in Ne and To, such as may occur in pulsed x-ray generators, 
may be handled graphically by changing both the slope and the intercept on the 
abscissa accordingly, in each of a set of time subdivisions during a pulse, then sum- 
ming the resulting spectra for the whole pulse. 

The simple triangular spectra shown in Figs. 9.56 and 9.7 are never observed 
experimentally, for two reasons. Firstly, the fluorescence x-ray lines are superim- 
posed, assuming the electron energy exceeds the shell binding energy. Moreover, 
the lower-energy photons are preferentially removed by photoelectric-effect inter- 

SPECTRUM WITH 
Ne or Z DOUBLED 

0 hv. MeV 
FIGURE 9.7a. 
unfiltered bremrstrahlung x-ray spectrum. 

Effect of doubling N. or Zon the 
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SPECTRUM WITH 

Td= 2T0 

hu. MeV 0 

FIGURE 9.7b. Effect of doubling To = hv- on the unatered bremsrtrahlung x-ray spectrum. 

actions within the target material itself, the exit window of the x-ray tube, and such 
additional filters as may be added. The effects of such filtration on the spectrum will 
be discussed in Section 111. However, it should be mentioned here that the exponent 
of To in Eq. (9.10) is effectively increased from 2 to around 3 by filtration that cuts 
off the lower-energy portion of the Kramers spectrum. 

b. For To s moc2 
For relativistic electrons the generation of bremsstrahlung can no longer be ade- 
quately described by the Sommerfeld equation, and the more general Bethe-Heitler 
formula (8.14) applies. The differential cross section du, for the emission of a photon 
with quantum energy between hv and hv + 4 h v ) ,  by an electron of kinetic energy 
T, is given in cm2/atom by 

B Z 2  T + m0c2 
du, = 5.80 X ( T d(hv) hv 

(9.11) 

Hence the photon output spectrum has the form 

da, a- B, (9.12) 
d(hv) hv 

and the radiant energy spectrum is proportional to B,, which is a gradually decreasing 
dimensionless function having a value around 20 at hvlT = 0, and 0 at hvlT = 1. 
The curve shape between these limits depends on T, as shown by Evans (1955, p. 
603), based on Heitler’s calculations. 

Figure 9.8 gives the energy-flux density spectrum (which has the same shape as 
the radiant-energy spectrum) from a moderately thick (1.5 mm) tungsten wire target 
struck by 11.3-MeV electrons (range = 3.5 mm) as measured by Motz et al. (1953) 
using a Compton spectrometer. Also shown are the Bethe-Heitler theoretical spectra 
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FIGURE 9.8. Bremsstrahlung intensity (energy-flux density) spectrum in the Oo direction for 
11.3-MeV electrons on a 1.5-mm tungsten target, as measured with a Compton spectrometer 
(points). The Bethe-Heitler thin-target spectrum, modified by the photon absorption in window 
materials, is shown by the d i d  curve (lower). The duhed curves show comaponding theoretical 
spectra for 10-mil (&om) aod 20-mil (4-mm) tungsten targctr corrected for attenuation in the 
target material as well. (After Motz et al., 1953. Reproduced with permiasion from J. W. Motz 
and The American Physical Society.) 

for a thin target and for 0.25- and 0.50-mm targets, each corrected for photon at- 
tenuation in the target and windows. This accounts for the low-energy decrease in 
all the curves, which would otherwise extrapolate to the hu = 0 axis along more or 
less straight lines with slopes established by the curve trends above 3 MeV. 

It can be seen by comparing this figure with Fig. 9.5a,b that there is less difference 
between thick- and thin-target spectra at high generating energies such as 1 1.3 MeV 
than at low energies (To S %*). Moreover, they both are bowed upward in Fig. 
9.8, in contrast to the straight-line spectrum for the low To and thick target in Fig. 
9.56. This upward bowing comes from the function B, of Heitler [see Eq. (9.12) 
above]. 

3. BREMSSTRAHLUNG DIRECTIONAL DEPENDENCE 
The bremsstrahlung spectral shape for thin targets is isotropic, i.e., is independent 
of direction relative to that of the electron beam. However, the bremsstrahlung in- 
tensity in that case depends strongly on direction, the x rays tending to be emitted 
with an appreciable sideways component for low-energy electron beams, and more 
strongly forward as To is increased. This trend was shown in Fig. 9.2. For still higher 
energies the bremsstrahlung x rays are emitted close to the Oo direction, as indicated 
in Fig. 9.9. 
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FIGURE 9.9. Ratio of brcmsstrahlung intensity at angle 8 to that at 8 = 0 for three thicknesses 
of tungsten target, as calculated by Scbiff (1946). Note that the curves for different energies To 
differ oilly by a scale factor that is inversely proportional to To. (Reproduced by permission of 
The American Physical Society.) 

The narrowness of this forward bunching of rays is seen from Fig. 9.9 to be di- 
rectly proportional to To. For example, the x rays from a 0.05-cm tungsten target 
reach half their central-axis intensity at 8 = 5O for To = 20 MeV, and 0.5O for 200 
MeV. This means that the x-ray output in the Oo direction increases with To more 
strongly than does the output in all directions. At 8 = Oo the x-ray energy fluence 
tends to increase as for To - 1 MeV, as Ti.3 at - 10 MeV, and as Ti at - 100 
MeV (NCRP, 1977). 

It was mentioned earlier (Section II.B.2.a) that, due to the effect ofbeam filtration 
at low energies, the radiant energy emitted in all directions varied roughly as T;. 
This is also observed with respect to the x-ray energy fluence at 8 = 90°, the sideways 
beam ordinarily employed for To < 300 keV. For higher values of To the exponent 
for 90° emission gradually decreases from 3 to about 4 at 100 MeV (NCRP, 1977). 

The forward peaking at high energies necessitates the use of a conical beam-flat- 
tening filter in linac x-ray beams for radiotherapy applications, even though the phe- 
nomenon becomes less pronounced for thicker targets (see Fig. 9.9). Such a filter 
attenuates the beam less strongly as a function of distance away from its central axis, 
thus producing a beam of more uniform intensity over a useful area. Exact alignment 
of such a filter is of course critical. 

For thick targets and orthovoltage energies (5 300 kV) the x-ray intensity as a 
function of direction is controlled by photon attenuation in the target. The pho- 
toelectric attenuation coefficient in the high-Z, high-density metal becomes so large 
that only the photons originating near the surface can escape. Even 0.1 mm of tung- 
sten attenuates 100-keV photons by half, and lower-energy rays are absorbed even 
more strongly. Thus the differing degree of target filtration in various directions 
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creates spectral dependence upon direction that thin-target, unfiltered x rays do not 
exhibit. 

These considerations, together with the small range of low-energy electrons in 
penetrating the target (- 0.01 mm for 100-keV electrons on tungsten), and the need 
for providing a means of carrying away heat, dictate the use of front-surface targets 
slanted toward an exit window on the side of the x-ray tube for To up to about 0.3 
MeV. For higher electron energies the x-ray beam is usually taken out at Oo, after 
passing through a perpendicular target. 

111. 
An unfiltered x-ray beam contains fluorescence x rays, characteristic of the target 
atomic number, as well as bremsstrahlung. The upper curve in Fig. 9.10 illustrates 
this for a thick tungsten target bombarded by 100-keV electrons, assuming the emis- 
sion of all photons created. The K-fluorescence lines are shown almost completely 
resolved (see Table 9.2) at the correct energies, and with the correct relative heights 

X-RAY FILTRATION AND BEAM QUALITY 

hv, keV 
FIGURE 9.10. X-ray spectrum from 100-keV electrons on a thick tungsten target. Upper curve 
A: Unfiltered. B: Filtered through 0.01 mm W in escaping the target. C :  Additionally filtered 
through 2 mm Al. D: Filtered through 0.15 mm Cu and 3.9 mm A1 in addition to inherent target 
filtration. To avoid confusion, the K-fluorescence lines are not shown in curves B, C ,  and D, but 
are attenuated from their heights in curve A in the same proportion as the bremsstrahlung is 
attenuated at the same energies. 
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(which are arbitrary with respect to the bremsstrahlung spectrum). The L-lines are 
not shown, but their energy range is indicated. 

A. X-Ray Filtration 

1. FOR To s 300 keV 
Figure 9.10 also illustrates (in curve B) the filtering effect on the x rays of passing 
through 0.01 mm of tungsten, as might occur in escaping from the target. The K- 
fluorescence lines are still present, attenuated by a few percent, but have been deleted 
from curves B, C, and D to avoid confusion in the graph. Note the influence of the 
K binding energy at 69.5 keV: the photoelectric attenuation is greater just above 
than below it, causing a discontinuity in the spectrum. 

Curve C in Fig. 9.10 shows the additional attenuating effect of 2 mm of aluminum, 
and curve D of 0.15 mm Cu + 3.9 mm Al. 

In calculating curves B, C and D from curve A, the narrow-beam attenuation 
coefficients ( d p )  are used. For such added filtration, narrow-beam geometry is usu- 
ally well approximated, and hence p/p is appropriate (see Fig. 3.2). For internal 
target filtration (curve B) photon scattering is negligible, since the photoelectric effect 
dominates. The fluorescence photons resulting from those interactions are incon- 
sequential in comparison with the strong fluorescence generated through direct K- 
shell ionization by the incident electrons. Thus that case also can be treated as though 
the geometry were narrow-beam. 

The principal result of adding filters to an x-ray beam is evidently to remove pho- 
tons preferentially at energies where the attenuation coefficient is largest. The pho- 
toelectric effect is the dominating interaction by photons below a few hundred keV 
(see Fig. 7 .  l), and since the photoelectric interaction coefficient varies approximately 
as ( l l h ~ ) ~  in this energy range [see Eq. (7.31)] except at the binding energies, the 
lower end of the spectrum therefore appears to be gradually “peeled off’ by adding 
more and more filtration. The result is to narrow the spectral distribution pro- 
gressively, crowding it closer and closer to the applied kilovoltage, To. In other words, 
it becomes more like a monoenergetic single-line spectrum at To, the more heavily 
it is filtered. The x-ray beam is said to be “hardened” by such filtration, as the 
“softer”, more easily attenuated photons have been filtered out. 

The most common x-ray filtering media are lead, tin, copper, and aluminum, 
which may be used singly or in combination. The advantage of combination filters 
(Thoraeus, 1932) is that they are generally capable of narrowing the spectrum to 
any desired degree while preserving more of the x-ray output than can be achieved 
with a single filtering material. The higher-Z filters provide strong filtering action 
but cause discontinuities at the shell binding energies. The lower-Z filters tend to 
smooth the resulting spectrum. This trend can be seen in Fig. 9.10. 

It is important in using combination filters that they be positioned in the beam 
in descending order of 2, going in the direction of the rays. This allows each filter 
to remove the fluorescence x rays that originate in the higher-Z filter upstream from 
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it. Aluminum (hvK = 1.5 keV) is best for the final filter. Copper (hvK = 9 keV) flu- 
orescence also is low enough in energy not to be detectable in most cases. However, 
neither tin (hv, = 29 keV) nor lead (hvK = 85 KeV) should be used without sufficient 
following filtration to remove the fluorescence, unless those photons are desired as 
part of the output. 

Filter thicknesses are conventionally specified in millimeters, although it is usually 
preferable physically to measure the area (e.g., 10 X 10 cm2) and weight of a filter, 
and thus determine its average mass thickness (g/cm2 or kg/m2). The thickness can 
then be stated in millimeters for any reference density of the metal, which may be 
found to differ somewhat from that of the actual filter. The densities in Appendix 
B.l may be used where standard values have not been specified. In any case the 
millimeter thickness of filters should be related to a density. 

2. FOR To L 300 keV 
At higher energies the photoelectric effect becomes less important than the Compton 
effect (see Fig. 7. l) ,  and the total coefficient is less energy-dependent, as evident in 
Fig. 7.13a,6. Thus the filteringofan x-ray spectrum generated by megavolt electrons 
mainly removes the photons below a few hundred keV without greatly modifying 
the spectral shape at higher energies. However, the use of a thick high-Zfilter such 
as lead on a multimegavolt x-ray beam tends to filter out the highest-energy photons 
(> 4 MeV) through pair production, as well as the lowest through the photoelectric 
effect. Podgorsak et al. (1975) have shown that this can decrease the penetrating 
power of a radiotherapy x-ray beam in the body or a low-2 phantom. In such a me- 
dium pair production is unimportant as a mechanism for attenuation, and the high- 
est-energy photons (up to ~ 6 0  MeV) are the most penetrating (see Fig. 7.13~).  

B. X-Ray Beam-Quality Specification 
The quality of an x-ray beam can be specified in terms of either its spectrum or its 
attenuation characteristics in a reference medium. Bear in mind however that a beam 
may not be uniform in quality over its cross-sectional area, because of differences 
in filtration (e.g., in escaping the target). 

1. SPECTRA 
Spectra can be either (a) estimated from theoretical considerations (including the 
effect of filtration), as already outlined, or (b) derived by Laplace transformation 
from a measured narrow-beam attenuation curve, as described by Greening (1950), 
or (c) measured directly by some type of spectrometer (GeLi, SiLi, scintillator, bent- 
crystal (Birks, 1970), or Compton (Motz et al., 1953), etc. ]. Method (b) is relatively 
difficult and provides little improvement over spectra derivable by method (a). The 
GeLi detector is probably the method of choice for obtaining well-resolved spectra, 
including the fluorescence peaks, for To below a few hundred keV. At still higher 
energies large scintillators are probably preferable, as GeLi detectors of obtainable 
size become too transparent to the upper end of the spectrum, requiring large cor- 
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rections. These devices are discussed in Chapter 15. Birks’s bent-crystal method is 
preferable for transient phenomena, as the entire spectrum is registered instanta- 
neously on film. 

An excellent example of the application of the GeLi method has been provided 
by Seelentag et al. (1979), who measured 135 x-ray spectra for various filtrations 
and To-values from 10 to 300 keV. Fig. 9.1 la shows the spectrum measured for To 
= 100 keV with added filtration, of 2 mm Al, Fig. 9.116 shows the corresponding 
spectrum for 0.15 mm Cu and 3.9 mm Al, and Fig. 9.1 lc shows the spectrum for 
a filtration of 2 mm Sn, 0.5 mm Cu, and 4 mm Al. In each figure two curves are 
given: The solid curve represent the numbers of photons per unit energy interval 
[e.g., Eq. (1.17)], while the dashed curve represents the exposure per unit energy 
interval [e.g., Eq. (2.27)]. These spectra can be related in shape as follows: The 
photon-number spectrum is multiplied by hv at each energy to get the radiant-energy 
spectrum (not shown); that inLurn is multiplied by ( ~ ~ ~ / p ) ~ ~ ~  at each energy to get 
the exposure spectrum [since W /c = constant in Eq. (2.27)]. All the curves in Figs. 
9.1 lo-c have been arbitrarily normalized to unity at the maximum ordinate value. 

Figure 9.1 Id compares the theoretically estimated bremsstrahlung spectrum with 
that measured by a GeLi spectrometer for To = 100 keV and liltration with 2 mm 
Al. The solid curve reproduces curve C from Fig. 9.10; the dashed curve was derived 
from the solid curve in Fig. 9.1 la by multiplying it by hv and renormalizing to the 
theoretical curve at 60 keV. The shapes of these bremsstrahlung radiant-energy spec- 
tra are seen to be closely comparable, indicating that the theoretical estimate is quite 
reasonable in that case. 

A quantitative estimate of the fluorescence output is also possible by means of 
the K-shell ionization cross section (see Kolbenstvedt, 1967, and Dick et al., 1973), 
but that is not treated here. 

2. ATTENUATION CURVES AND HALF-VALUE LAYERS 

a. To z 300 keV. 
As noted above, it is possible (with some limitations) to derive an x-ray spectrum 
from the shape of an attenuation curve. This means that the latter curve shape must 
be a “signature” for the related spectrum. That is, each x-ray beam spectrum is 
uniquely related to an attenuation-curve shape in a given medium. Thus attenuation 
data can be used to characterize x-ray beams. 

To standardize such data the following conventions are generally followed: 

Pure aluminum or copper is used as the attenuating medium, A1 being pre- 
ferred for To S 120 keV and Cu for higher energies 50.5 MeV. 
Narrow-beam geometry is required (i.e., scattered rays from the attenuator 
must not reach the detector. 
The detector (e.g., ion chamber) must be air-equivalent, that is, must give 
a constant response per unit of exposure, independent of photon energy. 



hv, keV 
FIGURE 9.111~. Measured spectrum for 100-keV electrons on a thick tungsten target, with fil- 
tration in 2 mm A1 added to a 3-mm Be window tube. Solid curve: photon numbers spectrum; 
dashed curve: exposure spectrum. (Seelentag et al., 1979. Reproduced with permission from the 
authors and the Gesellschaft f i r  Strahlen-und Umweltforschung mbH, Munich.) 

hv, keV 
FIGURE 9.11b. Same as Fig. 9.11a, but for a filter of 0.15 mm C u  + 3.9 mm Al. (From See- 
lentag et al., 1979. Reproduced with permission from the authors and the Gesellschaft fiir Strah- 
len- und Umweltforschung mbH, Munich.) 
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FIGURE 9.1 Id. Comparison of radiant-energy bremsstrahlung spectra for To = 100 keV, thick 
tungsten target, filter 2 mm Al. Solid curve: derived from measured spectrum in Fig. 9.11~; 
dashed curve: theoretical, same as curve C in Fig. 9.10. The two curves are arbitrarily normalized 
at 60 keV. 
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The third requirement means that the detector response is proportional to the area 
remaining under the exposure spectrum, as a function of attenuator thickness. The 
choice of an air-equivalent detector is arbitrary, but is based on the widespread avail- 
ability of such ion chambers. Energy-independent photon counters or energy-fluence 
meters are not as common or convenient to use. The shape of an attenuation curve, 
for a given x-ray beam and medium, depends on the quantum-energy dependence 
of the detector response. 

Figure 9.12 shows the approximate attenuation curves that would result if the x- 
ray beams in Figs. 9.1 la-c were attenuated in aluminum, using an air-equivalent 
detector to measure the x-rays transmitted. Also shown (curve D) is the attenuation 
curve resulting from monoenergetic 100-keV x rays. The steeper the curve, the softer 
is the x-ray beam; and the greater the curvature, the broader the spectrum. The 
progressive hardening and narrowing of the spectrum with increasing filtration is 
evident here. The heaviest filter produces a curve that is practically exponential (see 
curve C) with a slope approaching that of amonoenergetic 100-keV beam. Still greater 
filtration would bring the slope still closer, but with still further reduction in an al- 
ready low beam intensity. 

Aluminum thickness, mm 
FIGURE 9.12. Approximate exposure-attenuation curve6 in aluminum for To = 100-keV x- 
rays from a thick tungsten target, filtered by (A) 2 mm Al; (B) 0.15 mm Cu + 3.9 mm Al; and 
(C) 2 mm Sn + 0.5 mm Cu + 4 mm At. (From data of Scelentag et al., 1979.) Also shown for 
comparison is the attenuation of 100-keV photons in aluminum (curve D). The first and second 
half-value layers are shown for curve A. 
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The attenuation curves in Fig. 9.12, and their related x-ray spectra, can be rea- 
sonably well specified for radiological applications in terms of theirjrst and second 
hai'value l a y r s ,  HVLl and HVL,. HVL, is d c j i d  as the thickness rquird to reduce the 
exposure by halJ in naww-beam gcwnmy; HVL, is the t h i c k s  necasary to reduce it by haif 
again ~ t h c s a m e c o n d i t w n s .  In Fig. 9.12 the circled points indicate where the curves 
cross the values 0.5 and 0.25 of relative exposure. The first and second half-value 
layers are indicated for curve A. Table 9.4 lists the HVL, and HVL2 values for all 
the curves. 

The last column gives the homogeneity coejkient, dcfinedas the ratw HVLJHVk. This 
approaches unity as the spectrum is narrowed by filtration to approach monochro- 
maticity, in which case attenuation is exponential, giving a straight curve on such 
a semilogarithmic plot. 

The necessity for specifying HVL, as well as HVL, in characterizing an x-ray 
beam is illustrated in Fig. 9.13. Three attenuation curves are shown: for a 100-kV 
x-ray beam lightly filtered by 3 mm Al, a 50-kV beam heavily filtered by 0.1 mm 
Pb + 4 mm Al, and a monoenergetic beam at 37 keV. All have the same first half- 
value layer in aluminum: 3.8 mm. However, their second half-value layers are, re- 
spectively, 5.82, 4.13, and 3.8 mm. Their homogeneity coefficients are therefore 
0.66,0.92, and 1 .OO. HVL, alone evidently cannot provide the required information 
about the breadths of the spectra, which in this case differ greatly. HVL, (or the 
homogeneity coefficient) provides this information in a compact and convenient form, 
although with less detail than the entire spectrum would convey. Those spectra were 
measured by Seelentag et al. (1979). The 100-keV spectrum is very broad, extending 
down to 15 keV. The 50-keV spectrum is much narrower, extending only to 20 keV. 

Another quantity that is sometimes used in beam-quality specification is the equiv- 
alent photon mrgy, hues. This is defined as the quantum eneru ofa monoenergetic beam hazing 
thesame HVL, ar the h 6eingspeci&d. In the case shown in Fig. 9.13, hue, = 37 keV 
for both of the other beams A and B. The equivalent photon energy clearly gives 
no more information than HVL1, but gives it in a form that is especially useful in 
describing heavily filtered beams approaching monochromaticity. Stating the ap- 
plied voltage To in addition to hv,, also conveys some sense of the spectral width, 
which is roughly 2( To - hv,,) for heavily filtered b e a m s .  

TABLE 9.4. 
Attenuation Curves in Fig. 9.12 

Half-Value Layers and Homogeneity Coefficients for the Aluminum 

Energy Filter HVLl HVL, HC 
(All (mm Al) (mrn Al) Curve (keV) (mm) 

A 100 2 A1 3.02 5.12 0.59 
B 100 0.15 Cu + 3.9 A1 6.56 8.05 0.81 
C 100 2 Sn + 0.5 Cu + 4 Al 13.4 13.5 0.99 
D 100" none 15.1 15.1 1 .oo 

Monoenergetic. 
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FIGURE 9.13. An example of the attenuation of t h m  dissimilar x-ray beams having practically 
the same value of HVL, (3.8 mm) in alumi,num. Curve A: 100 kV, 3 mm Al filter, HVLz = 5.82 
mm. Curve B: 50 LV. 0.1 mm Pb + 4 mm Al filter, HVLa = 4-13 mm. Curve C: monoenergetic 
37-Lev beam, HVLz = 3.8 mm. Note that 37 keV is the equivalent photon energy for both beams 
A and B. (HVL data after Seelentag et al., 1979.) 

Note that the values of huCq derived from different attenuating media are not nec- 
essarily identical for broad spectra, but they converge to acommon value as the beam 
is hardened by heavy filtration. 

Figure 9.14 gives values of hvCq as a function of HVL, for aluminum and copper 
attenuators. The value of hueq can be alternatively obtained by the following pro- 
cedure: 

(9.13) 

where HVL, is to be expressed in centimeters. The value of hv, corresponding to (CJ 
p), can then be obtained by interpolation in the tables of Appendix D.3, where the CJ 
p data include Rayleigh (coherent) scattering. 

b. To 2 300keV 
In the higher-energy x-ray region where the photoelectric effect is unimportant, the 
preceding discussion of attenuation and half-value layer is not relevant. Specification 
of a spectrum is still the most rigorous means of beam characterization, bearing in 
mind that the spectrum may not be uniform over the beam area, especially if a high- 
2 beam-flattening filter is used. 
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FIGURE 9.14. Equivalent photon energy vs. HVL, in copper or aluminum. (From Scclentag, 
et al., 1979. Reprinted with permission from the authors and the GercUrehaft f i r  Strablcn- und 
Umwcltforschuag mbH, Munich.) 

Routine specification of the hardness of radiotherapy x-ray beams is usually given 
in the form of a curve of absorbed dose in a water phantom vs. depth, for a 10 X 

i0-cm2 beam as specified at the depth of maximum dose (Dmax), and for a source- 
to-surface distance (SSD) of 1 m. The depth (from the phantom surface) at which 
the dose is reduced to DmJ2 is sometimes substituted for the whole curve as an ab- 
breviated means of quality specification. 

Figure 9.15 shows a family of such curves for a variety of beams. Values of Om,,/ 
2 are seen to range from 22 cm for curve A (22  MV, SSD 70 cm) down to 2.7 cm 
for Curve F (120 kV, 2 mm Al, SSD 15 cm). The depth of D,,, of course increases 
with energy as the range of the secondary electrons increases. 

Characterization of megavolt photon beams may be complicated by the presence 
of secondary electrons, which can originate in source hardware, beam collimator, 
filters, shaping blocks and their supporting tray, and the air through which the beam 
passes. Such electron contamination tends to reduce or eliminate the so-called "skin- 
sparing" advantage of megavolt photon beams for radiotherapy. Improvements in 
beam purity and skin sparing can be achieved through (a) reduction in beam size 
to allow electrons to scatter out, (b) magnetic removal of electrons, (c) use of a me- 
dium-to-high-Z filter that backscatters electrons without generating appreciable ad- 
ditional photoelectrons or pairs, and/or (d) replacing the air through which the beam 
passes by helium in a thin plastic bag. These measures have been discussed at length 
elsewhere (Biggs and Russell, 1983; Attix et al. 1983). The magnet is the most ef- 
fective for the multimegavolt region. 
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FIGURE 9.15. Variation of absorbed dose vs. depth in a water phantom for the following 10 
X 10-cm2 photon beams: A, 22 MV, 70-cm SSD; B, 8 MV, 100-cm SSD; C, 4 MV, 100-cm SSD; 
D, wCo y-raya, 100-cm SSD; E, 200 keV, HVL, = 1.5 mm Cu, 50-cm SSD; F, 120 kV, HVL, = 
2.0 mm Al, 15-cm SSD. (From Johns and Cunningham, 1983. Reproduced with permission from 
J. R. Cunningham, and Charles C Thomas, Publisher.) 

PROBLEMS 

1. 

2. 

3. 

4. 

A 100-MeV proton beam of 1014p/s is perpendicularly incident on a rhodium 
foil 25 pm in thickness. Estimate the production rate of K and L x-rays (use 
Fig. 9.1). 
Compare the K x-ray yield per electron in thick targets of gold, silver, and copper 
for To = 0.1 and 1 .O MeV. Sum over all directions, neglecting attenuation. 
At what electron energy does the collision stopping power equal the radiative 
stopping power in tungsten? 
Using the curves in Fig. 9.4, estimate the amount of bremsstrahlung x-ray en- 
ergy (J) generated when 10l6 electrons having To = 1 MeV are perpendicularly 
incident on (a) a tungsten foil 0.025 mm thick, or (b) a thick tungsten target. 
Assume that the mass stopping power is 1.13 MeV cm2/g. 
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5. An imaginary pulsed x-ray machine spends 50% of the pulse length at To = 
90 keV with a beam current of i = 15 mA, 25% at 60 keV with i = 20 mA, 
and 25% at 40 keV with i = 10 mA. 
(a) Graphically construct the time-averaged unfiltered bremsstrahiung spec- 

trum in arbitrary units. 
(b) Calculate the attenuation in passing through 1 mm Cu  + 2 mm Al, and 

draw the resulting filtered spectrum. 

(c) Redraw (b) as a photon fluence spectrum and as an exposure spectrum, 
normalizing to the same maximum ordinate value. 

A linear accelerator generates an x-ray beam with 20-MeV electrons perpen- 
dicularly incident on a tungsten target 0.05 cm thick. Design a copper beam- 
flattening 6lter that would produce the maximum uniform intensity throughout 
a 20 X 20-cm2 beam at a distance of 1 m. The filter is to be located 10 cm from 
the target. (Use Fig. 9.9, and assume that the effective x-ray energy is 0.4 

Calculate a spectrum to compare with the measured photon fluence spectrum 
in Fig. 9.11~. 
Calculate the equivalent photon energies for the beams described by curves A, 
B, and C in Fig. 9.12. Compare with Fig. 9.14. 

6. 

TO.) 
7. 

8. 

SOLUTIONS TO PROBLEMS 

1. 
2. 

3. 
4. 
6. 

8. 

L: 1.3 X lOI3/s; K: 1.6 X 10l2/s. 

TO Z =  29 47 79 

0.1 2.5 x 5.7 x 1 0 - ~  1.3 x 1 0 - ~  
1 .o 3.0 X lo-* 7.0 X 6.3 X lo-* 

10.6 MeV. 
(a) 8.9 J, (b) 97 J. 
4.3 cm at center; 0 thickness at edge, at a radius of 1.414 cm. Thicknesses at 
intermediate radii according to Fig. 9.9. 
A: 34 keV; B: 48 keV; C: 85 keV. 
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Cavity Theory 

I. BRAGG-GRAY THEORY 
The basis for cavity theory is contained in Eq. (8.27) of Chapter 8. If a fluence 9 
of identical charged particles of kinetic energy Tpasses through an interface between 
two different media, g and w, as shown in Fig. l O . l h ,  then one can write for the 
absorbed dose on the g side of the boundary 

and on the w side, 

(10.1) 

(10.2) 

where [ ( d T / p d ~ ) , , ~ ] ~  and [(~‘Tlpdr),,]~ are the mass collision stopping powers of the 
two media, evaluated at energy T. Usually we may omit the brackets and subscript 
T, evaluation at an appropriate energy T being implied. 

Assuming that the value of 9 is continuous across the interface (i.e., ignoring 
backscattering) one can write for the ratio ofabsorbed doses in the two media adjacent 
to their boundary 

(10.3) 

23 1 
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A B 
FIGURE 10.1. (A)  A fluence @ of charged particles is shown crossing an interface between 
media w and g. Assuming @ to be continuous across the boundary, the dose ratio DJD, equals 
the corresponding ratio of mass collision stopping powers. (B) A fluence @ of charged particles 
passes through a thin layer of medium g sandwiched between regions containing medium w. 
Assuming 0 to be continuous across layer g and both interfaces, the dose ratio DJD, is again 
equal to the corresponding ratio of mass collision stopping powers. 

W. H. Bragg (1910)  and L. H. Gray (1929 ,  1936) applied this equation to the 
problem of relating the absorbed dose in a probe inserted in a medium to that in 
the medium itself. Gray in particular identified the probe as a gas-filled cavity, whence 
the name “cavity theory”. The simplest such theory is called the Bragg-Gray (B- 
G) theory, and its mathematical statement, referred to as the Bragg-Gray relation, will 
be developed next. 

Suppose that a region of otherwise homogeneous medium w ,  undergoing irra- 
diation, contains a thin layer or “cavity” filled with another medium g ,  as in Fig. 
10.16. The thickness of theg-layer is assumed to be so small in comparison with the range ofthe 
charged particles striking it that its presence does not perturb the charged-particle Jield. This 
assumption is often referred to as a “Bragg-Gray condition”. It depends on the 
scattering properties of w and g being sufficiently similar that the mean path length 
(g/cm2) followed by particles in traversing the thin g-layer is practically identical to 
its value ifg were replaced by a layer of w having the same mass thickness. Similarity 
of backscattering at w-g,  g - w ,  and w-w interfaces is also implied. 

For heavy charged particles (either primary, or secondary to a neutron field), 
which undergo little scattering, this B-G condition is not seriously challenged so long 
as the cavity is very small in comparison with the range of the particles. However, 
for electrons even such a small cavity may be significantly perturbing unless the me- 
dium g is sufficiently close to w in atomic number. 

Bragg-Gray cavity theory can be applied whether the field of charged particles 
enters from outside the vicinity of the cavity, as in the case of a beam of high-energy 
charged particles, or is generated in medium w through interactions by indirectly 
ionizing radiation. In the latter case it is also assumed that no such interactions occur 
in g .  All charged particles in the B-G theory must originate elsewhere than in the 
cavity. Moreover charged particles entering the cavity are assumed not to stop in 
it. 

A second B-G condition, incorporating these ideas, can be written as follows: The 
absorbed dose in the cavib is assumed to be deposited entirely by the charged particles crossing it. 
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This condition tends to be more difficult to satisfy for neutron fields than for photons, 
especially if the cavity gas is hydrogenous, thus having a large neutron-interaction 
cross section. The heavy secondary charged particles (protons, a-particles, and re- 
coiling nuclei) alm generally have shorter ranges than the secondary electrons that 
result from interactions by photons of quantum energies comparable to the neutron 
kinetic energies. Thus we see that the first B-G condition is the more difficult of the 
two to satisfy for photons and electrons, while the second B-G condition is the more 
difficult to satisfy for neutrons. 

Under the terms of the two B-G conditions, the ratio of absorbed doses in the 
adjacent medium w to that in the cavity g is given by Eq. (10.3) for each mono- 
energetic component of the spectrum of charged particles crossingg. For a differential 
energy distribution 0, (particles per cm2 MeV) the appropriate average mass col- 
lision stopping power in the cavity medium g is 

(10.4) 

and likewise, for a thin layer of wall material w that may be inserted in place of g, 

- SoT- ipT@ 6, W dT 

nlsw = SoTmw @T dT 

(10.5) 

Combining Eqs. (10.4) and (10.5) gives for the ratio ofabsorbed dose in w to that 
in g, which is the B-G relation in terms of absorbed dose in the cavity: 

(10.6) 

If the medium g occupying the cavity is a gas in which a charge Q(of either sign) 
is produced by the radiation, 0, can be expressed (in grays) in terms of that charge 
as 

m 
(10.7) 
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where Q is expressed in coulombs, m is the mass (kg) of gas in which Q is produced, 
and (w/e)E is the mean energy spent per unit charge produced (J/C; see Chapter 
2, Section V.B, and Chapter 12, Section VI). By substituting Eq. (10.7) into Eq. 
(10.6), we obtain the B-G relation expressed in terms of cavity ionization: 

(10.8) 

This equation allows one to calculate the absorbed dose in the medium immediately 
surrounding a B-G cavity, on the basis of thecharge produced in the cavity gas, 
provided that the appropriate values of m, 

Note that Qis generally greater than the charge Q‘ coucttcd from the ion chamber, 
because of ionic recombination (as discussed in Chapter 12, Section V), requiring 
a correction. 
m may be less than the total mass of gas contained in an ion chamber, if some 

of the volume is not active in providing measurable charge-for example, if some 
of the electrical lines of force terminate on a grounded guard ring. In most cases the 
value of m must be inferred from a chamber calibration in a known radiation field, 
a subject that is addressed in Chapter 13. 

B-G theory also may be applied to solid- or liquid-filled ‘Lcavities” g, using Eq. 
(10.6) to calculate 0, from a value of Dg measured in some way. For example, me- 
dium g might be a thin plastic film that gradually darkens as a known function of 
absorbed dose. Thus OR could be determined after an exposure by  means of a den- 
sitometer measurement. However, it is relatively difficult to satisfy the B-G con- 
ditions with condensed cavity media, since the cavity thickness must be only - 0.001 
times as great as for a gas-filled cavity at 1 atm to obtain a comparable mass thickness 
of g. Thus a 1-mm gas-filled cavity is comparable to a 1-pm layer of a condensed 
medium. 

So long as 2; is evaluated for the charged-particle spectrum $T that crosses the 
cavity, as in Eqs. (10.4)-( 10.6), the B-G relation requires neither charged-particle 
equilibrium (CPE) nor a homogeneous field of radiation. However, the charged- 
particle fluence iPT must be the same in the cavity and in the medium w at the place 
where 0, is to be determined. 

If CPE does exist in the neighborhood of a point of interest in the medium w, then 
the insertion of a B-G cavity at the point may be assumed not to perturb the “equi- 
librium spectrum” of charged particles existing there, since by definition a B-G 
cavity satisfies the B-G requirements. Thus a B-G cavity approximates an evacuated 
cavity in this respect. The presence of an equilibrium spectrum of charged particles 
allows some simplification in estimating and hence ,,$, as will be seen later in 
Spencer’s derivation of the B-G relation. 

The medium w surrounding the cavity of an ionization chamber is ordinarily just 
the solid chamber wall itself, and one often refers to the B-G theory as providing 
a relation between the doses in the gas and in the wall. 

and ,J: are known. 
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II. 
Two useful corollaries of the B-G relation can be readily derived from it. The first 
relates the charge produced in different gases contained in the same chamber, while 
the second relates the charge in the same gas contained by different chamber walls. 
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COROLLARIES OF THE BRAGG-GRAY RELATION 

A. First Bragg-Gray Corollary 
A B-G cavity chamber of volume Vwith wall medium w is first filled with gas g1 at 
density pl, then with gasg, at density p2. Identical irradiations are applied, producing 
charges QI and Q2, respectively. The absorbed dose in gas g1 can be written as 

and the dose in gas g2 as 

The ratio of charges therefore becomes 

which reduces to the first B-G corollary: 

(10.9) 

(10.10) 

(10.11) 

(10.12) 

Note that Eq. (10.12) does not depend explicitly upon the wall material w ,  im- 
plying that the same value of &/QI would be observed if the experiment were re- 
peated with different chamber walls. This is true as long as the spectrum cPTofcharged 
particles crossing the cavity is not significantly dependent on the kind of wall ma- 
terial. For example, the starting spectrum of secondary electrons produced in dif- 
ferent wall media by y-rays is the same if the y-energy is such that only Compton 
interactions can occur. Although different wall media modify the starting electron 
spectrum somewhat differently as the electrons slow down (to be discussed in Section 
111), the resulting equilibrium sfiectmm that crosses the cavity in different thick-walled 
ion chambers is sufficiently similar that Q2/Q1 is observed to be nearly independent 
of the wall material in this case. 

B. Second Bragg-Gray Corollary 
A single gas g of density p is contained in two B-G cavity chambers that have thick 
walls (exceeding the maximum charged-particle range), and that receive identical 
irradiations of penetrating x- or y-rays, producing CPE at the cavity. The first cham- 
ber has a volume V,  and wall material w, , the second has a volume V2 and wall wq.  
The absorbed dose in the wall of the first chamber, adjacent to its cavity, can be 
written as 
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CPE - 
D,, = ( K A I  = 4 (:) 

WI 

(10.13) 

where 4f = photon energy fluence, 
(pen/p),, = mean mass energy-absorption coefficient of wall w 1  for those photons, 
- 

D1 = absorbed dose in gas g in the first chamber, 
Q1 = charge produced in the first chamber. 

The corresponding equation for the second chamber is 

(10.14) 

The ratio of the ionizations in the two chambers is obtained from Eqs. (10.13) 
and (10.14) as 

(10.15) 

where the constancy of (wle)E for electron energies above a few keV allows its can- 
cellation. 

A further simplification of the final factor to 3% can be made only if the charged- 
particle spectrum 9T crossing the cavity is the same in the two chambers [see Eqs. 
(10.4)-( lO.S)]. The Compton-interaction case cited in the preceding section allows 
such a simplification, for example. If such a cancellation of stopping powers thus 
eliminates g from Eq. (10.15), the same value of Q2/Q1 should result irrespective of 
the choice of gas. 

An equation similar to (10.15) can be obtained for neutron irradiations in place 
of photons by substituting kerma factors F,, for the mass energy-absorption coeffi- 
cients [see Eq. (2.9a)l: 

(10.16) 

The ratio Wle may have to be retained here if w 1  and w2 differ suAciently to pro- 
duce heavy charged-particle spectra that have somewhat different Wle values even 
in the same gas. Otherwise it can be canceled as in Eq. (10.15). 
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111. SPENCER'S DERIVATION OF THE BRAGG-GRAY THEORY 
In laying the groundwork for developing an improved cavity theory, L. V. Spencer 
re-derived the B-G theory by a different (though more restricted) approach that is 
valuable in providing additional insight into the nature of the spectrum when charged- 
particle equilibrium exists (Spencer and Attix, 1955). 

Consider a small cavity filled with medium g, surrounded by homogeneous me- 
dium w that contains a homogeneous source emitting N identical charged particles 
per gram, each with kinetic energy To (MeV). The cavity is assumed to be far enough 
from the outer limits of w that CPE exists. Both B-G conditions are assumed to be 
satisfied by the cavity, and bremsstrahlung generation is assumed to be absent. 

The absorbed dose at any point in the undisturbed medium w where CPE exists 
can be stated as 

CPE 

Dw = K ,  = NT, (MeVIg) (10.17) 

where 1 MeV/g = 1.602 x lo-'' Gy 
(cm-' MeV- ') exists at 

each such point, and the absorbed dose can be written in terms of this spectrum as 
An equilibrium charged-particle fluence spectrum 

where (dTlpdr) ,  has the same value as the mass collision stopping power for w,  in 
the absence of bremsstrahlung generation. 

It will be seen that the value of *> that satisfies the integral equation formed by 
setting Eqs. (10.17) and (10.18) equal is 

(10.19) 

Evidently the equilibrium spectrum for an initially monoenergetic source of charged 
particles is directly proportional to the number released per unit mass, and is in- 
versely proportional, at each energy T 5 To, to the mass stopping power in the me- 
dium in which the particles are allowed to slow down and stop. Figure 10.2 is a graph 
of the equilibrium spectrum of primary electrons that results from Eq. (10.19) when 
it is applied (twice) to the example of two superimposed sources of N electrons per 
gram each, one emitting at To = 2 MeV and the other at To = 0.2 MeV, in a water 
medium. This is not a realistic spectrum, however, as &ray production (which would 
cause the lower limb of the spectrum to turn up instead of down; see Fig. 10.4 in 
Section V below) has been ignored. 6-ray effects will be discussed in the next section. 
The present approximation to the equilibrium spectrum, as stated by Eq. (10.19), 
is based on the continuous slowing-down approximation (CSDA) referred to in Sections 
I and 1V.A of Chapter 8. 

We will now digress briefly from Spencer's derivation to provide additional insight 
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Electron Energy, MeV 
FIGURE 10.2. = N/(dT/pdr), of primary elec- 
trons under CPE conditions in water, usuming the continuous-slowing-down approximation. 
Solid curve: The distributed source emits N electrons of To = 2 MeV per gram of water. Dashed 
curve: A second source of Ne/g at To 3: 0.2 MeV is added. Nott that this doubles the differentia1 
Buence below 0.2 MeV. &ray production has been ignored in deriving this spectrum. 

Example of an equilibrium fluence spectrum, 

into the nature of the equilibrium fluence, W ,  which can be obtained from the fol- 
lowing integration of a>: 

WCSDA = p N -  
P 

(10.20) 

where ScSDA is the CSDA range in medium w of the charged particles of starting 
energy To [see Eq. (8.22)]. Whether N is given in particles per gram and SZCSDA in 
g/cm2, or pN is in particles per cm3 and SCSDAIp in centimeters, the equilibrium 
fluence is given in particles per cm2 by their product. The basis for the Fano theorem, 
to be discussed in Section VII, is contained in Eq. (10.20), namely, that W is in- 
dependent of the density of the medium. Bragg (1910) stated his original cavity the- 
ory in terms of charged-particle ranges instead of stopping powers, in accordance 
with their reciprocal relationship as shown in Eq. (10.20). 

Returning now to Spencer's derivation of the B-G theory, one can say that since 
the same equilibrium fluence spectrum of charged particles, @>, crosses the cavity 
as exists within medium w, the absorbed dose in the cavity medium g can be written 
in the same form as Eq. (10.18): 
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Hence the ratio of the dose in the cavity to that in the solid w is obtained from Eqs. 
(10.17) and (10.21): 

(10.22) 

which is the same as the B-G relation shown in Eq. (10.6), considering Spencer's 
added assumptions of monoenergetic starting energy To, charged-particle equilib- 
rium, and zero bremsstrahlung. The equivalence of,,,::, as employed in Eq. (10.22), 
to the reciprocal of 2; as defined in Eq. (10.6) may not be immediately obvious, 
and will be explained in Section IV. 

The foregoing Spencer treatment of B-G theory can be generalized somewhat 
to accommodate bremsstrahlung generation by electrons and its subsequent escape. 
Equation (10.17) is rewritten as 

CPE 

o w  = ( K ) w  = NTO [1  - YW(T0)l (10.23) 

where ( K J w  is the collision kerma and Yw( To) is the radiation yield (which is defined 
in Section 1II.G of Chapter 8) for medium w. 

Equations (10.18) and (10.21), respectively, are changed to 

and 

(10.24) 

(10.25) 

where (dTlpdr),,, and (dT/pdx)c,8 are the mass collision stopping powers in media 
w and g, respectively. The equilibrium fluence, as given by Eq. (10.19), remains 
unchanged; hence one can rewrite Spencer's statement of B-G theory in Eq. (10.22) 
in the following form to take account of bremsstrahlung: 

The quantities necessary for the numerical evaluation of this equation are tab- 
ulated in Appendix E for electrons in several media. 

IV. AVERAGING OF STOPPING POWERS 
For the special case treated by Spencer in the foregoing derivation, the spectrum 
of primary charged particles crossing the cavity is known, being given by Eq. (1 0.19). 
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However, the evaluation of 2; in Eq. (10.22) is seen to be a simple average of the 
ratio of stopping powers throughout the energy range 0 to%, apparently unweighted 
by W$. In fact the Auence weighting is implicit, as can be seen by applying Spencer's 
assumptions to Eqs. (10.4) and (10.5): Setting T,, = To for the upper limit of in- 
tegration, assuming CPE and the absence of bremsstrahlung generation, Eq. (10.4) 
becomes 

(10.27) 

where Eq. (10.19) has been substituted for @',inside the integral. A similar equation 
can be written for ,g, from Eqs. (10.5) and(l0.19). The mean mass-stopping-power 
ratio pw can then be obtained as shown in Eq. (10.22) through the application of 
Eq. (10.17), which clearly depends on the existence of an equilibrium spectrum. 

Since the Spencer B-G treatment was limited to only a single starting energy (To) 
of the charged particles, it will be useful to extend it to distributions of starting ener- 
gies, such as are generated by photons'in a statistically large number of Compton 
events. Consider a homogeneous source of charged particles throughout medium 
LO, emitting a continuous distribution of starting energies: Let NTo charged particles 
of energy To to To + dTo be emitted per gram of w and per MeV interval, where 
0 5 To 5 T,,,,,. Assume that CPE exists, and that bremsstrahlung may be produced 
and it escapes. The absorbed dose in w is given by 

CPE 

while the dose in the cavity medium g is 

Ds = ST- dT, ST' @>e) dT 
6.S To=O T = O  

(10.29) 

Thus for a continuous distribution of charged-particle starting energies the ratio of 
absorbed doses in cavity and wall is given by 



IV. AVERAGING OF STOPPING POWERS 24 1 

dTo ioT0 (dTlp4c, dT 

P 3w (10.30) 
(dTlpdr), 

NTo TO i1 - y(yO)l dTO 

= 
where the double bar on ,S& signifies integration over the To distribution, as well 
as over T for each To-value. 

Where CPE does not exist in the vicinity of the cavity, mean stopping powers can 
be calculated as an average weighted by the differential charged-particle fluence dis- 
tribution QT crossing the cavity, as in Eqs. (10.4) and (10.5). Thus in general the 
mean stopping-power ratio for a B-G cavity can be expressed as 

(10.31) 

Since collision stopping powers for different media show similar trends as a func- 
tion of particle energy, their ratio for two media is a very slowly varying function. 
This allows Eq. (10.31) to be reasonably well approximated through simple esti- 
mation. For example, one may first determine the average energy 7 of the charged 
particles crossing the cavity: 

- 
T =  

T m u  =‘I Q T T d T  (10.32) 
Q o  

and then look up the tabulated mass collision stopping powers for the media in ques- 
tion at that energy. The same procedure may be followed also i f 7  can be estimated 
in some other way, or if the crossing electrons have a known, roughly monoenergetic 
energy, such as occurs at depth in a medium upon which monoenergetic charged 
particles are incident (e.g., see.the footnote in Table 13.9, Chapter 13). 

For an equilibrium spectrum resulting from charged particles of mean starting 
energy To, the stopping powers may be looked up at the energyTd2 for a crude (but 
often adequate) estimate of the mean stopping-power ratio required for the B-G 
relation. The average starting energy To of Compton-effect electrons can be cal- 
culated from Eq. (7.23). 
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V. SPENCER CAVITY THEORY 
By the 1950s experiments had shown that the B-G cavity theory did not accurately 
predict the ionization in air-Wed cavities, especially with walls of high atomic num- 
ber. At the National Bureau of Standards, the preliminary results of Attix, De La 
Vergne, and Ritz (1958) suggested to Spencer that &ray production had to be taken 
into account (Spencer and Attix, 1955). 

For example, the solid curves in Fig. 10.3 show the relative ionization measured 
per unit volume of air in flat, guard-ringed ion chambers with equilibrium-thickness 
walls of graphite, Al, Cu, Sn, and Pb, exposed to the 412-keV y rays from ''*Au. 
It can be seen that the ionization decreases as the air-gap thickness is increased, the 
trend becoming more pronounced as 2 increases. This is partly due to a gradual 
failure of lateral CPE, as electrons scattering out of the chamber edges are not fully 
replaced by electrons generated by y-ray interactions in the 2.5-cm-wide guard-ring 
area, made of the same wall material. 

The marks labeled Pb, Sn, Cu, Al, and C on the vertical axis of Fig. 10.3 are 
B-G-theory predictions calculated from the second B-G corollary (Eq. 10.15), for 
Pb/C, Sn/C, Cu/C, and AYC chambers, normalized to the graphite-wall experi- 
mental value for small air-gap widths. Although the conditions for validity of the 
B-G theory should be most closely satisfied for cavities of negligible size, the ion- 
ization-density curves evidently do not approach the B-G values but instead tend 
toward higher values as the cavity size is reduced. The Spencer theory (dashed curves) 
comes significantly closer to the experimental results, and predicts a rising curve even 
for small gaps ( < 2 mm) where the electron losses from the chamber edge were shown 
to be negligible. 

In examining the inadequacy of the B-G theory it should be remembered that 
the stopping-power ratio in Eq. (10.15) is evaluated under the assumption of the 
CSDA, upon which collision stopping powers are based. Actually 6 rays (energetic 
electrons) are produced in knock-on electron-electron collisions, and these 6 rays 
join the flux ofelectrons crossing the cavity. Their presence enhances the equilibrium 
spectrum at the lower electron energies, since the kinetic energy of an electron 
undergoing a knock-on collision is immediately shared with the electron it hits. Thus 
an electron of energy T striking another may, for example, transfer 4 of its energy 
to the resulting &ray. The electron flux will consequently be deficient by one electron 
in the energy region from 3 T/4 to T, and will be enriched by one electron in the region 
from 0 to T/4. The resulting equilibrium electron spectrum is further progressively 
enhanced as the energy is decreased because the Mdller (193 1) differential cross sec- 
tion for 6-ray production is inversely proportional to the square of the &ray energy. 

Considering now Eq. (10.15), and approximating the last term by 2:; to simplify 
the argument, we see that 

(10.33) 



243 V. SPENCER CAVITY THEORY 

WALL SEPARATION, mm 
FIGURE 10.3. Comparison of measured ioni-tion densities (solid curves) in flat air-filled ion 
chambers having various wall materials and adjustable gap widths, with Bragg-Gray theory (tick 
marks at left) and Spencer theory (dashed curves), for "'Au y rays. (After Attix, De La Vergne, 
and Ritz, 1958.) 

or, letting chamber wall 1 be graphite and 2 be Pb, for example, 

(10.34) 

That is, the ratio of ionization densities in the Pb/graphite chambers is approximately 
proportional to mSFb. That stopping-power ratio gradually increases with decreasing 
electron energy. Thus the presence of more low-energy electrons in the equilibrium 

- 



244 CAVITY THEORY 
- 

spectrum as a result of &ray production gives ,,,SFb a larger value than it would have 
if evaluated by the CSDA assumption. 

Spencer’s goal in modifying the B-G cavity theory was not only to incorporate 
the &ray effect, but to do it in such a way that the observed variation of ionization 
density with cavity size could be accounted for, at least for cavities small enough to 
satisfy the B-G conditions. 

To reach this goal while avoiding unnecessary complications that would make the 
calculations infeasible required a fairly simple model. By contrast, a more sophis- 
ticated theory was developed by Burch (1955) about the same time, but it proved 
to be too complicated for practical application. NCRP (1961) discusses and compares 
these theories. 

Spencer’s theory (Spencer and Attix, 1955; Spencer, 1965, 1971) starts with the 
same assumptions that he employed in rederiving the B-G theory: the two B-G con- 
ditions, the existence of CPE, and the absence of bremsstrahlung generation. The 
derivation specifically addresses the case of a distributed homogeneous source of 
monoenergetic electrons of initial energy To (MeV), emitting N particles per gram 
throughout a homogeneous medium w. 

The cavity, containing medium g (typically air), is characterized with respect to 
size by a parameter A ,  which was somewhat arbitrarily taken to be the mean energy 
of electrons having projected ranges just large enough to cross the cavity. [It might 
be argued in retrospect that A could have been identified instead as the mean energy 
necessary for the 6 ray that is generated in the cavity fo cscapcfnnn it. This would 
decrease the A assigned to a given cavity by roughly a factor of l/& 0.7, because 
the range is proportional to T: (see Fig. 8.10). However, the theory is not very sen- 
sitive to the A-value.] 

The equilibrium spectrum, W+’, of electrons (including &rays) generated in the 
surrounding medium is arbitrarily divided into two components in Spencer’s sche- 
matization: 

a. The “fast” group: electrons that have energies T 2 A,  and that can therefore 
transport energy. In particular they have enough energy to cross the cavity 
if they strike it. 
The “slow” group: electrons with T < A .  These are assumed to have zero 
range, i.e., to drop their energy “on the spot” where their kinetic energy falls 
below A. Hence they are assumed not to be able to enter the cavity, nor to 
transport energy. 

b. 

The absorbed dose at any point in medium w where CPE exists is given by 

CPE TO 

0, = NT, = (if*’ T . >dT? A ) d T  (10.35) 
A 

where JW( T, A )  is the restricted stopping power for electrons of energy Tin medium 
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w ,  which includes only energy losses to 6-rays not exceeding A [see Eq. (8.2 1 g)]. Only 
these low-energy 6-rays contribute to the dose at the place where they are produced; 
the higher-energy 6-rays carry their energy elsewhere. The integral starts at A be- 
cause electrons of lesser energy have been assumed to have no range. 

The equilibrium spectrum, including 6 rays, can be expressed in a form similar 
to that of Eq. (10.19): 

(10.36) 

where R( To, T) is the ratio of the differential electron fluence including 6 rays to that 
of primary electrons alone. Table 10.1 gives approximate values of R(To, T) that 
were derived from tables provided by Spencer and Attix (1955). It can be seen that 
the equilibrium spectrum is enhanced manyfofd at electron energies that are small 
fractions of To (e.g., 

Figure 10.4 (McConnell et al, 1964) shows the effect of the 6 rays on the shape 
of an equilibrium 8-ray spectrum. In this case the medium is copper and the dis- 
tributed source is 64Cu, which emits both 8- and 0' particles. The solid curve shows 
the equilibrium spectrum that results from Eq. (10.36). The points were measured 
with a spectrometer, corrected to include the 0' particles (not detected by the spec- 
trometer). Evidently the calculated spectrum accurately predicts the differential flux 
density down to 1 keV. At still lower energies the theoretical spectrum is only about 
one-half of that measured, possibly due to overestimation of the stopping power be- 
low the copper L-shell binding energy. The strong influence of 6 rays on the equi- 
librium spectrum is well illustrated in these results, however. 

20-fold at T = o.oo4T0). 

TABLE 10.1. 
Differential Electron Fluences with and without &rays* 

Approximatea Values of R(To, T) = W+6/*$, the Ratio of the 

1 .oo 1 .oo 1 .oo 1 .oo 1 .oo 1 .oo 
0.50 1 .oo 1 .oo 1.00 1 .oo 1 .oo 
0.25 1.05 1.05 1.06 1.06 1.07 
0.125 1.21 1.23 1.25 1.27 1.29 
0.062 1.60 1.66 1.73 1.79 1.85 
0.031 2.4 2.6 2.8 2.9 3.1 
0.016 4.4 4.7 5.2 5.5 6.0 
0.008 8.5 9.4 10.5 11.3 12.3 
0.004 17 19 22 24 - 

"Average of data for To = 1.31 ,  0.65, and 0.33 MeV. 
'Derived from Spencer and Attix (1955). 
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.- 
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ELECTRON KINETIC ENERGY (ev) 

FIGURE 10.4. rays in copper. The “primary” curve is the 
equilibrium spectrum of primary r -  and r-particles emitted by the distributed source. The 
“-ndary’’ curve, extending into the did curve labeled “theory”, is the h a y  contribution 
calculated by meauu of the factor R( To, 2“). The d i d  CUNC combines the primaries and calculated 
secondaries. The points were m e a d  with an electrostatic spectrometer. (After McConnell et 
al., 1964. Reproduced with permission from H. H. Hubbell, Jr. and the Oak Ridge National 
Laboratory.) 

Equilibrium spectrum of “Cu 

Substituting Eq. (10.36) into Eq. (10.35), we obtain the equation 
CPE 

Ow = NTo= N s” R(To’T) - ,,,S,(T,A) dT (10.37) 
A ( d T / p 4 ,  

Note that if this integral had the lower limit 0 instead of A ,  then the relation 

(10.38) 

would satisfy the integral equation. To satisfy Eq. (10.37) as written requires that 
R( To, T) must be somewhat greater than in Eq. (10.38), to properly account for the 
addition of the 8 rays to the fast electron group. 

A corresponding equation can be written for the dose Dg in the cavity: 

(10.39) 
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and the ratio of doses in cavity and wall is a statement of the Spencer cavity theory: 

where the denominator is shown in Eq. (10.37) to equal To. It is preferable in carrying 
out such calculations, however, to use the symmetrical form shown in Eq. (10.40) 
without relying on the denominator equaling To, since any errors that might be pres- 
ent in R( To, T) or (dT/ph) ,  will then tend to cancel. 

Table 10.2 gives values of DiDw calculated by Spencer for air cavities having A- 
values from 2.5 to 82 keV, in media of Z = 6 to 82 containing distributed mono- 
energetic electron sources of To = 1308,654, and 327 keV. For comparison the final 
column (also calculated by Spencer) provides the corresponding B-G-theory values, 

TABLE 10.2 
Theory, vs. Bragg-Gray Theory 

Values of DiDw Calculated for Air Cavities by Spencera from Spencer Cavity 

D,fDw 

Spencer 
~~ ~~~ ~ ~ 

Wall TO A (keV) = 2.5 5.1 10.2 20.4 40.9 81.8 Bragg- 
Medium (keV) Rangeb(mrn) = 0.015 0.051 0.19 0.64 2.2 7.2 Gray 

C 1308 1.001 1.002 1.003 1.004 1.004 1.005 1.005 
654 0.990 0.991 0.992 0.992 0.993 0.994 0.994 
327 0.985 0.986 0.987 0.988 0.988 0.989 0.989 

Al 1308 
654 
327 

Cu 1308 
654 
327 

Sn 1308 
654 
327 

Pb 1308 
654 
327 

1.162 1.151 1.141 1.134 1.128 1.123 1.117 
1.169 1.155 1.145 1.137 1.131 1.126 1.125 
1.175 1.161 1.151 1.143 1.136 1.130 1.134 

1.456 1.412 1.381 1.359 1.340 1.327 1.312 
1.468 1.421 1.388 1.363 1.345 1.329 1.327 
1.485 1.436 1.400 1.375 1.354 1.337 1.353 

1.786 1.694 1.634 1.592 1.559 1.535 1.508 
1.822 1.723 1.659 1.613 1.580 1.551 1.547 
1.861 1.756 1.687 1.640 1.602 1.571 1.595 

- 2.054 1.940 1.865 1.811 1.770 1.730 
- 2.104 1.985 1.904 1.848 1.801 1.796 
- 2.161 2.030 1.946 1.881 1.832 1.876 

“Personal communication. These data replace those given in Table I1 of Spencer and Attix (1955). which did not 
take account of the polarization effect (see Chapter 8, Section 1II.E). 
*In air. 
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which can be seen to agree most closely with the Spencer theory for the larger cavity 
sizes. The difference from unity generally increases with decreasing cavity size, be- 
cause of the influence of more and more &rays (see Fig. 10.4) in the integrals of Eq. 
(10.40). 

The Spencer cavity theory evidently gives somewhat better agreement with ex- 
perimental observations for small cavities than does simple B-G theory, by taking 
account of6-ray production and relating the dose integral to the cavity size. However, 
it still relies on the B-G conditions cited in Section I, and therefore fails to the extent 
that they are violated. In particular, in the case of cavities that are large (i.e., com- 
parable to the range of the secondary charged particles generated by indirectly ion- 
izing radiation), neither B-G condition is satisfied. This problem is discussed in the 
next section. 

Equation (10.40) can be restated without the requirements for CPE or for the 
absence of bremsstrahlung by simply replacing R( To, T)l(dT/p d&,# with the actual 
crossing spectrum of charged particles, *$, which of course must include the 6-rays. 
This will only be useful if 9% is known, however. 

VI. BURLIN CAVITY THEORY 
Burlin (1966, 1968) recognized the need for a y-ray cavity theory that would bridge 
the gap between small cavities for which the B-G or Spencer theory could be applied, 
and very large cavities for which the wall influence is negligible. 

Figure 10.5 illustrates this cavity-size transition. A region of homogeneous me- 
dium w is shown uniformly irradiated by y-rays. Three cavities containing medium 
sare considered: small (satisfying rhe B-G conditions), intermediate, and large com- 
pared to the ranges of the secondary electrons present. Using the terminology of 
Caswell(1966), the absorbed dose in the small cavity (Fig. 10.5~) is delivered almost 
entirely by “crossers”, i.e., secondary electrons completely traversing the cavity, 
such as el. The average absorbed dose in the intermediate-sized cavity in Fig. 10.56 
is delivered partly by crossers, but also by “starters” like e2 that originate in the cavity 
and stop in the wall, “stoppers” (e3) starting in the wall and terminating in the cavity, 
and “insiders” (e4) that start and stop within the cavity. Note that the dose in this 

a b C 
FIGURE 10.5. The cavity-size transition in Burlin theory (see text). 
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case will in general not be uniform throughout the cavity, but may depend on the 
distance inward from the wall. 

If a cavity is made large enough so that the maximum-range stoppers from the 
wall can affect the dose in only a negligibly thin layer of cavity medium (the thickness 
ofwhich is exaggerated in Fig. 10.54, then the average dose in the cavity is practically 
all delivered by the insiders, 4, which are generated by y-ray interactions in the cavity 
medium g itself. 

To arrive at a usefully simple theory Burlin made the following assumptions, either 
explicitly or implicitly: 

1. 
2. 

3. 

4. 

5. 

6. 

The media w and g are homogeneous. 
A homogeneous y-ray field exists everywhere throughout w and g. (This 
means that no y-ray attenuation correction is made in this theory for the 
presence of the cavity.) 
Charged-particle equilibrium exists at all points in w and g that are farther 
than the maximum electron range from the cavity boundary. 
The equilibrium spectra of secondary electrons generated in w and g are the 
same. 
The fluence of electrons entering from the wall is attenuated exponentially 
as it passes through the mediurng, without changing its spectral distribution. 
The fluence of electrons that originate in the cavity builds up to its equilib- 
rium value exponentially as a function of distance into the cavity, according 
to the same attenuation coefficient B that applies to the incoming electrons, 
as shown in Fig. 10.6 for the simple homogeneous case where g = w .  

The Burlin cavity relation can be written in its simplest form as follows: 

(10.41) 

where d is a parameter related to the cavity size that approaches unity for small cav- 
ities and zero for - large ones, thus providing the proper values of Eq. (10.41) for the 
limiting cases; Ds is the average absorbed dose in the cavity medium g; Ow = (ZQW 
is the absorbed dose in medium w under CPE conditions (i.e., not within electron 
range of the cavity); ,,,SL is the mean ratio of mass collision stopping powers for g 
and w, obtained either on the basis of the B-G or Spencer theory; and ( a x  is 
the mean ratio of the mass energy-absorption coefficients for g and w .  

- 

Burlin expressed d as the average value of @,Jdk in the cavity (see Fig. 10.6): 

(10.42) 
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0 1 4  L 
FIGURE 10.6. Illustration of the exponential-decay and -buiIdup assumptioh in the Burlin 
cavity theory. The equilibrium wall flucnce of elcctronr, W-, is shown decaying exponentially as 
they pmgrcrs into a homogcncoua cavity for which the wall zu nad cavity g media arc assumed to 
be identical. The elcctronr under conaideration arc only thore Bowing from left to right. The 
buildup of the cavity-generated electron tlucncc 4 follows a complementary exponential, asymp- 
totically approaching its equilibrium value = W-. 

where 1 is the distance (cm) of any point in the cavity from the wall, along a mean 
chord of length L, which is taken as being equal to four times the cavity volume Vdividcd 
ly its surfaGearea S, for convex cavities and diffuse (ie., isotropic) electron fields. The 
corresponding relation for 1 - d, representing the average value of +A+; throughout 
the cavity, is 

P L  

Figure 10.6 deserves some additional explanation: Auniform y-ray field is shown 
generating secondary electrons throughout the wall medium w and cavity medium 
g, which are assumed to be identical as well as homogeneous in this simple case. 
Considering only the electron fluence component flowing from left to right, the flu- 
ence CP, from the wall decays as e-8f from its initial equilibrium value of +;, while 
the Auence ag of electrons generated in the cavity builds up as (1 - e-"), approaching 
asymptotically its equilibrium value, +: = a:. These two functions, while they may 
not in fact be strictly exponential, must have a unit sum at all depths 1 in this ho- 
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mogeneous case, according to the Fano theorem, (to be discussed in Section VII). 
Likewise Eqs. (10.42) and (10.43) must sum to unity. 

For the nonhomogeneous case where g # w, (W:, # *:). Moreover, if the &value 
of the cavity medium for the wall electrons [Eq. (10.42)] is not the same as for the 
cavity-generated electrons [Fq. (10.43)], due to adifference in spectral distributions, 
then in general Eq. (10.43) will give a value - 

ss d’ # (1 - d) 
% 

(10.44) 

and hence 

d ’ + d # l  (10.45) 

The Burlin theory ignores this possible source of error in adopting assumptions 5 
and 6. 

In applications involving air-filled cavities Burlin (1966) evaluated f3 (cm-’) from 
an empirical formula due to Loevinger: 

1% 
(T,= - 0.036)’.’ P =  (10.46) 

where p is the air density (g/cm3) and Tmax is the maximum value of the starting 
energies To of the &rays in MeV. More generally, Burlin et al. (1969) later suggested 
using a @-value satisfying 

c-Btmu = 0.01 (10.47) 

That is, the maximum depth of electron penetration, t,,,, is to be arbitrarily taken 
as the depth to which only 1 ?6 of the electrons can travel. Janssens et al. (1974) have 
found that a constant of 0.04 in place of 0.01 in Eq. (10.47) improves the agreement 
with experimental results. t,, can be determined from Table 8.5 and the electron 
CSDA range tables in Appendix E, referring to the average starting energy To of 
the electrons. 

The Burlin theory has been found to estimate the average dose in cavities fairly 
well over a wide range of sizes. It is particularly useful in relation to condensed-state 
dosimeters, which typically have dimensions that are comparable to the ranges of 
the electrons present. Ogunleye et al. (1980) measured the dose in stacks of LiF ther- 
moluminescence dosimeters (TLDs), each 0.1 g/cm2 thick, sandwiched between 
equilibrium-thickness walls of various media and irradiated perpendicularly by “Co 
y-rays, as shown in Fig. 10.7. The data were normalized to the homogeneous case 
where the wall medium also consisted of solid LiF. 

Figure 10.8 gives the relative average absorbed doses measured in each layer of 
four dosimeters in the stacks of 1 ,  2, 3, 5,  and 7 layers. Evidently the dose varies 
with depth in the stack, decreasing a few percent from top to bottom in the case of 
the polystyrene wall medium, and rising more and more steeply with increasing 
depth for wall media of Al, Cu, and Pb. This pattern is primarily brought about by 
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"CO y-RAYS 

CPE BUILD-UP LAYER 
SPACER 
STACKED LiF DOSIMETERS 
BACKSCATTERING MEDIUM 

FIGURE 10.7. "CO yray experiment to test the Burlin theory as applied to LiF TLD chips, 
each 0.38 X 3.18 X 3.18 mm', p =i 2.64 glem', stacked four per layer in 1 ,2 ,3 ,5 ,  and 7 layerr. 
"he CPE buildup layer and bachcattering medium were both made of the same wall material, 
either LiF, polystyrene, Al, Cu, or Pb. The spacer w a ~  adjusted to equal the TLD stack thickness, 
and for the results presented bere was mode of LIP to produce a tumi-infinite one-dimensional 
cavity. (After Ogunlcye, et PI.. 1980. acproduced with permission of The Institute of Physics, 
U.K,) 

the Z-dependence of electron nuclear scattering. That is, in low-Z media electrons 
projected forward by 7-ray interactions tend to keep going in that direction, while 
in high-Z media they are more often backscattered. 

The Burlin theory ignores all electron-scattering effects (as do the B-G and Spen- 
cer theories). Thus it would be to some extent fortuitous if such a simple theory were 
found to predict the average cavity dose accurately. Nevertheless it can be seen in 
Fig. 10.9 that fairly good agreement is obtained with the experimental results of 
Ogunleye et al., especially for the polystyrene and aluminum wall media. For mul- 
tiple layers of dosimeters in Cu walls the theoretical prediction is about l %Y too high, 
while for Pb it is 3-476 low. 

In evaluating Eq. (10.42) to obtain the value of d for each dosimeter stack thick- 
ness, OIp has been taken here as 13.4 cm2/g for LiF, obtained from the &ray mea- 
surements of Paliwal and Almond (1976). The mean chord length L has been eval- 
uated as 4V/S, which for a flat plate of infinite extent is equal to twice its thickness, 
or L = 2t. Ogunleye et al. (1980) had originally assumed that L = 1.2t, based on 
the average angle of Compton electron emission and straight electron tracks, ob- 
taining relatively poor agreement. Horowitz et al. (1983) later showed that this value 



k - d  LEAD 

f 
I 

1.3 

H COPPER 

I 
I 

I 
I 

I 
I 

*-o ALUMINIUM 0-0 POLYSTYRENE 

f I f 
I 
I 
I 
I 
I 

I 

I 
I 
I 
I 
I 

I r - I I A  1 1 1 1 .  I I l l l ~ l l l l l l l  
I ‘  1 2 ”  1 2 3 ’  1 2 3 4 5 ‘ -  I 2 3 4 5 6 7  

NUMBER OF DOSIMETERS 
FIGURE 10.8. Relative absorbed dose in individual TLD layers in the experiment described 
in Fig. 10.7. “Co y-rays pass from left to right in relation to this graph. (After Ogunleye et al., 
1980. Reproduced with permission of The Institute of Physics, U.K.) 
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Number of TLD Layers 
FIGURE 10.9. Comparison of the Burlin theory (solid curves) with the experiment referred to 
in Figs. 10.7 and 10.8. The application of the theory in this case, as described in the text, differs 
from that of Ogunleye et al. (1980). 
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was incorrect anyway, and that L = 1.539t was the proper value based on those 
assumptions. However, it is more realistic to assume that at a depth in the wall me- 
dium that is sufficient to give rise to charged-particle equilibrium, a diffuse electron 
field will exist, calling for the application of 4V/S to obtain the mean chord length 
in the cavity. Note that this value will apply to a convex cavity that is front-back 
symmetrical, even if the electron field arrives isotropically only from the front hem- 
isphere and is absent from the back. For the geometry of the experiment shown in 
Fig. 10.7 the monodirectional @ k o  y-ray beam will tend to produce such a condition, 
especially in the low-2 media. 

Several authors have attempted to refit the Burlin theory to this experiment. 
Ogunleye (1982) applied the 4V/S rule to evaluate the mean chord length when 

the spacer in Fig. 10.7 was made of the wall material instead of LiF. He obtained 
fair agreement with the corresponding experimental results, which had not been 
explicitly presented in the paper by Ogunleye et al. (1980). 

Horowitz and Dubi (1982) proposed a modification of the Burlin theory that de- 
pended on the idea that the average path length for escape of the electrons originating 
in the cavity was less than the average path length of electrons crossing the cavity. * 

Horowitz et al. (1983) compared this modified theory with the results of Ogunleye 
et al. (1980), reporting improved agreement. However, Kearsley (1984a) pointed 
out that the improvement was brought about by the adoption of L = 1.539t in place 
of 1.2t, not by the effect of Horowitz and Dubi’s modification to the theory. It was 
also shown by Janssens (1983,1984) and Shiragai (1984) that the fundamental basis 
for the modification was erroneous. 

Shiragai also tried various combinations of values of0 and L in applying the Burlin 
theory to the experiment of Ogunleye et al. (1980), concluding that L = 4V/S and 
@ / p  = 18.5 cm2/g gave the best overall fit. Unfortunately, this large p/p  value relates 
to tissue, not LiF, and hence may be regarded as physically inadmissible in the pres- 
ent case. 

Burlin et al. (1969) extended the use of the Burlin cavity theory to fields of primary 
electrons by simply deleting the irrelevant last term in Eq. (10.41), leaving 

(10.48) 

in which Ow is presumably the dose in the wall through which the electrons enter 
the cavity, since CPE does not exist anywhere. Because d = 1 for small cavities, this 
equation reduces to the B-G relation, while for very large cavities both d and B8 
approach zero. The electrons can then deposit energy only in a superficial layer of 
the cavity, thus having a negligible effect on the average dose. 

For the case ofdiffuse &ray fields Burlin et al. used Eq. (10.42) to define d, where 
@$, is to be interpreted as the mhyJuence, since there is no equilibrium fluence. 

This theory can only be applied to diffuse electron fields, which are attenuated 
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more or less exponentially. Broad electron beams in the megavolt range, for example, 
are not attenuated exponentially, as can be seen in Fig. 8.14. Thus agreement with 
measurements in that case should be expected only for d-values near unity, that is, 
where Eq. (10.48) reduces to the B-G theory. 

The calculation of the absorbed dose deposited in layers of material by charged- 
particle beams is discussed in Chapter 8, Section V. Note that in comparing the dose 
deposited in a dosimeter layer by an electron beam with that in a layer of another 
medium, one should apply to each the appropriate Yang correction for path length- 
ening due to scattering (see Fig. 8.11). 

A number of unusual approaches to cavity theories for electron beams have been 
reported in the literature; they need not be examined here. The reader is referred 
to a paper by O’Brien (1977) for a rational assessment of some of them, as well as 
a description of a Monte Carlo calculation applied to r f e  pdblem. Note that &rays 
are not generated in the CASCADE code used by O’Brien, however. 

The Burlin theory can also be simplistically applied to neutron fields by substi- 
tuting a kerma-factor ratio in place of the energy-absorption-coefficient ratio in Eq. 
(10.41). However, the variation of dwith cavity size will not necessarily be governed 
by exponential attenuation of the heavy secondary charged particles (p, a, and re- 
coiling atomic ions), and the spectra and mixture of such particles generated in the 
cavity will generally differ from those in the wall medium. 

VII. THE FANO THEOREM 
In 1954 Fano pointed out that in many practical cases the B-G requirement for a 
small, nonperturbing cavity is ignored, and the use ofwalls and cavity that are malchcd 
in atomic composition is substituted, thus easing the size restriction. He noted that 
this substitution had never been rigorously justified, and attempted to provide such 
a justification. Unfortunately, his proof disregarded the influence of the polarization 
effect, which seriously undermines the validity of the Fano theorem for megavolt 
photons irradiating a gas-filled cavity in a matching solid wall. For that case a more 
general cavity theory that accounts for the difference in stopping power between 
condensed and gaseous media must be used, such as the B-G or Spencer theory. 

Nevertheless the Fano theorem is an important statement in that it applies gen- 
erally to neutrons, as well as to photons below about 1 MeV: 

Fano f theorem: In an infinite medium of given atomic composition exposed to a uniform 
field of indirectly ionizing radiation, the field of secondary radiation is also uniform and 
independent of the dmsity of the medium, as well as of density variations from point to point. 

It follows from this that the charged-particle fluence at any point where CPE exists 
has a value that is independent of density variations within the volume of origin of 
the particles, (assuming negligible polarization effect). 

Equation (10.20) provides a mathematical statement of the Fano theorem that 
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is intuitively obvious, and that has its roots in an earlier enunciation of this theorem 
by Bragg (1912): 

Consider a unit of volume in the material through which they rays are passing, and suppose 
the y rays to be of equal intensity at all places in the material: If this condition is not quite 
realized in experiment, we can easily allow for the defect. The sum total of the portions 
of the paths of particles which are completed within the unit of volume in each second 
is proportional to two things, (a) the number of fl rays originated in each unit of mass of 
the substance (this is nearly independent of the nature of the substance where y rays are 
very penetrating), (b) the range, d. This would be true even ifdwere not actually the same 
for every ray but were only an average. This statement will perhaps be more obvious when 
it is considered that halving the density would halve the number of @ rays springing up 
in each unit of volume, but double the range of each so that the number crossing each unit 
of volume in a second would be the same as before. In other words, the whole length of 
the tracks completed in a unit of volume depends only on the nature of the substance and 
not on its density or uniformity. 

Fano's proof, which follows, employs the radiation transport equation, which has 
been generally discussed by Roesch (1968). 

Fano first considered an infinite medium of uniform density, homogeneously ir- 
radiated by y rays. Let S(E, u) be the number of electrons of variable energy E and 
variable direction u that are generated per unit mass of the medium. S(E, u) is ev- 
idently uniform throughout the medium. Denote by Y E ' ,  E, ul-u) dE' du' the prob- 
ability that electrons of energy E will be scattered inelastically, so as to have energy 
E' and direction u', per unit mass thickness of material traversed (g/cm2). Let N(E, 
u) be the uniform fluence of electrons of each energy and direction. 

The fluence balance at each location in the medium requires that all local increases 
and decreases of N(E, u) cancel, as in the following equation: 

r E  c 

S(E, u) - N(E, u) 1, dE' 1 du' k(E', E, u'eu) 
4* 

+ dE' du' k(E, E ' ,  u-u')N(E' ,  u')  = 0 (10.49) 

The first term is the source contribution to N(E, u); the second is its depletion due 
to all mechanisms of energy loss, scattering, absorption, or other transformations; 
and the third represents the increase in N(E, u) by processes that affect electrons of 
higher energy and/or different direction. 

For comparison Fano next considered a medium of the same composition as be- 
fore, but with density p(r) varying from one point r = (x,y, t) to another. The fluence 
of electrons at r will now be indicated by @(r, E, u). Another, more general, transport 
equation can be written in the same form as Eq. (10.49), but without assuming that 
CPE exists, i.e., that the sum of the terms equals zero. The rate of variation (if any) 
of@(r, E, u) from point to point is instead assumed to be given by its gradient, u -  grad 

4x 
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@(r, E, u). The new transport equation will be expressed in electrons per cm3 instead 
of electrons per gram by multiplying it through by the local density, p(r) :  

u * grad @(r, E,  u) = p(r)S(E, u) 
r E  P 

- @(r, E ,  u)p(r) 3 dE’ 3 du k(E’, E ,  u‘eu) 
0 +* 

+ p(r) 1 dE’ 1 du’ k(E, E ‘ ,  u-u’)@(r, E ’ ,  u‘) (10.50) 
E 4* 

If the solution @(r, E,  u) to Eq. (10.50) can be shown to be the same as the solution 
N(E, u) to Eq. (10.49), the theorem will be proved, since that common solution will 
then apply regardless of density variations. If N(E, u) is substituted for @(r, E, u) 
in Eq. (10.50), the left side vanishes, since Nhas no gradient. The right side reduces 
to p(r) times Eq. (10.49), which also equals zero. Thus, the electron fluence @(r, 
E,  u) is everywhere the same as the equilibrium fluence N(E, u), and the theorem 
is proved. 

VIII. OTHER CAVITY THEORIES 
Spencer (1971) discussed in a general way two fundamentally different approaches 
to cavity theory: 

a. The “surface” approach, in which one evaluates the total energy contri- 
bution in the cavity by each group of electrons that enter it. He indicated 
that this was the viewpoint adopted by Gray in developing his cavity theory. 
The “volume” approach, in which one considers the energy deposition in 
each cavity volume element by electrons arriving from everywhere. Spencer 
found Bragg’s development ofcavity theory compatible with this idea. Fano’s 
proof of the Fano theorem is also clearly an application of the volume ap- 
proach in terms of electron fluence. 

b. 

Janssens et al. (1974) modified the Burlin theory by recalculating the weighting factor 
dwith more detailed consideration of the penetration of wall electrons into the cavity. 
Instead of assuming a constant spectrum and exponential attenuation of the electron 
fluence, they used range-energy relations applied to each electron energy, in the 
CSDA. Electron-backscattering effects were discussed but not included. 

Janssens (1981) provided a modification of the Spencer theory in which the rate 
of energy loss in the cavity by low-energy electrons was related to cavity size, rather 
than simply assuming that electrons drop their energy on the spot as soon as T falls 
below the value of A. The mean rate of energy deposition per unit chord length was 
taken to be equal to the restricted stopping power S( T, A) when T > 2 A, or equal 
to the unrestricted collision stopping power S( T) for A < T < 2A (since the energy 
limit A is no longer effective), or equal to (T/A)S( T) for T < A. In the latter case 
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T/A operates as a weighting factor for the stopping power that gradually de-em- 
phasizes the influence of the short-range electrons. 

Kearsley (1984b) focused attention on the effect of electron backscattering at the 
cavity-wall interface, for electrons both entering and leaving the cavity. He modified 
the Burlin theory accordingly, obtaining an expression of the same form as Eq. 
(10.41), but with weighting factors dl and d2 in place of d and d - 1. The factors 
d, and d2 include the influence of multiple backscattering, and assume exponential 
attenuation of electron fluence as in Burlin’s theory. In the limit as the backscatter 
factors for the wall and cavity approach zero, dl + (1 - c-@~)/ISL and d2 + 1 - dl. 
The comparison of Kearsley’s results with the experiment of Ogunleye et al. (1980) 
was handicapped by his use of L = 1.2t, which is unrealistically thin for that case 
as previously mentioned. 

An outstanding feature of the Kearsley theory is its capability of predicting dose 
as a function of depth in the cavity, so that comparisons can be made with the in- 
dividual layers of LiF dosimeters. Figure 10.10 shows remarkably good agreement 
with the results of Ogunleye et al. in this respect. 

Luo Zheng-Ming (1980) has developed a cavity theory based on application of 
the electron transport equation in the cavity and in the surrounding medium. It is 
a very detailed theory that considers electron production in the cavity as well as the 
wall medium, and is applicable to all cavity sizes. The author compared this theory 
with the ion-chamber results of Attix et al. (1958) for 38-keV x-rays, obtaining good 
agreement. 

It is arguable that the development of new and more complicated cavity theories 
may be reaching a period of diminishing return in competition with Monte Carlo 
computer methods, which are becoming more accessible and satisfactory and less 
expensive to run. Simple cavity theories will continue to be useful for approximate 
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FIGURE 10.10. The average dose to a given layer of a seven-layer stack of LiF dosimeters 
divided by the equilibrium LiF dose, as calculated using the Kcarslcy model (bars) and as mea- 
s w d  by Ogunleye et al. (+) for Al, Cu, and Pb w&. (After Kearsley, 1984b. Reproduced with 
permission from E. E. Kearrlcy and The Institute of Physics, U.K.) 
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solutions and estimates, but exact computations, especially for complex geometries 
and radiation fields, will likely be done by extensive use of computers with programs 
such as EGS (Ford and Nelson, 1978; Nelson, 1980) and its later improvements. 

IX. 
UNDER 1-IRRADIATION 
Figure 10.8 clearly shows that the spatial distribution of absorbed dose in a medium 
near an interface with a different medium is a function of their relative atomic num- 
bers and of the direction of the y rays. Because of the substantial thickness of the 
LiF dosimeter layers relative to the range of the secondary electrons in this case, 
however, some detail was lost. 

Dutreix and Bernard (1966) studied the ionization produced by 6oCo y rays in 
a thin air-filled cavity as it was gradually moved from an equilibrium depth in carbon, 
through the carbon-copper interface, and to an equilibrium depth in the copper. 
The y rays were perpendicularly incident either from the carbon or the copper side 
of the interface. The solid curves in Fig. 10.11 give their results, which may be in- 
terpreted as the variation vs. depth either of the electron fluence or of the absorbed 
dose in a low-Z(i.e., air) nonperturbing dosimeter. The ordinate is normalized to 
100 at an equilibrium depth in the carbon. 

Dutreix and Bernard have provided the following interpretation of these obser- 
vations. 

In case A, in which the y rays pass from copper to carbon, the backscatter com- 
ponent of electrons in copper is seen to decrease gradually from its equilibrium value 
of Bc, as the interface is approached. Its value is approximately zero at the interface 
if we assume negligible backscattering from carbon, so the electron flux there equals 
just the forward component, Fcu. In the carbon beyond the interface, this component 
gradually decays to zero, while a new population of forward-moving electrons is 
generated in the carbon by y-ray interactions, reaching its carbon equilibrium value 
at the maximum distance to which they can penetrate from the interface. It should 
be noted that the decay of F,, with depth is steeper than the carbon buildup curve, 
because the electrons emerge from the copper nearly isotropically due to scattering, 
while the electrons are generated in the carbon with a Compton angular distribution, 
as shown in Fig. 7.8. Consequently a minimum is created in the upper solid curve 
of total electron fluence, on the low-Z side of the boundary. The overall electron 
fluence transition, then, is from the equilibrium value in copper, dipping to a min- 
imum on the low-Zside of the interface, then gradually rising to the equilibrium value 
in carbon. 

The case of the reverse photon direction, shown in graph B, reveals a maximum 
instead of a minimum, again on the far side (now in the high-Z medium) of the in- 
terface. We see the forward-moving equilibrium electron fluence in the carbon re- 
maining constant until the interface is reached, then decaying in the copper. The 
fluence of electrons that originate in the copper starts to build up at some distance 

DOSE NEAR INTERFACES BETWEEN DISSIMILAR MEDIA 
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Distance from interface, g/cm2 
FIGURE 10.11 Variation of electron flucncc with distance from a coppcr-carbon interface ir- 
radiated perpendicularly by %o 7 rays (Dutrcis and h a r d ,  1966). Solid curves: Ionization 
measured in a thin, &t air layer as it is gradually traversed through the interface by addition 
and removal of copper and carbon foils at the air-gap walls. Dashed curves: Electrons arising in 
copper. Dash-dotted curves: Electrons arising in carbon. 

The arrows indicate the photon direction in each CW: left to right in A, right to left in B and 
C. F,, is the froetion of the equilibrium flucnce of electrons that flow with a component in the 7- 
ray direction in the copper; &, is the backscatted component. In the carbon the backscattered 
component is small, and is assumed to be negligible hm.  (Reproduced with permission from J. 
Dutreu and The British Journal of Radiology.) 

inside the carbon, due to backscattering in the copper. It is shown attaining the value 
B,, at the interface, then rising to its Cu-equilibrium value as the forward-moving 
fluence builds up. 

The foregoing explanation of the processes that occur in case B does not take into 
account the electrons that originate in the carbon and backscatter from the copper. 
Chapter 8 ,  Section V.D, gives a backscattering coefficient of0.43 for electrons below 
1 MeV striking copper. Thus, as can be seen in graph C, the forward fluence from 
the carbon is enhanced by 43% at the boundary, rather than remaining constant 
as shown in B. The curve indicating the fluence of electrons that originate in copper 
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is diminished accordingly in graph C, so that the sum of the Cu and C electrons still 
agrees with the (solid) experimental curve. 

It can be seen in Fig. 10.11 that the equilibrium fluence of electrons is about 50% 
higher in copper than in carbon. Equation (10.20) implies that it should be only about 
20% higher. The number of electrons produced per gram by 6oCo y-rays is pro- 
portional to ( jdp) , - ,  = 0.0530 cm2/g and (pip),- = 0.0578 cm2/g, and their mean 
energy is 1.25 (utJu) = 0.580 MeV. The CSDA ranges for electrons of this energy 
are obtainable from Appendix E as %,-" = 0.320 g/cm2 and !XZc = 0.245 g/cm2. Thus 
the ratio of equilibrium fluences should be 

Pc,, 0.0530 X 0.320 
= 1.20 - -  - 

a', 0.0578 X 0.245 
(10.51) 

The excess observed by Dutreix and Bernard was probably caused by the presence 
of lower-energy scattered photons in the %o y-ray beam. Photons with an energy 
of, say, 0.2 MeV would produce more electrons and with longer ranges in copper 
than in carbon, due to the photoelectric effect. The presence of only about 5% of 
such photons in the beam could account for the results in Fig. 10.11. 

Similar 6oCo y-ray measurements by Wall and Burke (personal communication) 
are shown in Fig. 10.12, indicating the relative dose or electron fluence occurring 
in aluminum near an interface with gold or beryllium. The same general pattern 
is observed as in the copper-carbon results shown in Fig. 10.1 1 : a minimum is observed 
just beyond the interface when the photons go from a higher-Zto a lower-Zmedium; 

RELATIVE DOSE IN ALUMINUM 
NEXT TO GOLD FROM CPT-RAYS 
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THICKNESS (mg/cm2) THICKNESS (mg/cm2) 

FIGURE 10.12. Variation of dose and electron h e n c e  in aluminurn as a function of distance 
from an interface with (a) gold, (a) beryllium. Arrows indicate the direction of 'OCo y rays. (After 
Wall and Burke, personal communication, 1970.) 
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a maximum is seen beyond the interface if the photons go from a lower-Z to a higher- 
Z medium. A bone-tissue interface will of course behave in a similar way. 

Comparable results should be expected at higher photon energies, but with an 
expanded scale of distances from the interface as the secondary-electron ranges in- 
crease. 

At lower energies the transient effects will conversely be crowded closer to the 
interface. At 100 keV, the transient effects in unit-density materials will be confined 
to the region within about 0.15 mm of the interface; at 30 keV that distance is reduced 
to 20 pm. At larger distances from the interface the fluence and dose will approximate 
their equilibrium values as CPE is closely achieved. 

PROBLEMS 

1. 

2. 

3. 

4. 

5 .  

6. 

A boundary region between carbon and aluminum media is traversed by a flu- 
ence of 4.10 x 10" dcm2 at an energy of 12.5 MeV. Ignoring &rays and scat- 
tering, what is the absorbed dose Dc in the carbon adjacent to the boundary, 
and what is the dose ratio DAIIDc? 
A small air-filled cavity ion chamber has copper walls with thickness equal to 
the maximum electron range. The cavity volume is 0.100 cm3, the air density 
is 0.001293 g/cm3, and a given y-ray exposure generates a charge (either sign) 

(a) 
(b) 

of 7.00 x 10-l0 c. 
What is the average absorbed dose in the cavity air? 
Apply B-G theory to estimate the absorbed dose in the adjacent copper 
wall, assuming a mean energy 7; = 0.43 MeV for the cavity-crossing elec- 
trons. 

(c) Suppose 7 is 34% in error and should have the value 0.65 MeV. Redo 
part (b). What was the resulting percentage error in Dcu? 

A "Bragg-Gray cavity" is generally characterized by two important assump- 
tions. What are they? 
Two air-filled cavity ionization chambers are identical except that one is alu- 
minum and the other graphite. The walls are thicker than the maximum sec- 
ondary-electron range for 1 -MeV photons, which are negligibly attenuated. 
Calculate the approximate ratio of charge generated in the two chambers, as- 
sumed to be B-G cavities. 
Consider a B-G cavity chamber with equilibrium thickness copper walls. It is 
first filled with a mass m of air, then by the same mass of hydrogen. Assuming 
identical y-ray irradiations in the two cases, what is the charge ratio air,&? 
Assume ionic recombination has been corrected for, that (wle)H = 36.5 JIC, 
and that the mean electron energy 
(a) Compare theB/pvalueobtainedfromEq. (10.47)with thevalue 13.4cm2/ 

g gotten from Paliwal and Almond (1976) for the case of LiF irradiated 
by 6oCo y-rays. 

= 0.80 MeV. 
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7. 

(b) What constant is needed on the right side of Eq. (10.47) in place of 0.01 
to give exact agreement? 

A layer of water 1 mm thick between two equilibrium-thickness layers of Teflon 
is irradiated by 2-MeV photons. 
(a) From Burlin theory calculate the approximate average dose in the water 

(EWatcr) if the collision kerma in the adjacent Teflon is 10 Gy. Take pen/ 
p = 0.0225 cm2/g for Teflon, use Eq. (10.47) as amended by Janssens et 
al. (1974) to obtain 0, assume a diffuse electron field, and neglect y-ray 
attenuation. 
- What are the small-cavity (B-G) and large-cavity limiting values for 
DW,,,,? 

(b) 

SOLUTIONS TO PROBLEMS 
1. 116.2 Gy, 0.937. 
2. (a) 0.1839 Gy. 

(b) 0.1397 Gy. 
(c) 0.1399 Gy, 0.2%. 
(a) The cavity is small enough not to perturb the charged-particle field, and (b) 
the cavity dose is deposited entirely by crossing charged particles. 

3. 

4. QA,/QC = 1.10. 

5 .  Qair/QH = 0.466. 
6. 17.8cm2/g, 0.031. 
7. (a) 11.8 Gy. 

(b) Small limit: 12.0 Gy, large limit: 11.6 Gy. 
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1. INTRODUCTION 
Having covered in the preceding chapters all the necessary radiological physics upon 
which radiation dosimetry depends (except for some neutron physics that will be 
deferred until Chapter 16), we are now in a position to discuss radiation dosimetry 
itself. 

A. What is Radiation Dosimetry? 
Strictly, radiation dosimetry (or simply “dosimetry”) deals with the measurement 
of the absorbed dose or dose rate resulting from the interaction of ionizing radiation 
with matter. More broadly it refers to the &.&mination (i.e., by measurement or cal- 
culation) of these quantities, as well as any of the other radiologically relevant quan- 
tities such as exposure, kerma, fluence, dose equivalent, energy imparted, and so 
on. One often measures one quantity (usually the absorbed dose) and derives another 
from it through calculations based on the previously defined relationships. Energy 
spectrometry of ionizing radiations is a separate undertaking, but is often carried 
out in connection with a dosimetry problem, and may then be considered an integral 
part of it. 

B. What is a Dosimeter? 
Adosimetercan be defined generally as any device that is capable of providing a reading 
T that is a measure of the absorbed dose D, deposited in its sensitive volume V by ionizing 
radiation. If the dose is not homogeneous throughout the sensitive volume, then T 

264 



I. INTRODUCTION 265 

is a measure of some kind of mean value Ds. Ideally I is proportional to Ds, and each 
volume element of Vhas equal influence on the value of r, in which case Dg is simply 
the average dose throughout V. This idealization is often, but not always, well ap- 
proximated in practical dosimeters. Most dosimeters do exhibit some degree of non- 
linearity of r vs. D over at least some part of their dose range, or there may be poor 
coupling of the dose-measuring signal to the readout apparatus. For example, an 
ion chamber may contain regions from which the ions are incompletely collected, 
or all segments of a large scintillator may not deliver light to the photomultiplier with 
equal efficiency. 

This discussion of course applies equally well to dose-rate measuring devices by 
substituting dD,/dt for zg. 

Ordinarily one is not interested in measuring the absorbed dose in a dosimeter’s 
sensitive volume as an end in itself, but rather as a means of determining the dose 
(or a related quantity) for another medium in which direct measurements are not 
feasible. Interpretation of a dosimeter reading in terms of the desired quantity is the 
central problem in dosimetry, usually exceeding in difficulty the actual measure- 
ment. In some cases the dosimeter can be calibrated directly in terms of the desired 
quantity (e.g., exposure, or tissue dose), but such a calibration is generally energy- 
dependent unless the dosimeter closely simulates the reference material, as will be 
discussed in Section 11. 

C. Simple Dosimeter Model in Terms of Cavity Theory 
A dosimeter can generally be considered as consisting of a sensitive volume Vfilled 
with medium g, surrounded by a wall (or envelope, package, container, capsule, 
buffer layer, etc.) of another medium w having a thickness t 2 0, as shown in Fig. 
11.1. Its resemblance to a cavity and its surroundings, such as those described in 
Chapter 10, is more than coincidental. A simple dosimeter can be treated in terms 
of cavity theory, the sensitive volume being identified as the “cavity”, which may 

FIGURE 11.1. Schematic representation of a 
dosimeter as a sensitive volume V containing me- 
dium g, surrounded by a wall of medium w and 
thickness L.  
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contain a gaseous, liquid, or solid medium g, depending on the type of dosimeter. 
Cavity theory provides one of the most useful means of interpretation of dosimeter 
readings, as will be seen in the following sections. 

The dosimeter wall can serve a number of functions simultaneously, including: 

being a source of secondary charged particles that contribute to the dose in 
V, and provide charged-particle equilibrium (CPE) or transient charged-par- 
tide equilibrium (TCPE) in some cases, 
shielding V from charged particles that originate outside the wall, 
protecting Vfrom “hostile” influences such as mechanical damage, dirt, hu- 
midity, light, electrostatic or RF fields, etc., that may alter the reading, 
serving as a container for a medium g that is a gas, liquid, or powder, and 
containing radiation filters to modify the energy dependence of the dosimeter. 

II. 
DOSIMETER MEASUREMENTS 

GENERAL GUlRELlNES ON THE INTERPRETATION OF 

A. For Photons and Neutrons 

1. 
It may be recalled from Eqs. (2.13), (4.6), and (4.11) that under CPE and TCPE 
conditions, respectively, 

IMPORTANCE OF CPE OR TCPE 

(11.1) 

and 

TCPE 

D = K,(1 + p ‘ q  = KJ3 = * (y) @ (11.2) 

for photons. For neutrons, referring also to Eq. (2.8), one has the corresponding 
relationships: 

CPE 

D = K = @F,, 

and 

TCPE 

D = K(l + p’?) = KO = @F& 

(11.3) 

(11.4) 
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Consider now a dosimeter with a wall of medium w ,  thick enough to exclude all 
charged particles generated elsewhere, and at least as thick as the maximum range 
of secondary charged particles generated in it by the photon or neutron field. The 
dosimeter reading r provides us with a measure of the dose D, in the dosimeter’s 
sensitive volume. If the latter volume is small enough to satisfy the B-G condition 
of nonperturbation of the charged-particle field, and assuming that the wall is uni- 
formly irradiated, CPE exists in the wall near the cavity. B-G or Spencer cavity 
theory can be used to determine the dose 0, there from that (0,) in the sensitive 
volume. Then Eq. (1 1.1) or (1 1.3) permits the calculation of 9 or for the primary 
field from the value of 0,. More importantly, the dose D, in any other medium x 
replacing the dosimeter and given an identical irradiation under CPE conditions can 
be gotten from 

CPE 

0, = 0,- Ox for photons 
GLWw 

or 

(11.5) 

(11.6) 

The exposure X (C/kg) for photons can in turn be derived from the absorbed dose 
Dair (for x = air) through this relation (from Eq. 4.8): 

CPE Dair (11.7) 

For higher-energy radiation (hv 2 1 MeV or T, k 10 MeV), where CPE fails 
but TCPE takes its place in dosimeters with walls of sufficient thickness, Eqs. (1 1.2) 
and (1 1.4) replace Eqs. (1 1.1) and (1 1,3), respectively. Relating D, to 9 or then 
requires evaluation of the ratio 6 = D/K, for each case. However, the value of 6 is 
generally not much greater than unity (see Fig. 13.4) for radiation energies up to 
a few tens of MeV, and it is not strongly dependent on atomic number. Thus for 
media w and x not differing very greatly in Z, Eqs. (11.5) and (1 1.6) are still ap- 
proximately valid. Equation (1 1.7) may be extended to higher energies, where TCPE 
exists, by dividing Dair by 6 .  

If the dosimeter in question has too large a sensitive volume for the application 
of B-G theory, Burlin theory [Eq. (10.41)] can be substituted to calculate the equi- 
librium dose D, in the wall medium at the point of interest, from the value of zg 
given by the dosimeter reading. Then all of the preceding equations (1 1.1)-( 11.7) 
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are still operational. Note however that the sensitive-volume-size parameter d is re- 
quired to be known in this case, and it may not follow exactly the simple forms sug- 
gested by Burlin and others, leading to uncertainty in dosimetry interpretation. 

2. ADVANTAGES OF MEDIA MATCHING 
There are clear advantages in matching a dosimeter to the medium of interest x, and 
also matching the media composing the wall (w) and sensitive volume (g) of the do- 
simeter to each other. The most obvious matching parameter is atomic composition, 
but the density state (gaseous vs. condensed) also influences the collision-stopping- 
power ratio of w tog for electrons by the polarization effect. More adaptable guide- 
lines for media matching will be discussed in following subsections. 

a. w = g  
If the wall and sensitive-volume media of - the dosimeter are identical with respect 
to composition and density, then D, = D, for all homogeneous irradiations. 

To the extent that IN and g are at least made similar to each other with respect 
to composition and density state (i.e., gaseous vs. condensed), the influence of cavity 
theory is kept minimal. Consequently the requirement for information about the 
radiation energy spectrum to allow accurate evaluation of the terms in, for example, 
the Burlin cavity relation (10.41) is lessened, allowing the use of convenient - ap- 
proximations without significant loss of accuracy in determining D, from D,. 

b. w = g a x  
If a variety of homogeneous dosimeters (w = g) were available, it would be ad- 
vantageous to choose one made of a material that matched the medium of interest, 
x, as closely as possible. If they were identical, then the dosimeter would be truly 
representative of that medium with respect to radiation interactions, and D, = D, 
( =08) in Eqs. (1 1.5) and (1 1.6). T o  the degree that the dosimeter simulates the me- 
dium x ,  the calculation of D, through the application ofone of those equations is again 
simplified by reducing the need for spectral information. 

Unfortunately, dosimeters are only available in a finite variety, and there are other 
selection constraints besides composition that limit even further the choice of a do- 
simeter for a particular application. Cavity theories can be thought of as means of 
obtaining needed flexibility in matching dosimeters to media of interest, since they 
allow w to differ from g. For example, it may be easier to m a t l  only the wall w to 
the medium x, relying on cavity theory to calculate D,,, from 0,. Trying to match 
g to x is generally made more difficult by the additional dosimetric requirements 
imposed on the medium in the sensitive volume. Section I11 lists a number of these 
characteristics that impose added constraints on g. 

The next three subsections will provide some practical approaches to media 
matching. 
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3. MEDIA MATCHING OF w AND g IN PHOTON DOSIMETERS 
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Since it is often infeasible in trying to devise a homogeneous dosimeter to make w 
and g actually similar in atomic composition, it will be helpful to point out the im- 
portant parameters involved. The Burlin cavity relation (10.41) is useful in this con- 
nection: 

It can be seen that the average dose Db in the dosimeter’s sensitive volume will 
be equal to the equilibrium dose Dw in the wall medium if 

(11.8) 

independent of the value of d, which varies with the size of the dosimeter’s sensitive 
volume. In other words, the matching criteria between the media w and g call for 
the respective matching of their mass collision stopping powers and their mass en- 
ergy-absorption coefficients. When those parameters are each the same for the wall 
as for the medium in the sensitive volume V, the need to evaluate d in the Burlin 
equation (10.41) is eliminated, providing a substantial simplification. 

Moreover, since zg then remains equal to 0,. which is the CPE dose value in 
the wall medium at the point of interest, Eq. (1 1.5) may be used to calculate the dose 
in medium x from the observed value of 0, measured by the dosimeter. 

The requirements given in Eq. (1 1.8) are still quite stringent and difficult to 
achieve, especially for a material w that is not identical tog in atomic composition. 
A more flexible and practicable matching relationship between media w and g is the 
following: 

(11.9) 

where n is some constant, no longer required to be unity. In other words, the ratio 
of mass collision stopping powers for g/w is only required to be equal to the cor- 
responding ratio of mass energy absorption coefficients. Under these conditions the 
Burlin equation simplifies to 

( 1  1.10) 

irrespective of the value of d ,  as was the case for Eq. (1 1.8). However, now we see 
that D, is n times as large as D,. 

To understand how the value of D, depends on n, we write the following Burlin 

- 
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equations for two dosimeters containing the same sensitive volume medium g, and 
given the same photon irradiation. One is enclosed in wall w1 and obeys Eq. (1 1.8), 
while-the other is enclosed in w2 and obeys Eq. (1 1.9): 

(11.1 1) 

(1 1.12) 

But Ow, and 0, are equilibrium absorbed doses in media w, and w2, and are related 
by 

(1 1.13) 

the last equality having been derived from Eqs. (1 1.8) and (1 1.9). Comparison with 
Eq. (1 1.12) shows that 

- 
Dsz = O w ,  

and Eq. (1 1.11) then provides the equality 

(1 1.14) 

This proves that the dose in the dosimeter’s sensitive volume is independent of the 
value of n so long as Eq. (1 1.9) is satisfied. This is because, under these conditions, 
- the equilibrium dose in the wall is inversely proportional to n, thus maintaining 
D8 constant. Thus the reading of the dosimeter gives a value of zs that is the same 
as if the wall were perfectly matched to g. 

The practical case to which this approach is relevant occurs where photons interact 
only by the Compton effect in g and w. Then pen/p is nearly proportional to the num- 
ber of electrons per gram, N,Z/A. To a first approximation so is the mass collision 
stopping power of the secondary electrons. Consequently Eq. (1 1.9) is approximately 
satisfied, with n (Z/A)/(Z/A),. 

Example 11.1. A dilute aqueous chemical dosimeter (assume =water) is enclosed 
in an equilibrium-thickness capsule - of polystyrene and exposed to 6oCo y-rays. Cal- 
culate the approximate ratio of D, in this dosimeter to the dose (DWater) under CPE 
conditions in water, assuming d = 1 and d = 0. 

SO/UfiOn: (pen/p),.,ater = 0.0296 cm2/g; (pen/p)poly = 0.0288 cm2/g. The average 
starting electron energy from the Compton effect is 

- 
To = at. - 1.25 MeV = 0.588 MeV 

U 
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The average equilibrium-spectrum electron energy is approximately 
- 
m 
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- 1 0  T 2 - = 0.3 MeV 
2 

Thus 

E)water,O,3tvleV = 2.355 MeV cm2/g 

- 
2.355 0.0296 + (1 - d)- 

D,,, 2.305 0.0288 
- -  - d- D, 

= 1.022 d + 1.028 ( 1  - d) 

+(l-d)-]- 0.0296 0.0288 
0.0288 0.0296 

+ (1 - d) 
2.355 0.0288 
2.305 0.0296 

= d - .  - 

= 0.994d + (1 - d) = 1 - 0.006d 

Thus we see that in this case DJDwat,, is equal to 0.994 when d = 1, rising to 1 .OOO 

In this example polystyrene walls are seen to provide a close (50 .6%)  match to 

- 

ford = 0. 

the water in the dosimeter's sensitive volume. 

4. 
Neutron interaction coefficients in general show no simple dependence upon atomic 
number, although elastic scattering in particular does depend simply on atomic mass, 
as will be discussed in Chapter 16. However, the approach that is always followed 
in matching media for neutron dosimetry is to try to use the same atomic com- 
position, as far as possible, with special emphasis on matching the hydrogen content, 
since hydrogen has the largest elastic scattering cross section of any element. 

For example, gaseous, liquid, and solid mixtures have been devised in attempts 
to simulate the mixture of important elements present in human muscle tissue. Prac- 

MEDIA MATCHING FOR NEUTRON DOSIMETERS 
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tical tissue-equivalent (TE) plastics and gases substitute some carbon for oxygen, 
however, taking advantage of their comparable elastic-scattering characteristics. 
Thus the equation for neutrons that corresponds to Eq. (1 1.8), namely 

,SP; = (FnE = 1 (1 1.15) 

may be roughly approximated for, say, a T E  plastic chamber containing TE gas. 
Hence D, P D,, and Eq. (1 1.6) can be used to deduce the dose in medium x (in this 
case tissue). Refinements and details of this method are discussed in Chapter 16. 

- - 

5. MATCHING THE DOSIMETER TO THE MEDIUM OF INTEREST 
WHEN w # g 
If the wall medium w differs from that in the sensitive volume, g, which of them is 
it more important to match to medium x? The answer again lies in the Burlin theory. 

If d = 1 (small sensitive volume), then the indirectly ionizing radiation interacts 
only with the wall, which should therefore be matched as closely as possible to me- 
dium x, to minimize the need for spectral information in evaluating Eq. (1 1.5) or 
(1 1.6). In that case, for photons, D, can be gotten from combining Eqs. (10.41) and 
(11.5) to obtain 

and for the corresponding neutron case 

(1 1.16) 

(1 1.17) 

If d 0 in the Burlin equation (for a large sensitive volume), the wall influence 
on the dose in medium g is entirely lost. Dx can be gotten for photon irradiation by 
again combining Eqs. (10.44) and (1 1.5) to give 

and correspondingly for neutrons 
- 
D 

= (F"X 
DX 

(1 1.18) 

(1 1.19) 

Thus matching g to x will minimize the need for spectral information in evaluating 
D, from these equations. 

In the general case of intermediate-sized dosimeters (0 < d < 1) the full Burlin 
equation (10.41) may be used to obtain 0, from zs, and then Eq. (1 1.5) or (1 1.6) 
applied to calculate 0,. 
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6. CORRECTING FOR ATTENUATION OF RADIATION 
Some attention should be paid to the difference in the attenuation of uncharged ra- 
diation in penetrating into the dosimeter and into the medium of interest, depending 
on the geometry. For example, if the dosimeter shown in Fig. 1 1 . 1  were immersed 
in a water medium ( x )  and irradiated with a y-ray beam, the broad-beam attenuation 
could be calculated by application of cc,,/p in the straight ahead approximation, to 
the wall thickness t plus the radius r of the sensitive volume (see Chapter 3, Section 
V). That is, the photon energy fluence *kdos reaching the center of the dosimeter, 
given q0 incident on its outer periphery, would be gotten from 
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(1 1.20) 

where p, and pg  are the densities of media w and g, respectively. On the other hand, 
the corresponding q,,, reaching the center of the sphere of water that would replace 
the dosimeter if it were removed, and assuming the same qo value, would be: 

(11.21) 

Obviously if the dosimeter wall and sensitive volume were exactly water-equiv- 
alent with respect to p,,lp and p ,  Eqs. (11.20) and (1 1.21) would be identical, in- 
dicating cancellation of attenuation effects. Otherwise the dosimeter reading should 
be multiplied by *wat/q’dos to correct for the difference of attenuation in determining 
the dose to water at the dosimeter midpoint. 

Where TCPE is present in place of CPE, the attenuation correction factor be- 
comes (/3q)wal/(flq)dos, which simplifies to *wal/*dos if f l  can be assumed to have 
approximately the same value in both media. 

For neutrons, Eqs. (2.6) and (2.7) may be used to obtain a value of (pJp)  = (p ,J  
p )  that can serve as an effective broad-beam attenuation coefficient in the “straight- 
ahead” approximation. Equations (1 1.20) and (1 1.2 1) can then be used to calculate 
‘Pdos and ‘P,,, from the same @o incident on each. 

A Monte Carlo calculation, or just a more elegant volume-integral-type solution, 
would in principle give a more accurate result for this correction, for either photons 
or neutrons. However, for typical small-sized dosimeters where the correction is a 
few percent or less, the above approximation is usually sufficient. 

An experimental check on the wall attenuation is sometimes feasible, and provides 
a very powerful means of verifying such calculations. Once the wall is made thicker 
than the charged-particle range, the observed variation of dosimeter reading is only 
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a slow function of added wall thickness, due only to attenuation of the incident un- 
charged radiation. Furthermore, the reading decreases linearly with increasing 
thickness for small reading changes ( 5 5%). Simply doubling the wall thickness by 
adding an appropriately shaped shell is often adequate to determine the attenuation 
correction. For example, if doubling the equilibrium wall thickness t to 21 were found 
to decrease the reading by 2 % , one could conclude that the equilibrium wall thickness 
t alone also attenuated the photons or neutrons by about the same amount (p 2 %). 
This could be further established by adding still another shell thickness to verify the 
proportionality of the decrease in reading to thickness. 

Also, for such small variations the correction for attenuation in the dosimeter 
radius r (in Fig. 11.1) can be estimated from the observed wall effect on the basis 
of proportionality to mass thickness. For example, ifpt were x (g/cm2) and produced 
a 2 % attenuation, then a prvalue ofd2 would result in another 175, approximately. 

Such simple procedures can often provide very useful information with minimal 
difficulty. 

7 .  
It is helpful to decide in advance of making a measurement what its goal will be: 
To measure a quantity that depends on (a) the characteristics of the local photon 
or neutron field, or (b) the characteristics ofthe local secondary charged-particle field. 
If (a) is the objective, then the dosimeter should have a wall at least as thick as the 
maximum range of the charged particles present, to provide CPE or TCPE. If (b) 
is, then the dosimeter wall and sensitive volume should both be thin enough not to 
interfere with the passage of incident charged particles. 

Both of these situations lend themselves to relatively straightforward dosimetric 
interpretation. For the thick-wall case, the dose in other media can be gotten through 
ratios of mass energy-absorption coefficients or neutron kerma factors, as shown in 
Eqs. (1 1.5) and (1 1.6). For a thin wall and thin detector, the dose in other media 
can be derived through B-G or Spencer cavity theory, i.e., stopping-power ratios. 

If the wall is nciihcl thick nor thin in relation to the range of the secondary electrons, 
an unfortunate situation arises where the dose in the sensitive volume either is due 
to a mixture of locally and distantly originating charged particles, or is deposited 
by a supply of secondary charged particles inadequate for equilibrium. Such mea- 
surements generally are not interpretable except through exotic computations, and 
are usually a waste of effort. They represent neither the uncharged- nor the charged- 
particle field at the undisturbed point of measurement. Such intermediate-walled 
dosimeters are to be avoided in practical dosimetry. 

IMPORTANCE OF DOSIMETER WALL THICKNESS 

6. For Charged Particles 
Charged-particle dosimetry calculations have been discussed in Chapter 8 ,  Section 
V. However, the following summary statement is worth repeating: The absorbed 
dose at a point in a medium is gotten as the product of the charged-particle fluence 
(not the energy fluence) and the mass collision stopping power, assuming that CPE 
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exists for the &rays. This product is to be summed over all energies in the primary 
(i.e., non-&ray) charged-particle spectrum. 

The practical application of this statement is usually limited by a lack of infor- 
mation about the fluence and its spectrum, although transport calculations (espe- 
cially Monte Carlo) are helping to remedy that deficiency. Nevertheless, dosimeter 
measurements are necessary at least to verify the calculations, and measurements 
are often easier and less expensive to carry out to a given level of accuracy. 

Following are some important considerations in charged-particle dosimetry: 

1. DOSIMETER SIZE 
To measure the dose at a point in a medium, a dosimeter needs a sensitive volume 
small (or thin) enough to satisfy the B-G conditions, i.e., nonperturbation of the 
charged-particle field, and all dose to be deposited only by crossers. Moreover, the 
dosimeter wall should be thin enough so the dosimeter as a whole does not signif- 
icantly perturb the field, but thick enough to serve any essential functions (e.g., con- 
tainment) required by the dosimeter. Thin flat pillbox- or coin-shaped dosimeters, 
oriented perpendicular to the particle-beam direction, are often used to satisfy these 
requirements as closely as possible. 

One may take as a rule of thumb that neither the wall thickness nor that of the 
sensitive volume should exceed - 1 %I of the range of the incident charged particles. 

Where a significant spatial gradient of the charged-particle field exists, extrap- 
olation of the dose in the sensitive volume to zero thickness (e.g., by means of an 
adjustable-gap ion chamber; see Chapter 12, Section 1II.B) may be necessary. Some 
typical electron and proton ranges in water are shown in Table 1 1.1. Ranges in other 
low-Z media are comparable, if given in mass units. 

2. &RAY EQUILIBRIUM 
One of the functions of the dosimeter wall is to generate 6 rays to take the place of 
those that are generated in, and escape from, the sensitive volume. In other words 

TABLE 11.1. Approximate CSDA Ranges of Electrons and Protons in Water 

R (g/cm2) 

T(MeV) Electrons Protons 

0.01 0.00025 - 
0.03 0.0018 - 

0.014 - 0.1 
0.084 - 0 .3  

1 .o 0.44 0.0039 
3 1.5 0.016 

10 5.0 0.12 
30 13.2 0.87 
60 22.8 3 .O 
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the wall should provide &ray CPE for the sensitive volume. This will occur if the 
wall matches the sensitive volume approximately with respect to atomic number and 
density state, is at least as thick as the maximum &ray range, and is uniformly ir- 
radiated throughout by the primary charged particles. 

The importance of the wall as a &ray generator is greatest when the dose in free 
space is to be measured. In that case the escaping 6 rays are not replaced at all unless 
the wall or other ambient media (including the air) provide them. The thinner the 
sensitive volume is, the more its dose is decreased by &ray losses, and the more de- 
pendent it becomes on the wall to supply &ray equilibrium. For heavy charged-par- 
ticle beams the maximum &ray energy TLaX is roughly equal [from Eq. (8.4)] to 
P2/( 1 - P2),  in MeV. Thus 10-MeV protons for example, generate 6 rays of max- 
imum energy TL, = 20 keV, with a range in water of 9 x g/cm2, or 8 mm 
of air. The proton’s range in this case is over 100 times greater. Thus &ray CPE 
is easily achieved for heavy-particle beams. 

For electron beams of energy T the maximum &ray energy is T/2. Thus in prin- 
ciple it is not possible to provide full &ray CPE in a dosimeter in free space while 
keeping the wall thin enough not to perturb the primary beam. However, since the 
&ray spectrum is heavily weighted toward the lower energies, a much thinner wall 
( - 1 % of the range of the primary electrons) may be adequate. Varying the wall 
thickness will show whether the chosen thickness is great enough so that the variation 
of reading vs t is either negligible or is extrapolatable to t = 0. 

If the measurement is being made with the dosimeter immersed in a medium, 
little or no &ray effect may be seen when the wall is thickened or removed altogether, 
provided that the medium, the wall, and the sensitive volume are all similar in com- 
position. If they do differ significantly, electron scattering effects are likely to dom- 
inate and obscure any thickness-dependent &ray influence. 

3. CAVITY THEORY FOR ELECTRON BEAMS 
At the time of this writing, there is no general and physically realistic cavity theory 
for relating the dose in adosimeter to that in the medium at the point of measurement 
in an electron beam. The crux of the problem appears to be electron scattering, and 
a successful theory must account for it as a first-order effect. 

For example, Harder (see below, Chapter 13, Section VI.B.l) has indicated that 
the dose in a homogeneous solid-walled, gas-filled cavity traversed by an electron 
beam may be either enhanced or diminished to some extent by electron scattering 
(ignoring the polarization effect), depending on the shape and orientation of the 
cavity. In the corresponding photon case described by the Fano theorem, the dose 
in the cavity is maintained constant irrespective of cavity geometry. Fano’s theorem 
is not applicable to electron beams, since there is no distributed charged-particle 
source term “in Eq. (10.20)) in that case. 

Presumably condensed-state dosimeters should not exhibit the Harder effect to 
a significant degree, but they do show some tendency to “trap” electrons in a low- 
2 dosimeter surrounded by a higher-2 medium, due to multiple backscattering. 
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Kearsley has accounted for that effect in his photon cavity theory, but the electron- 
beam case has not been similarly treated yet at the time of this writing. 

111. GENERAL CHARACTERISTICS OF DOSIMETERS 

A. Absoluteness 
An absolute dosimeter is one that can be assembled and used to measure the absorbed 
dose deposited in its own sensitive volume without requiring calibration in a known 
field of radiation. (It may, however, need some kind of calibration not involving 
radiation, such as electrical-heating calibration of a calorimetric dosimeter .) 

Three types of dosimeters are now generally regarded as being capable of ab- 
soluteness: 

Calorimetric dosimeters. 
Ionization chambers. 
Fricke ferrous sulfate dosimeters. 

These are not always employed as absolute dosimeters, however, because calibration 
offers certain advantages: A calibration can be stated in terms of some quantity of 
interest other than the absorbed dose in the sensitive volume, e.g., tissue dose or 
exposure. It can also provide traceability to an authoritative standardization lab- 
oratory such as the National Bureau of Standards. When an absolute dosimeter is 
used independently, it relies on its own accuracy instead of referring to a standard 
dosimeter in common with other radiation users. Thus an error may go undetected 
in an absolute dosimeter unless comparisons with others are carried out, or a cal- 
ibration is obtained at a standardization laboratory. As in other fields of measure- 
ment, dosimetry standardization brings advantages not achieved by a multiplicity 
of individual absolute instruments. 

The calorimetric dosimeter has the fundamental advantage of directly measuring 
the heat to which the absorbed dose degrades, without dependence on any coefficient 
of conversion, such as to ionization (w) or to chemical yield (C). Thus if there is 
a hierarchy of dosimeter absoluteness, the calorimeter ranks at the top. 

Other dosimeters may be considered absolute if designed as such; for example, 
proportional counters may be constructed with a built-in a-particle source that pro- 
vides an inherent pulse-height calibration, rendering the dosimeter absolute in the 
sense that it does not need calibration in a known radiation field, other than the a 
beam it contains as an integral part. 

Note that the absoluteness of a dosimeter is independent of its precision or its 
accuracy, characteristics to be discussed next. However, to be useful, an absolute 
dosimeter must be reasonably accurate and precise as well. 

B. Precision and Accuracy 
The concept of the precision or reproducibility of dosimeter measurements was dis- 
cussed in Chapter 1, Section 1II.A; it has todo with random errorsdue to fluctuations 
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in instrumental characteristics, ambient conditions, and so on, and the stochastic 
nature of radiation fields. Precision can be estimated from the data obtained in re- 
peated measurements, and is usually stated in terms of the standard deviation. High 
precision is associated with a small standard deviation. 

One should specify whether the standard deviation quoted for a set of measure- 
ments refers to the precision of individual readings [Eq. (1.4a)l or of their average 
value [Eq. (1.4b)l. The precision of a single measurement indicates how closely it 
is likely to agree with the expectation value of the quantity being measured. Likewise 
the precision of the average value of a cluster of repeated measurements expresses 
the likelihood of its agreement with the expectation value. For a sufficiently large 
number of readings, their average value coincides with the expectation value. 

The accuracy of dosimeter measurements expresses the proximity of their expec- 
tation value to the true value of the quantity being measured. Thus it is impossible 
to evaluate the accuracy of data from the data themselves, as is done to assess their 
precision. Accuracy is a measure of the collective effect of the errors in all the pa- 
rameters that influence the measurements. Estimation of the accuracy of an ex- 
perimental determination is a tedious process, based mainly on ‘ ‘educated guess- 
ing.” It is better done by the experimenter than by some later reviewer who lacks 
knowledge of the details. Note that in experiments that are limited to relative mea- 
surements, only the precision, not the accuracy, is important. 

Although parametric errors are not random, but represent biases either up or down 
from their true values, their estimated magnitudes are usually combined as random 
errors if their direction is unknown and is believed to have equal probability of being 
too high or too low. The usual rules for the propagation of errors apply (see, e.g., 
Beers, 1953). 

Clearly precision and accuracy are separate characteristics. Measurements may 
be highly precise but inaccurate, or vice versa, or may be strong in both or neither 
of these virtues. If one speaks of a dosimeter as being a high-precision instrument, 
one means that it is capab& of excellent measurement reproducibility if properly em- 
ployed. Poor technique, a hostile environment (e.g., high atmospheric humidity) 
or faulty peripheral equipment (e.g., ion-chamber cables or electrometer) may 
nevertheless cause poor reproducibility. A statement about the accuracy of a do- 
simeter refers to the freedom from error of its calibration, or of the parameters (such 
as the ion-chamber volume) that are relevant to its operation as an absolute in- 
strument. Accuracy depends on the type of radiation being measured, and dosimeter 
calibrations are more or less specific in that respect. A dosimeter that is accurately 
calibrated to measure the exposure at one x-ray quality may be significantly in error 
at another. 

The quantity that a dosimeter is inherently the most capable of measuring ac- 
curately, and that is the least influenced by changing the type or quality of the ra- 
diation, is the absorbed dose deposited in the dosimeter’s own sensitive volume. This 
is discussed further in Section 111. F. 1 .c below, and the Ngas approach to ion-chamber 
calibration is based on this idea, as discussed in Chapter 13, Section 1II.B. 
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C. DoseRange 
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1. DOSE SENSITIVITY 
To be useful, a dosimeter must have adequate absesmsitavi~ (&/aj,) throughout the 
dose range to be measured. A constant dose sensitivity throughout the range provides 
a linear response (i.e., reading vs. dose, r vs. o,), that is desirable for ease of cal- 
ibration and interpretation. However, single-valuedness of the function I (  BE), even 
if nonlinear, may be acceptable, though it requires that the calibration be carried 
out at a multiplicity of doses to provide a calibration curve. 

2. BACKGROUND READINGS AND LOWER RANGE LIMIT 
The lower limit of the useful dose range may be imposed by the instrumental background 
or zero-dose reading. This is the value of r = ro observed when Bs = 0; sometimes 
it is referred to as ‘‘spurious response”, since it is not caused by radiation. Examples 
of ro include charge readings due to ion-chamber insulator leakage, and thermo- 
luminescence dosimeter readings resulting from response of the reader to infrared 
light emission by the dosimeter heater. 

Clearly the instrumental background should be subtracted from any dosimeter 
reading. The usual procedure for determining this correction is to make measure- 
ments with the same dosimeter treated in the same way (including duration of the 
time) except for the absence of the applied radiation field. In this way the quantity 
one measures is I ,  plus the radiation backgroundreading rb, That is to say, if the radiation 
field to be measured is turoed off during the background measurement, the ambient 
radiation field contributed by cosmic rays and by natural and man-made terrestrial 
sources will still affect the dosimeter, so the observed reading will be ro + r,. In some 
applications, such as personnel dosimetry in radiation protection, this is the correct 
amount to be subtracted from a dose reading, since background radiation is not 
supposed to be included in personnel dose limits. 

However, if for another purpose the total dose is to be measured, including ra- 
diation background, then ro should be determined either after a minimal time delay 
or after an appropriate storage period in a low-background (or known-background) 
environment such as a whole-body counter facility. The unshielded natural radia- 
tion-background tissue dose rate of about 0.3 mrad per day at sea level may already 
be low enough to be insignificant in comparison with the value of I ,  that is observed 
with short exposure times. A photographic film badge, for example, typically displays 
an instrumental background optical density approximating that of a 100-mrad read- 
ing, and even a 30-day exposure to natural background adds less than 10% to that 
reading. 

If a background reading is very reproducible from run to run, subtracting it from 
a dosimeter reading may have little effect on the precision of the measurement. In 
many cases, however, the background reading exhibits significant nonreproduci- 
bility. As a rule of thumb, the lower limit of the practical dose range of a dosimeter 
is usually estimated to be the dose necessary to double the instrumental background 
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reading. Evaluation of the precision of the measurements from repeated readings 
of both the radiation and the background will of course provide more quantitative 
information: If u’ is the standard deviation of the average of a group of radiation 
readings T, and a; is the S.D. of the average of the background readings F0, then the 
S.D. of the net radiation reading r - ro is given by 

Uiet = ./(d)’ + (UA)2 (1 1.22) 

(Note that these are not prr~cntuge standard deviations.) 
If the background reading is negligibly small, then the lower dose limit is imposed 

by the capability of the dosimeter readout instrument to provide a readable value 
of I for the dose to be measured, ijb. If r is less than 10% of full scale on analogue 
instruments, or contains fewer than three significant figures on digital readouts, the 
precision and accuracy may both become unsatisfactory. A more sensitive scale should 
then be used. Some dosimeter readout devices, notably electrometers, are designed 
to switch to the optimum-sensitivity range automatically. 

If neither the background reading nor constraints on instrumental sensitivity pro- 
vide a lower limit to the usable dose range, the stochastic nature of the radiation 
field itself will finally limit the precision of a small dose measurement as discussed 
in Chapter 1, Section 1II.A. 

3. 
The upper limit of the useful dose range of a dosimeter may be imposed simply by 
external instrumental limitations, such as reading off scale on the least sensitive range 
of an electrometer. Alternatively some kind of inherent limit may be imposed by the 
dosimeter itself. Causes of this type include: 

UPPER LIMIT OF THE DOSE RANGE 

a. 

b. 

Exhaustion of the supply ofatoms, molecules, or solid-state entities (“traps”) 
being acted upon by the radiation to produce the reading. 
Competing reactions by radiation products, for example in chemical dosim- 
eters. 
Radiation damage to the dosimeter (e.g., discoloration of light-emitting do- 
simeters, or damage to electrical insulators). 

c. 

Usually the u p p r  limit of the dose range is manifested by a decrease in the dose 
sensitivity (drldD,) to an unacceptable value. It may be reduced to zero, or to a neg- 
ative value, as in Fig. 11.2, which causes the dose-response function to become dou- 
ble-valued. In such a case other information is needed to decide which dose is rep- 
resented by a large r-value, as shown in the figure. It is of course possible in principle 
to make use of the negative-slope part of a dose-response curve such as that in Fig. 
11.2 for dosimetry purposes if it is sufficiently reproducible. 
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slope 
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FIGURE 11.2 
the dosimeter sensitivity at high doses. 

Illustrating a double-valued dose-response function resulting from a decrease in 

0. Dose-Rate Range 

1. FOR INTEGRATING DOSIMETERS 
If a dosimeter is to be used for measuring the time-integrated dose (not the dose rate), 
then it is necessary that its reading not depend on the rate at which the dose is de- 
livered, at least within the range of dose rates to be encountered. 

Usually there will not be any low-dose-rate limitation except that imposed by the 
lower dose limits already discussed. For example a significant level of insulator leak- 
age current in an ion chamker would give a background charge reading that would 
increase with time. Thus the measurement of a given dose would require subtraction 
of a larger background if it took a long time to accumulate (at a low dose rate) than 
if it were quickly delivered. 

One case of a genuine low-dose-rate limitation is reciprocity-law failure in photo- 
graphic film dosimeters. It occurs only with low-LET radiation (e.g., x rays or elec- 
trons) and is due to the necessity for several ionizing events to occur in a single grain 
of silver bromide to make it developable. Low-LET radiation can only create one 
ion pair at a time in a small volume like a AgBr grain in photographic emulsion, 
and after a time the ions can recombine. Thus the grain repairs itself at low enough 
dose rates, and never produces a latent image, that is, reaches a condition of devel- 
opability. Consequently it never contributes to the opacity of the film, which is the 
parameter used to measure the dose. Biological damage by low-LET radiation ex- 
hibits similar time-repair characteristics. 

The upper limit of dose-rate independence usually occurs when charged-particle 
tracks are created close enough together in space and time to allow the ions, electron- 
hole pairs, or active chemical products such as free radicals to interact between tracks. 
In an ion chamber this is called general or volume ionic recombination, as discussed 
in Chapter 12, Section V .  Similar back reactions also occur in solid or liquid do- 
simeters, resulting in aloss ofcontribution to the readingr. However, track proximity 
may instead enhance the reading, for example by making more luminescence centers 
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available for light production by the recombination of the charge carriers trapped 
along a given track in a thermoluminescence dosimeter. 

2. FOR DOSE-RATE METERS 
It is desirable in case-rate-measuring dosimeters that the reading r be proportional 
to the dose rate dDJdt, or at least be a single-valued function of it. “Jamming” or 
paralysis of an instrument, causing it to read zero or a small response at high dose 
rates, as can occur in Geiger-Muller counters when the dead time overlaps and be- 
comes continuous, is intolerable, especially in personnel monitoring meters. The 
upper limit on the usable dose-rate range more usually takes the form of some kind 
of saturation of the reading vs. dose rate, due to ionic recornbination or other results 
of track proximity, as discussed in the preceding section. The counting of two or more 
events as one when they occur temporally too close together in pulse-counting do- 
simeters also may cause saturation. Overloading of the resistor string that provides 
voltages to a photomultiplier tube can reduce the amplification of the light signal 
from a scintillation-type dosimeter at high dose rates. Other modes of saturation may 
also occur in various kinds of dosimeters. 

In dose-rate measurements the response time constant, while not a limitation on the 
dose-rate range, is also an important consideration. It is defined as the time it takes 
for the reading in a constant field to rise to within l /e of its steady-state value, or 
to decay to l i e  of that value upon removal from the field. A long time constant will 
cause a dose-rate meter to seek a mean reading value in a repetitively pulsed radiation 
field. Thus it will not indicate the actual dose rate existing either when the field is 
present (i.e., during the pulses) or when it is absent. For measuring single short 
radiation pulses, fast scintillators with photodiodes or electron channel multipliers 
in place of the slower photomultiplier tubes can provide nanosecond response time 
constants, making it possible to measure the pulse shape. 

E. Stability 

1. BEFORE IRRADIATION 
The characteristics of a dosimeter should be stable with time until it is used. That 
includes “shelf life” and time spent in situ until irradiated (e.g., worn by personnel 
if a health-physics monitoring dosimeter.) Effects of temperature, atmospheric ox- 
ygen or humidity, light, and so on can cause a gradual change in the dose sensitivity 
or the instrumental background. Photographic, chemical, or solid-state dosimeters 
are generally more susceptible to these influences than ion chambers or counters. 
Protection from deleterious influences can often be designed into a dosimeter’s en- 
velope if the environmental cause of the problem is recognized. Film badges for ex- 
ample require sealing in a plastic bag to exclude humidity for use as personnel do- 
simeters in tropical climates. Some thermoluminescent dosimeters (TLDs, notably 
LiF) show a gradual sensitivity change during storage at room temperature due to 
a migration and rearrangement of the trapping centers in the crystalline phosphor, 
that can be controlled by special annealing. 
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2. AFTER IRRADIATION 
The latent reading in some types of integrating dosimeters (e.g., photographic, 
chemical, solid-state) may be unstable to some extent, suffering “fading” losses dur- 
ing the time interval between irradiation and readout. Again, harsh ambient con- 
ditions of elevated temperature or humidity, direct sunlight or bright fluorescent 
lighting, and so on, may aggravate this effect. 

If such time-dependent fading losses are unavoidable, it is advantageous to make 
them as reproducible as possible through standardization of laboratory technique 
so that a fading correction can be applied to the readings. Figure 11.3 outlines a 
protocol for measuring both the pre- and postirradiation instabilities of a group of 
identical dosimeters. An alternative scheme that is preferable especially for TLDs 
reverses this procedure, preparing (i.e., annealing) the dosimeters at various times 
t p  and reading out all groups in one session at the end of the experiment. This is 
preferable for TLDs and because it is especially difficult to obtain long-term con- 
stancy of TLD reading instruments, while it is straightforward to “prepare” TLDs 
that are made from a common batch of phosphor by annealing them identically at 
different times t p .  
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F. Energy Dependence 

1. Specification 
Generally speaking, the enc7gy dcpcndmceof a dosimeter is the dependence of its reading 
7, per unit of the quantity it is supposed to measure, upon the quantum or kinetic 
energy of the radiation, as illustrated in Fig. 11.4. Figure 11.4A gives the reading 
r obtained from an imaginary dosimeter vs. some dosimetric quantity J (such as 
exposure, absorbed dose in water under CPE conditions, etc.). Let us suppose that 
the calibration curves shown have been obtained at the three different radiation ener- 
gies (or qualities) E,, E2, and E,, as shown. In this example the dosimeter response 
is assumed to be linear at energy E L ,  but becomes progressively more nonlinear at 
E2 and E3. The corresponding plots of 7 0  vs. J are shown in Fig. 11.4B. The energy- 
dependence cumes for the two J-values J, and J2 are given in Fig. 11.4C, and are seen 

Dosimeter 

2 A  
2 8  

3 A  
38 
etc. tr 

’P Time 

FIGURE 11.3. Protocol for measuring pre- and portir- 
radiation instability effects in integrating dosimeters, 
where a common dosimeter “preparation” time t# is used. 
Group-1 dosimeters are promptly irradiated at time ti, 
then promptly read out at time tr. Groups ZA, 3A, . . . 
arc irradiated promptly but stored various times before 
being read out at time t.. Groups 2B, 3B, . . . arc stored 
various times before being irradiated, then promptly read 
out. The A groups measure the portirradiation instabil- 
ity, and the B groups the prcirradiation instability. 
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FIGURE 11.4. Illustration of the general concept of energy dependence of a dosimeter that 
provide9 a reading r aa a result of an irradiation that is quantified in terms of the quantity J 
(representing aporure, absorbed dose in tissue, etc.). See discusion in the text, 

to differ in this case for E > E l .  In measuring the quantities of size J1 this imaginary 
dosimeter is evidently energy-independent , while at J2 it is energy-dependent for 
radiation with energy above E l .  

Ifonly asinglecurve ofrvs. J ,  for instance the E,curve in Fig. 11.4A, wereobtained 
at all energies, then the dosimeter would be energy-independent at allJ-levels. For 
each value of J a horizontal line would result as in Fig. 11.40, producing a family 
of such energy-independent r/J curves for different J-values. If the single energy- 
independent calibration curve were linear, such as the El curve in Fig. 11.4A, then 
a common horizontal line would result in Fig. 11.40, providing a single r/J value 
that would be applicable to allJ-values and all radiation energies in this simplest 
case. 

There are two common usages of the term “energy dependence” that are often 
encountered in the literature, usually without definition or clarification, and a third 
usage that is less common but more fundamental. These will be discussed in the 
following subsections. 
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a. Energy Dependence s Dependence of the Dosimeter Reading, per 
Unit of X- or ?-ray Exposure, on the Mean Quantum Energy or Quality of 
the Beam, r/X vs. E 
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This usage is commonly found in health-physics personnel monitoring or any ap- 
plication in which exposure is commonly referred to. 6oCo y-rays are frequently used 
as the reference energy for normalization, producing energy-dependence curves 
looking typically like Fig. 11.5 for dosimeters made of materials higher than, equal 
to, and lower than air in atomic number (the medium to which exposure refers). The 
ordinate of such a curve is often found to be labeled “relative sensitivity,” “relative 
response,” or some other such nondescript term, while what is actually meant is 
shown in Fig. 1 1.5. 

The rise in the top curve below about 0.1 MeV is caused by the onset of pho- 
toelectric effect in the sensitive volume of the dosimeter. The flat maximum usually 
occurs at about 30-50 keV, below which the curve may slowly descend due to at- 
tenuation in the dosimeter, onset of photoelectric effect in the reference material (air), 
and LET dependence of the dosimeter (see Section 1II.F. 1 .c below). 

The shape of the curves in Fig. 11.5 can be estimated by: 

(1 1.23) 

cu 
X 
h h 

X 

lU 
h 

Y 

I I I I I 1  I l l  1 1 I I I 1  I l l  
10 102 103 

E , keV 
FIGURE 11.5. 
x- or y rays. 

Typical energy-dependence curves in terms of the response per unit exposure of 
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where the subscript g refers to the material in the dosimeter’s sensitive volume. This 
equation is based on the assumptions that: 

1. 

2. 

3. 

The dosimeter’s sensitive volume is in charged-particle equilibrium, and the 
wall medium w = g. 
Attenuation is negligible in the dosimeter, both for incident photons and for 
fluorescence photons generated in the dosimeter. 
A given absorbed dose to the sensitive volume produces the same reading, 
irrespective of photon energy (i.e., the dosimeter is LET-independent). 

These assumptions are all questionable and may require suitable corrections for their 
failure in specific cases. Matching the wall medium to the material in the dosimeter’s 
sensitive volume, as discussed in Section 11, can satisfy assumption 1. Substituting 
( 7 / ~ ) ~  for (7t,./p)s in (pC,/p), [see Eqs. (7.57) and (7.59)] has the effect of assuming 
the local reabsorption of all fluorescence photons generated in the sensitive volume, 
thus providing an upper limit for the influence of that effect. Attenuation of photons 
entering the dosimeter can be simply estimated by the “straight-ahead approxi- 
mation”, as discussed in Chapter 3, Section V. Failure of assumption 3 is referred 
to as “LET dependence” of a dosimeter; more will be said about it presently. The 
total effect of assumptions 2 and 3 may cause a perfectly air-equivalent dosimeter 
to decrease its reading at low photon energies, as indicated by the dashed curve. 

b. Energy Dependence = Dependence of the Dosimeter Reading per Unit 
of Absorbed Dose in Water on the Photon or Electron-Beam Energy 
This usage is commonly found in radiotheraphy literature, where ‘‘absorbed dose” 
always refers to water (or muscle tissue) unless otherwise specified. Inasmuch as 
water and tissue are not identical (see Fig. 2.2~) ’  one should say which is meant, 
but since the differences are small ( - 1 W )  in the megavolt region, this choice fre- 
quently remains unspecified. 

For x rays the equation that corresponds to Eq. (1 1.23), by which a homogeneous 
dosimeter’s energy dependence can be estimated, is 

which depends on water as a reference material and 6oCo y rays for normalization. 
Figure 1 1 . 6 ~  illustrates this equation over the energy range from 1.25 to 50 MeV 
for LiF and bone-equivalent dosimeters. Because of the large secondary-electron 
ranges at these energies, this equation is only satisfied to the extent that TCPE is 
present, g = wall w, and p is the same in water as in the dosimeter. Also, considerable 
x-ray attenuation occurs in the thick walls, and the size of the resulting dosimeter 
may be impractical anyway. In radiotherapy dosimetry these problems are usually 
avoided by doing the measurements in a phantom, letting it comprise most of the 
dosimeter’s wall thickness, as discussed in Chapter 13. 
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E, MeV 
FIGURE 11.6~. X-ray energy dependence estimated from Eq. (11.24) for a Lip and a bone- 
equivalent dosimeter, in terms of response per unit absorbed dose in water, normalized to 6oCo 
y rays. 

The rising value of the curves in Fig. 1 1 . 6 ~  with increasing photon energy of course 
results from the effect of pair production. 

For electron beams of kinetic energy T (MeV), the corresponding equation for 
estimating energy dependence in terms of the dose to water, normalized to T = 1 
MeV, is 

(11.25) 

where (dT/p&),,, is the mass collision stopping power of the material g in the do- 
simeter’s sensitive volume, and (dT/pdr),  water that in water. This approximation 
assumes that: 

1. 
2. 

CPE exists for &rays entering and leaving the sensitive volume. 
The incident electrons lose only a very small fraction of their energy in tra- 
versing the dosimeter. 
Electron scattering is the same in g as in water. 
The reading per unit dose to the dosimeter’s sensitive volume remains en- 
ergy-independent (“ LET-independent”). 

3. 
4. 

Items 1 and 3 are suspect, while 2 and 4 are easily satisfied in the energy region above 
1 MeV. Figure 1 1.66 illustrates Eq. (1 1.25) for an air-cavity chamber, LiF, and bone- 
equivalent dosimeters. Clearly the lack of polarization effect in the gaseous air rel- 
ative to water causes a large energy dependence in that case. Neither LiF nor a bone- 
equivalent dosimeter shows much dependence. This illustrates the fact that collision 
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T, MeV 
FIGURE 11.66. Electron-energy dependence estimated from Eq. (11.25) for LiF, a bone-equiv- 
dent dosimeter, and an air-filled ion chamber, in terms of response per unit absorbed dose in 
-9 - toT=lMeV.  

stopping-power ratios are insensitive to electron energy unless the polarization effect 
is involved. 

c. Energy Dependence = Dependence of the Dosimeter Reading per Unit 
of Absorbed Dose to the Material in the Sensitive Volume Itself, on the 
Radiation Energy or Beam Quality 
This kind of energy dependence is the most fundamental, inasmuch as it reflects the 
dosimeter’s energy efficiency, i.e., the ability of the dosimeter to give the same read- 
ing for the same amount of absorbed energy in its own sensitive volume, regardless 
of radiation type or quality. It is often called “LET dependence” because it usually 
manifests itself as a change in reading per unit dose as a function of charged-particle 
track density, due to ionic recombination or other second-order effects that depend 
on the proximity of radiation products in the dosimeter. For example, ion chambers 
show such LET dependence only at radiation energies low enough ( 5  10 keV) so 
the value of w for the gas is no longer constant but begins to rise. This constancy 
for low-LET radiation provides the basis for ion-chamber calibrations in terms of 
the quantity N,,,, as will be discussed in Chapter 13, Section 1II.B. 

Equations (1 1.23)-( 1 1.25) can be modified to express the LET independence of 
a dosimeter by changing all the “air” or “water” subscript to “g”, making all those 
equations reduce to unity identically for all energies. 

2. MODIFICATION 
The energy dependence of a dosimeter can be changed to some extent, especially 
when the photoelectric effect is causing an overresponse. In that case a medium-2 
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(e.g., tin), high-Z(e.g., lead), or composite filter can be incorporated into the design 
of the dosimeter capsule. The thickness t can be chosen to correct the overresponse 
at about 100 keV, using t-PL as a guide. Note that although the geometrical situation 
seems to call for broad-beam attenuation (e.g., by using pen in the straight-ahead 
approximation), the fluorescence photons tend to be re-absorbed in the filter before 
they can reach the sensitive volume. Thus the use of the narrow-beam coefficient 
gives a better estimate of the required thickness t .  

Having determined the thickness needed to correct the response at 100 keV, it 
will be found to have been overcorrected at lower energies, the reading being es- 
sentially zero at 50 keV. This can be rectified by perforating the filter using the un- 
filtered height of the maximum overresponse as a guide. For example, if the do- 
simeter overresponded tenfold at its maximum at, say, 40 keV, and read zero at that 
energy with the solid filter in place, then 10% perforation area would be appropriate 
to restore the reading to its proper level at 40 keV. This would in turn cause a small 
overresponse again at 100 keV, necessitating some increase in 1. Experimental testing 
is of course required to verify and finally adjust the design. 

This approach to the modification of energy dependence adds weight and size, 
and introduces directional dependence to the dosimeter reading, influenced by the 
geometrical design. A sophisticated example of a design that minimizes the directional 
dependence is shown in Fig. 11.7, a photograph of the spherical dosimeter of 
Maushart and Piesch (1967). 

Another, more powerful method of modifying the response function of pulse-de- 
tecting dosimeters, such as proportional counters or scintillators, was conceived by 
Hurst and Ritchie (1962). The pulse heights provide a measure of the energy of the 
particle that made the pulse, and the number of pulses of each height indicates the 
relative strength of that part of the radiation energy spectrum. Hurst and Ritchie 
proposed applying various weighting factors to different parts of the pulse-height 
spectrum by electronic amplification to obtain any desired adjustment in energy 
dependence. Their proposal preceded the microcomputer, necessitating a crude his- 
togram approach, which can be easily improved upon today. 
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G. Miscellany 
A few other dosimeter characteristics deserve brief mention: 

The conjguration of a dosimeter sometimes is crucial to its use. It may be necessary 
to simulate as closely as possible the geometry of the test object. For example, a thin 
plastic-film dosimeter might best measure the dose in a layer of biological cells, while 
the Fricke chemical dosimeter would be appropriate for determining the average dose 
in a large volume such as a kidney-shaped container in an irradiated phantom. Fi- 
nally, small size of a dosimeter is of primary importance in its application in vivo in 
patient or test animals. 

A dosimeter needs a r e h n t  calibration that is appropriate to the radiation type and 
quality, as well as to the quantity to be measured. A calibration in terms of the dose 
to the dosimeter’s own sensitive volume is more generally applicable than other types 
of calibrations. 

If different types of radiations coexist in the field to be measured, attention must 
be paid to the relative sensitivity of the dosimeter to the different components. It may 
be possible in specific cases to discriminate against one type of radiation (e.g., by 
attenuation) so that another may be measured without competition. The special 
problems encountered in measuring neutron and y-ray doses simultaneously are 
especially difficult. These will be dealt with in Chapter 16. 

There are many dosimeters in the literature that may be useful but have never 
become commercially available. Given a choice, a commercial system is usually eas- 
ier to apply, so long as it satisfies other requirements. In particular, chemical do- 
simetry must still be done on the basis oflocal preparation, primarily because of shelf- 
life instability. Calorimetric dosimetry has also eluded commercial manufacture, so 
far. 

The rmubility of a dosimeter has several important implications. Reusable do- 
simeters such as thermoluminescent dosimeters can be individually calibrated; sin- 
gle-use dosimeters such as film badges cannot. The latter can only be batch-calibrated 
by irradiating and measuring representative samples. In that case the precision of 
measurements refers to the reproducibility of readings obtained from different mem- 
bers of the dosimeter batch after they have been given identical irradiations. 

The advantage of reusability of a dosimeter depends on how difficult or convenient 
it is to restore it to its original condition. If it cannot be fully purged of the effects 
of an earlier dose, some of the advantage is lost. A shift in sensitivity, for example, 
means that dosimeters must be segregated on the basis of prior history and recal- 
ibrated before reusing. Economies that may be realized through reuse of dosimeters 
may thus be limited. 

PROBLEMS 

1. 
2. 

Name five purposes that the wall of a dosimeter may serve. 
Estimate the energy dependence of the reading per unit exposure for LiF and 
CaF, TLDs, and draw these data as curves like those in Fig. 11.5. 
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3. A LiF TL dosimeter is enclosed in equilibrium-thickness capsules ofTeflon and 
Lucite, for y-ray energies of 0.2 and 1.25 MeV. Calculate the ratio of the av- 
erage dose in the LiF in the dosimeter to the LiF dose under CPE conditions, 
for each capsule and energy, assumingd = 1 and 0 in Burlin theory (see Example 
11.1). Which capsule gives the closer match to the LiF in the dosimeter? 
A CaF, dosimeter is enclosed in equilibrium-thickness walls of A1 to measure 
the dose to Si under TCPE conditions in a field of 6-MeV y-rays. Neglecting 
x-ray attenuation, if the average dose in the CaF, is 30 Gy, what is the Si dose? 
Assume that the CaF, is (a) small (Burlin's d = 1) or (b) large (d = 0). 
Suppose the CaF, in the dosimeter in Problem 4 were 2 mm thick and the alu- 
minum wall were just equal to the electron range. 

(a) Estimate the x-ray attenuation to reach the dosimeter's center, using the 
straight-ahead approximation. 

(b) If it were immersed in water, what would be the corresponding attenuation 
in the water it displaced? 

A LiF TLD chip gives a reading r after receiving an absorbed dose of 4.5 Gy 
to the LiF from 6oCo y rays. Later the same reading is obtained after the chip 
is struck perpendicularly by a beam of 500-keV electrons on its 3.2 X 3.2-mm2 
face. The chip thickness is 0.9 mm. What is the electron fluence, neglecting 
backscattering? 

4. 

5 .  

6. 

SOLUTIONS TO PROBLEMS 

1. 

3. Ford = 1: 

Provides CPE; stops charged particles from outside; protects; contains; and 
adjusts energy dependence. 

Energy 
Material (MeV) DJDLiF 
Teflon 0.2 1.008 

1.25 1.004 
Lucite 0.2 0.948 

1.25 0.970 

In all cases DJDLIF = 1.000 for d = 0. Teflon gives the better match. 
(a) 31.6 Gy, (b) 30.5 Gy. 4. 

5 .  (a) 6.4%, (b) 2.5%. 
6. 1.33 X 10" elcm'. 
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1. INTRODUCTION 
The ionization chamber is the most widely used type of dosimeter for precise mea- 
surements, such as those required in radiotherapy. Such chambers are commercially 
available in a variety of designs for different applications, and may be constructed 
in a machine shop when special designs are required. If the ion-collecting gas volume 
can be determined by means other than calibration in a known field of ionizing ra- 
diation, the chamber becomes an absolute dosimeter, as pointed out in Chapter 1 1 ,  
This is, however, not usually practicable outside of national standards laboratories, 
and in any case it is preferable to work with dosimeters having calibrations traceable 
to such a laboratory. 

In this chapter we will begin by discussing free-air ionization chambers. Cham- 
bers of this type, although seldom seen except in standards laboratories, experi- 
mentally demonstrate the concepts of exposure, CPE, and ion-chamber absolute- 
ness. 

II. FREE-AIR ION CHAMBERS 

A. Conventional Designs 
The definition of exposure, as given in Chapter 2, Section V,  requires the mea- 
surement of all the ionization produced by collision interactions in air by the electrons 
resulting from x-ray interactions in a known mass of air. However, the experimental 
difficulty of doing this generally requires one to rely on charged-particle equilibrium, 
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as discussed in Chapter 4, Section IV. Only in one special design (discussed in Sec- 
tion 1I.B. 1) is dependence upon this requirement to replace lost electrons avoided. 

A number of different designs of free-air chambers have evolved in standardi- 
zation laboratories in different countries, some cylindrical and some plane-parallel 
in geometry. We will first consider the plane-parallel type, such as that used at the 
National Bureau of Standards (NBS) in calibrating cavity ion chambers for constant 
x-ray-tube potentials from 50 to 300 kV. 

Figure 12.1 is a schematic plan view ofsuch a chamber (Wyckoff and Attix, 1957), 
which is enclosed in a Pb shielding box to exclude x rays scattering in from elsewhere. 
At the front the box is a tungsten-alloy diaphragm that is aligned with the x-ray beam 
central axis, and passes a beam of cross-sectional area A. in the plane of axial point 
P. This is the point where cavity chambers to be compared with the free-air chamber 
are centered, after the beam has been calibrated and the free-air chamber is removed. 
A monitoring ion chamber through which the beam passes allows normalization of 
individual irradiation runs to correct for fluctuations in beam intensity and for timing 
errors in the shutter (not shown). 

The plate system inside the box consists of three coplanar plates on one side of 
the beam and a parallel high-voltage plate opposite. The plates are all parallel to the 
x-ray beam axis, and equidistant from it. The distance of the plates from the beam 
is designed to put them beyond the range of substantially all the secondary electrons 
originating in the beam (e.g., electron cI in Fig. 12.1). 

HV 

MONITOR '' 

ELECTROMETER 

FIGURE 12.1. Schematic plan view of a typical standard free-air ionization chamber. The x- 
ray beam passes midway between the high-voltage plate and the co-planar guard (G) and collector 
plates, operated at ground potential. The x-ray beam enters the chamber through a tungsten- 
alloy diaphragm with an aperture area A,. The ionization desired for an exposure measurement 
is that produced by the electrons originating in volume V. The measured ionization is that col- 
lected from volume V'. CPE for volume t" makes the two ionizations equal. 



294 IONIZATION CHAMBERS 

To provide a uniform electric field between the plates, a set of wires* encircles 
the space between them at both ends and at the top and bottom. The chamber height 
from wire to wire equals the width from plate to plate. These wires are electrically 
biased in uniform steps to establish parallel equipotential planes between the plates. 
The guard electrodes also assist in producing field uniformity. 

Under these conditions the electric lines of force (paths followed by + and - ions) 
go straight across the chamber, perpendicular to the plates. Ions of one sign produced 
within the larger shaded volume ( V'), and not lost in ion recombination, are thus 
transported to the collector plate, electrically connected to the electrometer input. 
The dimension 1 is the collector length plus half the gap width between collector and 
guard plate at each end. 

1. CHARGED-PARTICLE EQUlLlBRlUM 
The collecting volume V' is penetrated by the x-ray beam passing through the ap- 
erture. The volume Vis common to both V' and the volume occupied by the beam 
itself; V is shown crosshatched in the diagram. V is the actual volume of origin of 
the secondary electrons whose ionization we wish to measure. 

The lateral dimensions ofthe chamber are great enough to accommodate electrons 
like el,  which remain within V' and thus produce all their ionization where it will 
be collected and measured. 

The electrons like e2, which originate within the defined volume of origin V, may 
have paths that carry some of their kinetic energy out of V ' ,  where the remaining 
ionization they produce will not reach the collector, but will go to the grounded guard 
plate instead. This ionization must be replaced by other electrons such as e, that 
originate in the beam outside of volume V. 

For x-ray tube potentials up to 0.5 MeV the electrons have nearly equal tendencies 
to move forward and backward in the chamber, due to their initial angular distri- 
bution being predominantly sideways to the beam direction, and the effect of scat- 
tering in the air. Thus the attenuation of the x-rays in the distance I ,  separating the 
place of origin of corresponding electrons e2 and e3, tends to cancel, and the charge 
compensation is nearly exact. Moreover, the effective center of origin of electrons 
is the geometric center P' of Vand V. 

Consequently the volume V as a whole is in charged-particle equilibrium. That 
is, the ionization produced by all of the electrons originating in the beam within V 
is equal to all of the ionization produced within V ,  and the correct amount of charge 
is thus measured (neglecting the small effects of scattered photons, bremsstrahlung, 
and ionic recombination, yet to be discussed). 

Notice that the distance from the boundaries of Vto each end of the lead box must 
be greater than the maximum electron range also, to avoid perturbing the CPE con- 

'NBS uses parallel metal strips in place of wires, as they provide a somewhat stronger field-flattening 
effect. 
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dition. In summary, one can say that the distance from the volume of origin V to an ob- 
struction in any direction must exceed the electron rangc, to presme CPE in the volume V' . 

Note also that elementary volumes within V' are not in CPE; only the volume 
V as a whole satisfies CPE. 

2. ACCURATE DEFINITION OF THE MASS OF AIR, rn, IN THE 
DEFINITION OF EXPOSURE 
Defining the mass of air, m,  by which the measured charge is to be divided to obtain 
the exposure can be simplified by noticing that each photon passing through the 
defining aperture passes through the volume V, except for those attenuated or scat- 
tered away in the air. If the fluence i s  90(photons/m2) at the aperture of areaAo (m'), 
then @do photons will enter. Ignoring air effects, the fluence 9 decreases in pro- 
portion to the inverse square of the distance from the source, as the beam proceeds 
through the chamber. Simultaneously the beam area A increases in proportion to 
the square of the distance from the source. Thus CPA remains constant and equal to 
ado through the chamber. 

Evidently then the number of electrons produced by CPA photons in traversing 
the volume V, of length I (m), will be constant, irrespective of the actual cross-sec- 
tional area A of the beam in V,  so long as the path length of each x ray in passing 
through Vis not significantly increased by the angle8 the x-ray makes with the central 
axis. In all practical cases the source is sufficiently distant so that Ncos 6 = I, and 
this error is negligible. Consequently one can replace the actual volume of origin 
Vby a cylindrical volume V, = A01(m3), which is multiplied by the air density p (kg/ 
m3) to obtain the defined mass m (kg) of air. 

The exposure at the aperture (point P) is thus determined by the measurement, 
which must be corrected upward by the air attenuation occurring in the distance 
between Pand the midpoint P' in V. If Q(C) is the charge produced in V', the exposure 
at point P is given (in C/kg) by 

where x' is the distance from P to P', and p is the air attenuation coefficient. The 
effect of scattered photons will be discussed in Section II.A.4. 

3. 
THE APERTURE 
Although the foregoing argument is reasonable, a more rigorous proof of exactly 
what it  is that is measured by a free-air chamber would be desirable. 

Let A, be the aperture area, at distance y from the source S in Fig. 12.2. 4'0 is 
the energy fluence at point P in the plane of the defining aperture. A disc-shaped 
mass element of air dm, = pAO dr is located at P .  

PROOF THAT THE EXPOSURE IS DEFINED AT THE PLANE OF 
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V' 
d m - 7  L 1  

1'; volume V - 
I 

X' I ?  
+Y-X 

I .- I- 
FIGURE 12.2. The free-air-chamber geometry discussed in the proof. 

The electrons resulting from x-ray interactions in d%, if allowed to dissipate all 
their energy in air, would produce a charge of either sign equal to 

Consider now a second elemental mass of air dm, at a distance 5 from the source, 
and a part of the volume V occupied by the beam and the collecting volume V': 

2 

dm = pAo (i) ds (12.3) 

dm is irradiated by an energy fluence 9 ( 5 ) :  

(12.4) 

where the approximation is very close for the small (- 1 %) attenuations that actually 
occur in typical free-air-chamber dimensions (< 30 cm). Thus the ionization pro- 
duced by the electrons that originate in dm will be given by 

d Q  = dm 9 ( s )  (I) 
W air 

We assume that this charge is all collected and measured (i.e., that CPE exists 
for volume V ,  and that no ionic recombination occurs). The charge due to electrons 
from elemental mass dm is less than that from drno by the amount of beam attenuation 
in the intervening air column. 

The total charge Q generated by electrons originating in all of V is 
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4 = PA,*, (A) s:'+/ - Cc(s - Y) l  ds (12.6) 

where sI is the distance from the x-ray source to the front plane of V. Letting x = 
s - JJ and X I  = s1 - y, the above integral can be recast in the form 

W air 

X I  + i  
k i" - P ) z ] ; ; + /  Q = k I  ( l - ~ ) d r =  

- 2P XI 

= kl [l - + 31 
= PAON0 (+)air [I - P (XI + $1 (12.7)  

Since xI + (N2)  is the distance from the aperture P to the midpoint P' of volume 
V, we see that Qis the charge due to the electrons originating in the cylindrical mass 
p A,/, exposed to the energy fluence *, that exists at the aperture P, and corrected 
for attenuation in air through the distance from P to P .  

The exposure at point P (aperture) is 
- 

d40 - PA,*, (Pen/P)air(e/w )air 

= *O (?)air 

The measured charge (assuming no recombination 
drical volume Aol is 

(12.8) 

occurs) per unit mass in cylin- 

Hence the exposure at point P is related to the value of Qlm by 

(12.9) 

- 1  

dmo m 

m 
(12.10) 
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where m is the mass of air in the cylindrical volume Aol. Typically p 3 2-3% per 
meter of air, and p(xl + V2) < 0.01. 

4. 
In the preceding treatment j.4 was taken to be the narrow-beam attenuation coefficient 
for the x-rays passing through air. This supposes that scattered photons do not result 
in measurable ionization in the chamber. That is not strictly the case, as can be seen 
from Fig. 12.3. Initially ignoring the plastic tube, we see that photons hu, and hv, 
are x-rays scattered out of the beam, which interact with other air atoms to launch 
electrons e, and e2, respectively, thus producing excess ionization in the volume V . 
Likewise photon hv3, a bremsstrahlung x-ray emitted by electron e,, may give rise 
to another electron e4, which produces unwanted ionization, since the exposure is 
supposed to exclude ionization due to bremsstrahlung produced by the electrons that 
originate in the defined mass of air. 

A method for determining the ionization contribution due to scattered and 
bremsstrahlung x-ray was described by Attix and De La Vergne (1954) as follows: 
A tube of nearly air-equivalent material such as Lucite, extending the full length 
of the ion-chamber enclosure, is positioned inside the chamber so that the x-ray beam 
passes through it from end to end without striking it. The tube must have walls thick 
enough to stop the electrons originating inside it, but thin with respect to attenuation 
of the scattered x rays, so that they may escape unimpeded. The plastic is completely 
coated with conducting graphite, and biased at half of the potential of the HV plate 
to minimize field distortion. The ratio of the ionization measured with the tube in 
place to that with the tube removed will approximate the fractionf, of the total ion- 
ization that is contributed by scattered and bremsstrahlung x rays. In a chamber 
50 cm X 20 cm X 20 cm,f, p 0.003 to 0.004 for 50-250-kV x-rays. 
Wyckoff and Attix (1957) pointed out that the fractionf, of the ionization Q in 

Eq. (12.1) that is lost due to a slight inadequacy in chamber plate separation (thus 
stopping some electrons short of their full range) tends to compensate for theJ error. 
This balance can be exact at only one energy, however, as the sizes of the two errors 
vary in opposite directions as a function of x-ray energy. Nevertheless, for an op- 
timum chamber size the net correction required for these combined errors can be 
minimized within a range of x-ray generating potentials. Equation (12.1) may be 

SCATTERED X-RAYS IN THE CHAMBER 

X rays ---- 

-I 
FIGURE 12.3. 
the plastic-tube method. 

Measurement of the ionization due to scattered x-rays in a free-air chamber by 
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corrected for the two effects through multiplication by 1 - J  +A, using data from 
the cited references. 

I I I 
I 

I 
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5. OTHER CAUSES OF ELECTRIC-FIELD DISTORTION IN 
PARALLEL-PLATE CHAMBERS 
As discussed in the introductory part of Section I1 .A, parallel-plate free-air chambers 
such as the NBS design must have a uniform electric field between the high-voltage 
plate and the collector-guard plates, to assure that the dimensions of the ion-col- 
lection volume I/" and the length ofthe volume Vare accurately known. The electrical 
lines of force must go straight across, perpendicular to the plates. To accomplish this, 
in addition to the graded-potential guard wires already mentioned, it is also im- 
portant that: 

all the plates be parallel to each other and to the beam axis, which must be 
perpendicular to the front and back boundaries of the volume P, 
the collector and guard plates be coplanar, and 
the collector be kept at the same electrical potential as the guards (usually 
at ground). 

a. 

b. 
c. 

Even the contact potentials of the surfaces of these plates must be the same (e.g., 
electroplated with nonoxidizing metal) if local electric-field distortion near the gaps 
between them is to be avoided. Null-type electrometer circuits, which maintain the 
input potential at its initial value throughout the period of charge collection, are 
essential for this application. Figure 12.4 illustrates the distorting effects of non- 
coplanarity of the guard and collector plates, and Fig. 12.5 of having the collector 
surface at a different potential than that of the guard. Note that f H V  averaging 
removes the error in Fig. 12.5, but not in Fig. 12.4. 
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FIGURE 12.5 Effect of collector plate s u r f a e  potential being higher (- + 1 V) than guard plates. 
With + HV the length of Y' is less than nominal 1; for -HV the length is greater than 1. f HV 
averaging cancels the error. Where the potential of C is negative relative to the guards, the di- 
rection of the errors is reversed, but f HV averaging still cancels them. 

8. Novel FreeAir-Chamber Designs 

1. VARIABLE-LENGTH FREE-AIR CHAMBER (ATTIX, 1961 ; ATTIX 
AND GORBICS, 1968) 
This chamber (see Fig. 12.6) consists of two telescoping cylinders with the x-ray beam 
passing along their axis through holes at the centers of the two flat end. The holes 
are covered by windows W of conducting plastic to keep out stray electrons and pro- 
vide electrostatic shielding for the collecting electrode inside. The x-ray beam is de- 
fined by passing it through an aperture of known area in a fixed diaphragm, aligned 
with the chamber axis. 

The ions formed throughout the chamber are collected on an off-center telescoping 
metal rod, correcting for ion recombination as necessary. The chamber shell is op- 
erated at high potential (e.g., f5000 V) and is enclosed in a Pb-lined box to keep 
out scattered x rays. The diameter of the collecting rod is made small enough, and 
its position far enough from the x-ray beam, that only a very small (< 0.01 %) loss 
of ionization results from electrons striking it. 

The chamber dimensions are such that, in its collapsed condition (upper dia- 
gram), electrons originating in the x-ray beam where it crosses the fixed central plane 
cannot reach the walls in any direction. Likewise no electrons from the windows W 
are capable of reaching the central plane. 

After an ionization measurement Q, is made in the collapsed condition, the cham- 
ber volume is expanded by a length AL (as much as twofold), while keeping the cham- 
ber midplane and the defining aperture fixed relative to the x-ray source. A second 
ionization measurement Q2 is then made. 

Referring to the diagram, the ionization component measured from the volume 
A '  is the same as that from A except for a slight (< 1 %) increase due to decreased 
beam attenuation. The same can be said for the volumes B' and B, except that the 
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HAMBER NOT EXTENDED 

(b) CHAMBER EXTENDED 
FIGURE 12.6. The variable-length type of free-air chamber. The defining aperture and the 
midplane of the chamber both remain fixed with respect to the x-ray beam as the chamber is 
extended (Attix, 1961). 

attenuation effect is in the reverse direction, canceling that for A '  to A (assuming 
linear attenuation, which is accurate within 0.01 % for attenuations < 1 %). There- 
fore the observed increase in ionization (Q2 - Q,)  must be due only to the electrons 
that originate in crosshatched volume Vl in the center of the chamber. Those elec- 
trons will all run their full range in air and produce their full complement of ionization 
that will be measured directly in accordance with the definition of exposure. They 
need not remain in volume V to do this, since ions are collected from A '  and B' as 
well. 

If A,, is the aperture area (rn'), AL is the length of chamber expansion (m), and 
p is the air density (kg/m')), then the exposure at the aperture is given by 

X =  Q2 - e'"' (1 - jr + fe) (C/kg) 
PA, Al5 

(12.1 1) 
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where x '  is the distance from the aperture to the fixed central plane, p is the narrow- 
beam attenuation coefficient for the x-rays in air,f, is the fraction of Q2 - Q1 that 
is produced by scattered and bremsstrahlung x rays, andf, is the fraction lost due 
to any electrons being stopped by the collecting rod and inadequate chamber radius. 

The advantages of this design of free-air chamber over conventional designs are 
several : 

1. There is no dependence of the measurement upon CPE. Since the electrons 
originating in V, cannot escape from the ion-collecting volume, there is no need 
for replacement of lost electrons. 
2. There is no need for electric-field uniformity, plate alignment, or mainte- 
nance of the collector at ground potential. 
3. The air mass can be defined more accurately, as the uncertainty in the length 
of the collecting volume in a conventional chamber is eliminated. AL can be de- 
termined by a precision screw, or even gauge blocks if desired. 

It is necessary to cover the collecting-rod insulators at both ends of the chamber 
with conducting cups to avoid instability caused by charge collection on the insulator 
surfaces (Attix and Gorbics, 1968). In general it is a good idea to minimize the bare 
surface area of insulators facing into the collecting volume of any ion chamber, to 
avoid this kind of instability. This holds true for cavity chambers as well as free-air 
chambers. Laitano and Toni (1984) describe the use of this type of free-air chamber 
as a national x-ray standard. 

2. HIGH-ENERGY FREE-AIR ION CHAMBERS 
Free-air chambers are practical mainly with x-rays generated at energies between 
10 and 300 keV. At higher energies the range of the secondary electrons in air be- 
comes so great that the size of the chamber becomes prohibitively large. Wyckoff 
and Kirn (1957) described a large chamber (- 1 m3 between plates) capable of mea- 
suring 500-keV x-rays, and Wyckoff (1960) measured 6oCo y rays with such a cham- 
ber in a pressure tank at 12 atm of air. In the latter case the results were compared 
to measurements made with a graphite-walled cavity ionization chamber, thus 
verifying the capability of the latter to determine exposure at this energy. 

Joyet (1963) suggested employing a longitudinal magnetic field in a conventional 
free-air chamber to bend electron paths into spirals and thus prevent their striking 
the walls even for x-ray energies up to 50 MeV (see Fig. 12.7). Joyet pointed out 
that, as photons are increased in energy, the secondary electrons produced in Comp- 
ton and pair-production events become more energetic but more forward directed. 
Thus the maximum side-directed (goo) component of the secondary-electron energy 
resulting from 50-MeV photons is only about 3 MeV, as shown by the dashed curve 
on the right ordinate of Fig. 12.8. The solid curve shows the magnetic field strength 
necessary to bend such electrons into spiral paths of radius 6 cm, which would prevent 
electrons from striking the wall in the chamber shown in Fig. 12.7. 



FIGURE 12.7. Schematic plan view of a parallel-plate free-air chamber with magnetic field and 
solid air-equivalent filters. (Joyet, 1963. Reproduced with permission from theJourna1 of Applied 
M a t h t i c s  and Physics, Basel.) 
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FIGURE 12.8. Maximum transverse energy E. sin cp of the recoil electrons for incident quanta 
up to 50 MeV, and intensity of the magnetic field for the containment of the recoil electrons 
between the parallel plates. (Joyet, 1963. Reproduced with permission from theJarmul ofApplud 
Mathematics and Physics, Basel.) 
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The fatal flaw in this design is that it is not really a free-air chamber. To  produce 
CPE in the collecting volume a sufficiently thick layer of solid “air-equivalent” ma- 
terial must be provided upstream to build up an equilibrium population of electrons 
passing through the ion-collecting region. (Up to 300 keV this is provided by the 
air space between the aperture and the collecting volume.) One may as well make 
a thick-walled cavity chamber out of the air-equivalent material instead, since the 
ionization measured by the Joyet chamber at high photon energies is primarily de- 
termined by the electrons generated by x-ray interactions in the air-equivalent filters 
shown in Fig. 12.7. 

111. CAVITY IONIZATION CHAMBERS 
Cavity ionization chambers come in many varieties, but basically consist of a solid 
envelope surrounding a gas- (usually air-) filled cavity in which an electric field is 
established to collect the ions formed by radiation. Cavity chambers offer several 
advantages over free-air ion chambers: 

1. They can be made very compact, even for high-energy use, since the range 
of the secondary electrons in the solid wall material is only - lov3 as great as in 
atmospheric air. 
2. They can measure multidirectional radiation fields, while free-air chambers 
require nearly monodirectional beams aligned to pass perpendicularly through 
the aperture. 
3. Through the application of cavity theory (Chapter lo), the absorbed dose 
can be determined in any material of which the cavity wall is made. 
4. Cavity chambers are capable of great variety in design, to permit dose mea- 
surements ofcharged particles and neutrons as well as photons. Free-air chambers 
are designed exclusively for x rays, mainly below 300 keV, and do not lend them- 
selves to modification for other kinds of radiation. 
5.  Gas cavities can be designed to be thin and flat to measure the dose at the 
surface of a phantom and its variation as a function of depth, or can be made very 
small to function as a probe to sample the dose at various points in a medium under 
irradiation. 
6. Collected charge can be measured in real time by connecting the chamber 
to an electrometer, or the chamber can be operated without cables if it is a con- 
denser-type cavity chamber. 

A. Thimble-Type Chambers 
Spherical or cylindrical chambers (as shown schematically in Fig. 12.9) having gas 
volumes of 0.1-3 cm3 are the most common forms of cavity ion chambers. Such 
chambers, especially the spherical designs, are reasonably isotropic in their sensi- 
tivity to radiation except for attenuation in the connecting “stem”. Conventionally 
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FIGURE 12.9. 
types may be regarded as elongated spherical chambers. 

Fully guarded spherical thimble-type cavity ionization chamber. Cylindrical 

such “thimble” chambers, as they are sometimescalled, are irradiated at right angles 
to the stem axis when monodirectional beams are measured. This not only avoids 
stem attenuation but also minimizes the length of the stem and cable that are ir- 
radiated, thus reducing the possible influence of radiation-induced electrical leakage 
in the cable insulation. Such effects will be discussed in Section IV. 

1. FULLY GUARDED CHAMBERS 
The high voltage (HV), usually f 200-500 V, is shown in Fig. 12.9 applied to the 
chamber wall, with the collector connected to the electrometer input at or near ground 
potential. Alternative hookups are covered in Section IV. The insulator arrangement 
shown exemplifies a fufb guardcd ion chamber, by which is meant that electric cur- 
rent leaking through (or across the surface of) the HV insulator is intercepted by 
a grounded guard electrode (“guard ring”) that extends completely through the 
insulator assembly in the stem. Thus this current cannot reach the collector and affect 
the measured charge. The inner insulator separating the collector from the guard 
electrode has practically no potential difference across it; thus little leakage occurs. 

The insulator-and-guard assembly is shown in this design to be covered by an 
overhanging lip of the chamber wall. This is done to avoid instabilities caused by 
charge collection on the insulator surfaces. Without this covering lip the ions from 
a substantial fraction of the chamber volume would be delivered to the guard elec- 
trode instead of the collector, and that fraction would strongly depend on the pattern 
of ionic charge stuck on the surface of the insulators. The covering lip limits the 
affected gas volume only to the thin underlying crevice, thus practically eliminating 
this source of instability. A number of other designs can be used to accomplish this 
as well. Note that this same problem arose in the extendable free-air chamber and 
was solved in a similar way (Attix and Gorbics, 1968). 
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2. GAS FLOW 
A gas connector is also shown in Fig. 12.9, allowing the chamber to be filled (and 
continuously replenished by flowing) with a gas other than air, or with pure dry air 
in place of ambient atmosphere. This feature is not present in most designs, but is 
important for neutron dosimetry, where tissue-equivalent and other special gases 
are employed, as discussed in Chapter 16. In using the gas-flow technique it is nec- 
essary to flush the chamber thoroughly at a relatively high gas-flow rate initially, 
then adjust the flow rate high enough to maintain gas purity without significantly 
increasing the pressure in the cavity above the ambient pressure. For proper op- 
eration, one should (a) vary the flow rate to find a “plateau” within which the mea- 
sured charge is independent of flow rate; (b) beware of porous chamber walls (e.g., 
graphite), through which air will leak inward and contaminate the flow gas (Pearson 
et al., 1980); (c) avoid long runs of plastic tubing, which may contaminate the gas 
with plasticizer vapor; (d) check to see that the background ionization current is not 
a function of gas flow rate, since ions may be created by gas friction effects; and (e) 
if possible, use a separate gas-handling system (regulator, tubing, and flowmeter) 
for each gas, to avoid gas intermixing and unnecessarily long flushing delays when 
switching the ion chamber from one gas to another. 

3. CHAMBER WALL THICKNESS 
For dose measurements in fields of photons or neutrons under CPE or TCPE con- 
ditions, thus allowing relatability to K,, thimble chamber walls should be made thick 
enough to (a) keep out of the cavity any charged particles that originate outside of 
the wall, and simultaneously (b) provide at the cavity an equilibrium charged-par- 
ticle fluence and spectrum that is fully characteristic of the photon or neutron in- 
teractions taking place in the wall material. For photon fields the required wall thick- 
ness can be taken (conservatively) as being equal to the range (see Appendix E) of 
the maximum-energy secondary electrons set in motion by the photons in the wall 
itself or in other nearby media. In this connection it should be remembered that 
photoelectrons from nearby high-2 beam collimators may be more energetic than 
the maximum-energy Compton-recoil electrons generated in low-Z walls, in which 
case requirement (a) above is more stringent than (b). 

The ionization charge Qproduced in the mass m of gas is related to the absorbed 
dose in the cavity gas 0, by 

(12.12) 

where (Wl% for the gas has values to be discussed in Section 1V.D for air and Section 
VI in general. D, can in turn be related to the absorbed dose 0, in the inner layer 
of the wall through the application of appropriate cavity theory (Chapter lo), that 
is, a properly evaluated stopping-power ratio of wall to gas. 
D, is equal to (KJW under CPE conditions, and is proportional to it under TCPE 
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conditions (see Chapter 11, Sect. 1I.A). Thus the measurement can be related to 
the photon energy fluence through Eqs. (1 1.1) and (1 1.2) or to the neutron fluence 
through Eqs. (1 1.3) and (1 1.4), for thick-walled ion chambers. 

If the chamber is designed to measure the absorbed dose at a point of interest in 
a charged-particle field, the volume must be small, and the chamber wall must be 
thin, relative to the range of the incident particles. This applies whether the charged 
particles constitute the primary beam or are generated in the surrounding media by 
photon or neutron interactions. If the wall and cavity gasare approximately matched 
in atomic number, there will be a balance between 6 rays escaping into the wall from 
the cavity gas and vice versa, assuming the wall is thick enough to provide such a 
&ray equilibrium. For practical purposes a wall thickness of 2 15 mg/cm2 (the range 
of a 100-keV electron) should suffice, as most 6 rays resulting from electron-electron 
collisions have energies less than that. For heavy charged-particle beams the 6 rays 
are still lower in energy, not exceeding the values given by Eq. (8.4). Thus it will 
be seen that the optimal wall thickness for charged-particle beam measurements is 
too thin for practical construction as a thimble chamber, and flat pillbox designs with 
thin plastic film windows suggest themselves. 

Assuming &ray equilibrium, and assuming here that the small chamber accu- 
rately samples the charged-particle field without perturbing it (but see the necessary 
corrections in Chapter 13, Section VI.B), the dose in the cavity gas can be related 
to that in the irradiated medium at the point of measurement through application 
of B-G cavity theory, employing an average ratio of collision stopping powers eval- 
uated for the spectrum of incident charged particles (excluding 6 rays, since they are 
taken to be in equilibrium). 

4. CHAMBER WALL MATERIAL 
Air is of course a medium of special interest for photon dosimetry because of its role 
as the reference medium for the definition of exposure and its convenience as an ion- 
chamber gas. So-called “air-equivalent” chamber wall materials are often used. Air 
equivalence of the wall requires not only the matching of its mean mass energy-ab- 
sorption coefficient to that of air for the photon spectrum present, but also the cor- 
responding matching of the mean mass collision stopping powers for the secondary- 
electron spectrum present. These requirements cannot in general both be satisfied 
simultaneously, except that they are reasonably compatible where Compton effect 
is the dominant mode of photon interaction. If the photoelectric effect is important, 
its Z-dependence is so much stronger than that of the stopping power that the latter 
matching requirement is disregarded. 

A less rigorous but more common statement of chamber-wall air equivalence with 
respect to photons is provided by the &ectiue atomic number 2, which must be further 
specified for the type of photon interaction being considered. For photoelectric effect 
the formula for 2 has the form 

m - 
z = J~,Z? + a&; + (12.13) 
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where ul = (5 Zl/AI)/Ei(fJi/Ai) is the fraction of the electrons present in the mixture 
that belong to atoms of atomic number Z, ,  and so on;f, is the weight fraction of that 
element present; and m has a value of about 3.5 (Johns and Cunningham, 1983). 
On this basis Zair is found to have a value of 7.8. 

For dosimetry in charged-particle beams, the mean mass collision stopping power, 
derived by use of elemental weight fractions as weighting factors, is the most relevant 
quantity to be matched between the gas, wall, and reference media. The average 
charged-particle energy obtained from Eq. (10.32) is adequate to represent the 
charged-particle spectrum for this purpose. 

Inasmuch as the wall must serve as an electrode, it must be electrically conducting, 
at least on the inside surface. Various plastics that are often employed as ion-chamber 
wall materials are generally electrical insulators; hence they need application of a 
conducting layer. Colloidal graphite in a water or alcohol base (the latter wets the 
plastic surface better) can be painted on in a dilute solution, dried, then polished 
with a cotton swab to maximize the electrical conductivity of the coating. Thin coats 
tend to adhere best, and have the least perturbing effect on the electron spectrum 
crossing the cavity. 

Some special materials, such as A-150 tissue-equivalent plastic, are made vol- 
umetrically conducting as a result of incorporation of graphite during manufacture 
(Smathers et al., 1977). 

The ion-collecting rod in a thimble chamber should be made of the same material 
as the wall if possible, as cavity theories do not deal with inhomogeneous wall media. 
However, the surface area of the rod is usually so much less than that of the wall 
that it will not have much influence unless the interaction cross sections in the rod 
are much larger than in the wall. For example, an aluminum rod is sometimes used 
in an air-equivalent-walled chamber to boost the photon response below - 100 keV 
by the photoelectric effect, thus compensating for the increasing attenuation of the 
x rays in the wall (also due to the photoelectric effect). Pure graphite pencil leads 
make convenient low-2 ion-collecting rods. 

5. INSULATORS 
Polystyrene, polyethylene, and Teflon are all excellent electrical insulators for ion- 
chamber use. Most other common plastics, such as PMMA (Lucite, Plexiglas), Ny- 
lon, and Mylar, are also acceptable in most cases. Teflon in particular is more readily 
damaged by radiation than the others, and should be avoided where total doses ex- 
ceeding - lo4 Gy are expected. However, its smooth “waxy” surface is the most 
tolerant of humidity in the air without allowing leakage currents to pass across. 

Except for radiation-induced volumetric electrical leakage, most observed leakage 
is a surface phenomenon that is minimal for clean, polished surfaces and worsens 
where dirt and/or humidity are present. A fiber or hair bridging an insulator often 
is the cause of leakage, and a rubber syringe should be kept on hand for blowing 
away such debris. (The breath is too humid for this purpose.) One should avoid 
touching an insulator, especially with the fingers, as skin oil causes persistent leakage 
and is difficult to remove. Pure ethyl or methyl alcohol is sometimes helpful in clean- 
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ing insulators by wiping the surface with a cotton swab, then drying with a syringe. 
After such attempts one should not expect instant improvement; several hours may 
be needed for the insulator to return to normal. Remachining the surface of an in- 
sulator with a sharp, clean cutting tool, or replacing it entirely, may be necessary 
if leakage persists. 

Note that mechanical stress of an insulator (e.g., bending a cable) can cause ap- 
parent leakage currents due to polarization effects, and rubbing the surface of an 
insulator can produce surface charges by the triboelectric effect that may take a long 
time to dissipate, during which leakage currents will be observed. 

The effects of radiation on insulators are complicated and numerous. As in all 
irradiated media, atoms are ionized, but an electron may take some time to re- 
combine if it is displaced an appreciable distance from the “hole” (ionized atom) 
and trapped there. The presence of an electric field during irradiation tends to align 
these electron-hole dipoles in a common direction, forming an electret. Gradual re- 
laxation of the dipoles induces charges in the electrodes bounding the insulator, con- 
stituting a leakage current through the external circuit. This effect is sometimes 
called “soakage” of an insulator, as i t  gives the appearance of electric charge having 
been absorbed into the insulator, and gradually oozing out again (Liversage, 1952). 

The forward projection of electrons in high-energy photon interactions can trans- 
port charge through an insulator and thus cause a high potential difference to develop 
between electrodes of a capacitor. Gross (1978) has studied this effect and applied 
it to the design of what he calls “Compton-current dosimeters. ” 

Charged-particle beams incident on a thick insulator will build up charge wher- 
ever the particles stop at the end of their paths. It has been pointed out by Gross 
and Nablo (1967) and Galbraith et al. (1984) that when large blocks of insulating 
plastics such as acrylic or polystyrene are used as phantoms and irradiated to high 
doses by electron beams, the charge buildup due to stopped electrons may cause 
electric fields strong enough to influence the paths of primary or secondary electrons 
in the medium. This condition can persist for hours or even days, distorting the dose 
distribution in subsequent photon or electron irradiations. 

At sufficiently high doses ( -  10-100 Gy) the resistivity of insulators decreases 
significantly, recovering gradually with a time constant of the order of hours, as 
discussed by Boag (1966). Thus an ion chamber should not be exposed to large doses 
before small ones are to be measured. Several investigators have studied the con- 
ductivity of insulators under irradiation, and the possible applicability of this effect 
as a dose-rate measuring parameter (Fowler, 1966). 

Radiation can also damage organic insulators by chemical-bond breakage, caus- 
ing the material to discolor and eventually to lose its mechanical integrity at very 
high doses-especially Teflon, as mentioned before. 

6. CONDENSER-TYPE CHAMBERS 
It is sometimes advantageous to design a thimble chamber to operate without ex- 
ternal connections while being irradiated. One option for accomplishing this is to 
connect the chamber electrodes in parallel with a capacitor, built into the stem of 
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FIGURE 12.10. Schematic diagram of a Victoreen-type condenser ion chamber. Ions are pro- 
duced in both of the air compartments, but there is no electric field to collect ions from the stem 
compartment at left, which behaves as a Faraday cage. The stem is designed to have the desired 
capacitance between inner and outer electrodes. (Johns and Cunningham, 1983. Reproduced 
with permisnion from J. R. Cunningham, and Charles C Thomas, Publishers.) 

the chamber, as shown in Fig. 12.10. The capacitor (and chamber) are then charged 
up by temporarily connecting them across a potential P1 (typically 300 V), which 
establishes an electric field in the chamber. When the chamber is irradiated, the 
positive ions are drawn to the wall and the negative ions to the collector (for the 
polarity shown in Fig. 12.10). Thus the charge stored in the capacitor-chamber com- 
bination is diminished, and the potential is decreased to a new value P2. If the com- 
bined capacitance is C, the charge collected from the chamber during irradiation is 

AQis most accurately determined as the difference between the charge Q1 measured 
by connecting the unirradiated device across the input of a high-gain charge-in- 
tegrating electrometer (see Section IV) and the charge Q2 similarly measured after 
irradiation. 

The radiation sensitivity of such a chamber is directly proportional to the chamber 
volume, and inversely proportional to C. 

If the final voltage P2 is allowed to fall too low, recombination of charge in the 
chamber can cause the collected charge A Q  to be significantly less than the charge 
produced by ionization of the gas in the chamber, a matter to be discussed in Section 
V. This can be detected by observing a lack of proportionality between A Q  and the 
irradiation time at a constant dose rate. 

Some capacitor thimble chambers (e.g., the Victoreen r-meter) are designed to 
be used in conjunction with a companion string-type electrometer (including an in- 
ternal voltage supply), which also has an internal capacitance comparable in value 
to that of the chamber and stem. Thus there is charge sharing to reach a common 
potential when the chamber and electrometer are connected. The reading of such 
an electrometer is viewed through an eyepiece, with the shadow of the fiber appearing 
against a scale labeled in roentgens, reading zero when fully charged. Such a chamber 
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is to be calibrated in conjunction with its own electrometer, and must therefore be 
used exclusively with that electrometer when referring to that calibration. To correct 
consistently for the charge-sharing effect, the chamber is calibrated and used by al- 
ways charging the electrometer initially to zero scale reading with the chamber con- 
nected, and again to zero before reconnecting the chamber following its irradiation. 

B. Flat Cavity Chambers; Extrapolation Chambers 
Flat cavity chambers have several special advantages: 

1. They can be constructed with thin foils or plastic membranes for one or both 
of the flat walls, causing only minimal attenuation or scattering of incident elec- 
trons or soft x-rays. 
2. The gas layer can be made as thin as G0.5 mm, allowing sampling of the 
dose with good depth resolution, especially advantageous in regions where the 
dose changes rapidly with distance. 
3. In some designs the thickness of the gas layer is made variable, for example 
by an adjustable screw, thus allowing extrapolation of the ionization per unit gas- 
layer thickness to zero thickness. This in effect removes the influence of pertur- 
bation due to the presence of a finite cavity in a phantom, for example, and further 
increases resolution of dose vs. depth. 
4. The dose at the surface of a phantom can be measured by extrapolation 
(Velkley et al., 1975), and the buildup vs. depth can be observed by adding thin 
sheets of phantom medium over the entrance foil. 

On  the other hand, flat-geometry chambers are generally more complicated in 
design than thimble chambers, and more difficult to construct. Boag (1966) devised 
the chamber shown in Fig. 12.11 for electron-beam dosimetry. As shown, it contains 
three graphite-coated mica foils, but thinly aluminized Mylar would do as well. Ca- 
pability for extrapolation of the air-layer thickness was not provided, but could be 
by using spacer rings or machining a screw around the rim. Such a chamber can 
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FIGURE 12.1 1. 
duced with permission of J.  W. Boag and Academic Press.) 

Ionization chamber for dosimetry of fast-electron beams (Boag, 1966. Repro- 
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be used to study surface dose enhancement due to electron backscattering from a 
phantom, for example, since it contains no thick electrodes. The collecting electrode 
in this chamber is insulated from the surrounding guard electrode by a clean scratch 
through the colloidal graphite coating on one side of the middle foil. Notice that in 
this and most other flat chamber designs, the guard electrode serves primarily to 
provide a uniform electric field, thus allowing the radius of the collecting volume 
to be defined by the collecting-electrode radius plus the half-width of the insulating 
scratch or groove around it. In some flat-chamber designs the guard ring also stops 
leakage currents from the HV electrode, as in fully guarded thimble chambers. 

Guarded flat chambers can be viewed as plane capacitors having a capacitance 
proportional to the area of the collecting volume, and inversely proportional to the 
plate separation. Thus a simple measurement of the chamber's capacitance, which 
can be done with a charge-calibrated electrometer and a calibrated variable voltage 
supply, can provide a check on the mechanical determination of the collecting vol- 
ume: 

(12.15) 

where AQ is the charge measured (in coulombs) as a result of a voltage change of 
AP(in volts), u is the collecting area in cm2, s is the plate separation in centimeters, 
C is given in farads, and the numerical constant has units of F/cm. 

Commercially available flat chambers used to measure surface dose and dose 
buildup have been commonly designed with a thin foil entrance wall, but a thick 
conducting back wall comprising the collecting electrode and the surrounding guard 
electrode, as schematically shown in Fig. 12.12. When such a chamber is placed in 
a y-ray beam, electrons are knocked out of the back electrode by the Compton effect, 

:OLLECTING VOLUME 

c/1 AIR THICK CONDUCTING 
WALL 

. -  
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FIGURE 12.12. Schematic diagram of a flat chamber with thick back wall of conducting ma- 
terial, illustrating the cause of polarity differences observed in the measured output current re- 
sulting from y radiation. 
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constituting a positive current entering the electrometer. Ifpositive voltage is applied 
to the front foil, positive ions will arrive at the collecting electrode, adding to the 
Compton current. For negative applied voltage the negative ions are collected, and 
the net negative current sent to the electrometer is the difference between the ion 
current and the Compton current. Thus the true ion current may be obtained as 
the average of the currents measured with the two HV polarities. This effect, first 
explained by Richardson (1954), is most pronounced for a small plate separation 
and a thin front wall. As the front-wall thickness is increased, an equilibrium is grad- 
ually established for the electrons entering and leaving the collecting electrode, and 
the inequality between polarities disappears. 

With charged-particle beams a comparable, but more complicated, effect is ob- 
served when the particles stop in the collecting electrode, or knock out 6 rays. 

These problems can be avoided by using chamber designs such as those shown 
in Fig. 12.1 1 and 12.13. The latter, recommended by the Nordic Association of Clin- 
ical Physics (1 98 l), has a thin foil collector supported by (but insulated from) a thicker 
wall. Few charged particles can start or be stopped within such a thin collector. 

Another kind of problem that may arise from faulty design of any type of ion 
chamber, but is more likely to affect flat chambers, is extracameruf ionitation, i.e., ion- 
ization that is collected from air spaces outside of the designated collecting volume. 
Such unwanted contributions of ionization can drastically affect the outcome of an 
experiment if unnoticed, especially in extrapolation chambers that are supposed to 
approach zero volume. Figure 12.14 illustrates two kinds of extracameral effect in 
a flat chamber, and how they may be avoided. 

In Fig. 12.14~ a flat chamber is shown, including an insulating plate painted on 
both sides with colloidal graphite, and a circular scratch made to separate the col- 
lector C from the guard ring G. A bare wire is shown attached to the collector and 
leading out to a coaxial-cable connection at the side, and thence to the electrometer 
input. It can be seen that since the radiation beam also irradiates the guard-ring area, 
air ions as shown (assuming +HV) may be collected by electric lines of force ter- 
minating on the wire, thus contributing measured charge from a region outside of 
the (speckled) collecting volume. In Boag's design (Fig. 12.11) this extracameral ion 

Ventilation hole Guard Collecting electrode 
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FIGURE 12.13. Flat chamber designed not to exhibit polarity-difference effects. The collecting 
electrode is very thin (< 0.1 mm) and is mounted on a thin insulating layer ( P 0.2 mm). (Matts- 
son, et al., 1981. Reproduced with permission from L. 0. Mattsron and Acta Rrrdiologica Oncol- 
@.) 
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FIGURE 12.14. The extraenmerd ionization effect in Bat pillbox chambers. The collector C 
and guard ring C arc graphite coatings on an insulating plate, the back of which is also graphite- 
coated and grounded. (a) Bare wire connects collector to a coax cable, thence to the electrometer; 
(b)  bare wire out the back; (c) wire buried in insulating plate; ( d )  coaxial cable all the way to the 
electrometer. (See text.) 

collection was eliminated by covering the connecting lead with graphite-coated mica 
foil, as shown at left. Notice that the type of extracameral effect shown in Fig. 12 .14~  
is particularly insidious because it cannot be detected by reversing the HV polarity; 
the polarity of the extracameral ionization follows that of the intended collecting 
volume. 

In Fig. 12.146 a similar design is shown, except that now the wire passes from 
the collector through the insulating plate and out through a bare spot in the grounded 
graphite back surface, then to a coaxial connection at the side, leading to the elec- 
trometer. One might think that such an arrangement would not collect charge on 
the wire, since the HV lines of force do not reach it. However, all conductors have 
surface contact potentials, some as great as - 1 V. The difference in their magnitudes 
creates a weak electric field in any gas space between dissimilar surfaces, such as the 
wire and the graphite. Thus some of the ions created behind the chamber by the 
radiation field may be collected on the wire, although most will recombine for lack 
of sufficient electric field strength to separate them. Even so, the resulting extra- 
camera1 charge collected may be considerable. In this case, however, the effect can 
be easily detected by HV polarity reversal, since the extracameral ion collection is 
unaffected. Thus it adds to the current in one polarity and subtracts in the other, 
and the f average gives the correct current without the extracameral component. 

In Fig. 12 .14~  the wire is shown sealed inside the insulating plate itself until it 
reaches the coaxial connector, and Fig. 12.14d shows the coaxial cable connecting 
directly to the back of the insulating plate. In either of these cases little or no ex- 
tracameral effect will be observed. 
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C. Transmission Monitor Chambers 
When radiation generators are not constant with time, due to power-line fluctuations 
for example, some kind of monitoring ionization chamber may be employed to allow 
normalization of results by dividing all radiation measurements by the correspond- 
ing monitor readings. 

A thimble chamber can be used for this purpose, by simply positioning it at a 
convenient fixed location in the beam. However, a thin flat chamber through which 
the beam passes on its way to the point of measurement has the advantages that it 
can be permanently installed and that it can monitor specifically the segment of the 
beam that is of greatest interest, or can monitor the whole beam if preferred. If only 
a segment of the transmitted beam is to be monitored, a scribed collector can be used, 
as in Boag’s design in Fig. 12.1 1. If the whole beam is to be monitored, the collimator 
should be placed upstream of the monitor chamber, and the chamber should have 
a collecting area that is larger than the beam. 

A transmission chamber suitable for x-ray beam applications, rugged, and simple 
to contruct is shown in Fig. 12.15. This chamber should of course be well vented 
to the atmosphere to avoid plate distortion due to changes in barometric pressure. 
Relatively thick Lucite plates are shown, as they simplify construction by being self- 
supporting, but stretched foils could be substituted for electron beams or soft x-rays. 
Electrical contacts are made by bronze leaf springs that press against the inner col- 
loidal graphite coatings when the plates are fixed in place. The graphite coatings on 
the outside surfaces are both grounded by contact with the aluminum rim. Electrical 
insulation for both the HV and collecting electrodes is provided by a border of bare 
Lucite around the edge, separating the graphited areas from the supporting rim. If 
beam uniformity or alignment is an issue, such a chamber can have its collector 
scribed into four quadrants, with as many bronze contacts leading out to coaxial 
connectors on the rim. 

IV. CHARGE AND CURRENT MEASUREMENTS 

A. General Considerations 
The typical order of magnitude of charge or current to be measured from ionization 
chambers can be estimated from the fact that an exposure of 1 R generates a charge 
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FIGURE 12.15. Simple design for a transmission ionization chamber. The size is optional, but 
the HV electrode should be larger in diameter than the ion collector, which in turn should cover 
the beam area to be monitored. (See text.) 
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of 3 x lo-" c in 1 cm3 of room-temperature air at a pressure of 1 atm. In most 
practical cases, ion currents lie in the range to lo-'* A. The measurement of 
such small currents, or the corresponding charges integrated over usual irradiation 
time intervals of seconds or minutes, requires careful technique and appropriate 
instrumentation, to be discussed next. A good general reference has been provided 
by Keithley et al. (1984). 

1. ELECTROMETERS 
Electrometers can be thought of simply as ultrahigh-impedance voltmeters. The gold- 
leaf electroscope, when equipped with a quantitative scale, qualifies as an early elec- 
trometer. Quartz-fiber electrometers are still in use with the Victoreen r-meter (Sec- 
tion III.A.6) and in self-reading pocket ion chambers. Greater sensitivity, and the 
convenience of electric meter readout, was provided by the vacuum-tube electrom- 
eter, many of which are still in use. The ultimate in electrometer sensjtivity for mea- 
surement of the smallest currents and charges is achieved with a vibrating-reed elec- 
trometer, such as the Carey Model 3 1 , which converts the DC input into an AC signal 
by means of an oscillating capacitance, and synchronously amplifies that single-fre- 
quency signal. 

Most modern electrometers, however, are of the solid-state operational-amplifier 
type, which is entirely satisfactory for practically all ion-chamber applications. Some, 
such as the Keithley Model 602, have an analogue meter display which can be simul- 
taneously read out with a separate digital voltmeter if desired. Others, such as the 
Keithley Model 616, have a direct digital readout. Such electrometers provide a 
variety of ranges of charge measurement by means of several built-in input capac- 
itors, and several current ranges with built-in resistors. 

For maximum flexibility of application it will be advantageous if the electrometer 
is designed with an inner chassis (and low-impedance terminal) that can be either 
grounded or biased at high voltage relative to the grounded case, as shown sche- 
matically in Fig. 12.16~1 and b. The front panel should also be equipped with both 
a coaxial and a triaxial terminal, or a triaxial terminal and a coaxial adaptor as in 
Fig. 12.16~. A separate adjustable dual-polarity HV source can then be used to bias 
either the ion-chamber collector or the chamber wall at any selected voltage and 
polarity relative to the other, as indicated in the figure. Applying a given negative 
voltage to the chamber wall with the collector at ground potential is of course equiv- 
alent to applying an equal positive voltage to the collector with the wall at ground. 
The guard ring remains at or near the same potential as the collector in either case, 
which is desirable to minimize leakage. 

Some electrometers have a built-in battery power supply to bias the internal chas- 
sis with respect to the case, but this convenience is outweighed by the loss of such 
options as being able to check for ionic recombination (see Section V). Such internal 
batteries also tend to be forgotten as they gradually lose their voltage and allow more 
and more recombination to occur, and may eventually damage the electrometer by 
corrosion. 
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FIGURE 12.16. (a) Coaxial-cable hookup with *HV on chamber wall, and collector and guard 
ring at ground potential. ( b )  Triaxial-cable hookup with *HV on chamber collector and guard 
ring, and chamber wall grounded. (c) Adapter from triax terminal to coaxial cable. Note that the 
outer conductor of the triaxial terminal is not used. 

Other special features may also be present in an electrometer; the manufacturer's 
instructions should be studied to be certain that the instrument is used correctly. 

2. HIGH-VOLTAGE SUPPLIES 
The HV power supply for biasing the ion chamber should be capable of providing, 
with front-panel controls, potentials from 0 to f500 V for cavity chambers, or 0 to 
& 5000 V for free-air chambers. Good regulation against line-voltage fluctuations 
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is essential, since HV fluctuations induce current to flow in the electrometer input 
circuit. 

A free-air chamber having a voltage divider to bias the field-guarding wires re- 
quires sufficient output current for that purpose. Otherwise the HV supply should 
be equipped with a series resistor (- lo7 a) inside the cabinet to limit the output 
current for safety. Note that measuring the output voltage then would require a volt- 
meter having an input impedance of at least lo9 0. Moreover, instantaneous ion- 
ization currents greater than - A would cause substantial voltage depletion 
( > 10 V) on the ion chamber, requiring reduction or removal of the limiting resistor. 

If a continuously adjustable HV supply is not available, a factor-of-two voltage 
change should be provided for assessing the degree of ionic recombination in the 
chamber, as discussed in Section V. A battery pack may be used for economy, but 
should be fully enclosed, output-limited for safety, and monitored regularly to verify 
its output voltage. 

3. GENERAL OPERATING PRECAUTIONS 

1. The electrometer input-shorting switch should be routinely kept closed ex- 
cept when a measurement is underway, to ensure that it will not be unintentionally 
left open during any action that might create electrical transients, such as turning 
on the electrometer, connecting the HV, or changing the input cable connections. 
Leaving the switch open also risks running the electrometer off scale due to excess 
charge-collection. Instability or even damage may result in such cases. 
2. All parts of the electrical circuit connected to the electrometer input must 
be well insulated and electrostatically shielded, for example by use of coaxial or 
triaxial cables. Inadequate insulation results in electrical-charge leakage into or 
out of the system, observable as positive or negative background current when 
radiation is absent. Inadequate electrostatic shielding is apparent through sen- 
sitivity of the system to motion of nearby objects, such as a hand waved around 
the chamber or cable. If such trouble is observed, the input cable should be dis- 
connected at the electrometer and a grounded metal cap placed over the terminal, 
to verify that the electrometer itself is stable with its input shorting switch open. 
Input-circuit components can then be connected one at a time to localize the cause 
of the problem. The HV source can also be removed and replaced with a ground- 
ing connection to ascertain whether it is causing the problem. 
3. All input-circuit cables should be of the nonmicrophonic type, * and should 
not be kinked, twisted, stepped on or flexed. Rough handling can cause large and 
variable background currents that may persist for hours. Small-diameter (e.g., 
Microdot X2) coaxial cables are relatively forgiving in this respect. Cable-con- 
nector insulators should not be touched, blown into with the breath, or allowed 
to get wet or dirty (see Section III.A.5). 

' 

*Ordinary coaxial cable can be made less microphonic by stripping off the outer cover and dousing the 
braided conductor with colloidal graphite. 
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FIGURE 12.17. (a) Classical null method for measurement of charge with an electrometer (E). 
Potential P is supplied by a standard potentiometer, S is the input shorting switch, and C the 
known capacitance upon which charge Q is collected by the potential P, where Q = CP when E 
is at null. (All polarities shown may be reversed.) (a) Classical null method for measurement of 
current with an electrometer. Known high-megohm resistor R replaces capacitor C in the circuit. 
The ionization current Z passes through R, thus generating a potential drop ZR that is equal in 
magnitude to the potential P when E is at null. 

4. 
cases and cable shields. 

A single common electrical ground should be connected to all equipment 

B. Charge Measurement 
The classical electrometer circuit for measuring charge by a “null” method (i.e., 
using the electrometer only as a null-detecting voltmeter) is shown in Fig. 12.17~.  
An analogue readout is needed for this manual-adjustment method. Before dis- 
cussing the operating procedure the capacitor C and the standard potentiometer will 
be described. 

1. CAPACITORS 
The capacitor C upon which the ionization charge is to be collected in Fig. 12 .17~  
should be a high quality three-terminal polystyrene-dielectric type, that is, with a 
groundable metal case not connected to either lead. To cover the usual charge ranges 
it will be convenient to obtain at least four such capacitors ( lo-”,  lo-’, lo-’, and 

F) and preferably the three intermediate decades also. These should be mounted 
inside (and grounded to) a metal box with the leads exiting through separate BNC 
connectors. The absolute values of such capacitors can be calibrated within 0.1 % 
by means of a 1000-Hz precision AC capacitance bridge, such as the General Radio* 
Model 1615, the calibration of which should in turn be traceable to a standards lab- 
oratory. It is assumed in this procedure that the capacitors have “nonlossy” di- 

‘General Radio Co. West Concord, MA 01781, U.S.A 
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electric, thus having the same capacitance value for DC electrometer use as that 
measured by the AC bridge. This is a good assumption for high-quality polystyrene 
capacitors such as Model SB or ST from Southern Electronics. * These capacitors 
do have a slight negative temperature coefficient, however, and should be used at 
approximately the same temperature as that at which they were calibrated. Oth- 
erwise their values are constant over long periods. 

It is interesting (and sometimes disappointing) to find that expensive high-quality 
standard capacitors are generally designed for AC use, and may be very leaky and 
unusable for DC applications. 

2. STANDARD POTENTIOMETERS 
To measure charge by the null method shown in Fig. 12.17a, not only must the value 
of capacitance C be known, but the potential Papplied to it as well. A standard po- 
tentiometer such as the Rubicon Model 27041 can deliver known potentials in the 
ranges 0 to 0.2 V and 0 to 2.0 V, internally calibrated against a standard cell. The 
accuracy of the dial and slidewire settings should be verified at a standards labo- 
ratory, but are generally found to be closer than 0.1% to the true potentials. 

Any highly stable and accurate, continuously adjustable voltage supply (e.g., 
Zener-diode stabilized) may be substituted, noting that higher voltages may be used 
with reciprocally lower capacitors C to measure a given range of charge values, since 
Q = CP. 

3. OPERATING PROCEDURE 
The sequence of steps involved in a charge measurement by the circuit illustrated 
in Fig. 12.17~ is as follows: 

1. Select the value of Cand the potentiometer range to accommodate the charge 
to be measured. For example, if the estimated ion current is 3 X lo-’’ A and 
a 1-min irradiation time is desired, Q p 2 X lo-* C. This can be collected on 
a capacitance of lo-’ F by P = 0.2 V, or on lo-’ F by 20 V. 
2. Make a trial irradiation to select the most appropriate electrometer voltage- 
sensitivity scale, that is, where the needle takes at least several seconds to reach 
full scale, and the potentiometer can easily be manually adjusted to keep the needle 
near the null position (for conventional free-air chamber measurements) or at least 
continuously on scale. This kind of visual-manual operation is not feasible with 
a digital electrometer display. 
3. With switch Sclosed, adjust the electrometer zeroing control to set the needle 
at an arbitrary “null” reading, which need not be zero; midscale may be more 
convenient. The input circuit is now at ground potential, and will be again when- 
ever the electrometer indicates a null reading. Set P at zero. 
4. With the radiation shutter closed, open switch S, isolating the input circuit 

‘Southern Electronics Go., Inc. 726 So. Flower St., Burbank, CA 91502, U.S.A.  
tRubicon Instruments, Penn Airborne ProductsCo., Industrial Blvd., Southampton, PA 18966, U.S.A. 
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at high impedance from ground. A slight offset from the electrometer null may 
be observed due to charge separation by contact potentials in the switch contacts. 
If so, readjust the electrometer zero to again read exactly null with S open. The 
input is now at ground potential, although insulated from ground. 
5. Open the shutter to begin a timed irradiation of the ion chamber. Adjust P 
continuously to keep the needle on scale. 
6. Immediately after the shutter closes, fine-adjust P to give an exact null read- 
ing on the electrometer. If the collected charge is positive, this will require a neg- 
ative potential P to be applied to the lower side of C,  as shown in Fig. 12.174. 
Since the upper side of C must be at ground potential, the voltage across C is 
therefore equal to P, and the positive charge stored in C is Q = CP (coulombs). 
Notice that since the input circuit is at the same potential (ground) at the end of 
the exposure as at the start, there can be no charge stored on the distributed ca- 
pacitance of the input circuit. Consequently Qmust be the entire charge (ofeither 
sign) collected in the chamber. 
7. The background charge should be measured in the same manner for ap- 
proximately the same elapsed time with the radiation source turned off. 

4. “RACETRACK” TIMING 
The following variation of the preceding method allows measurement of charge col- 
lected in a measured time interval without use of a shutter. Steps 1 and 2 in the fore- 
going section are unchanged. 

3. With S closed, adjust the electrometer zeroing control to set the needle 
somewhat below the midscale point. Midscale will be taken as the null point. Set 
P a t  zero. 
4. With the radiation beam already turned on, open S. As the needle crosses 
the midscale, start the stopwatch or timer. Adjust P to keep the needle on scale. 
5. When the irradiation is long enough for desired timing accuracy, over-adjust 
P to move the electrometer needle below the midpoint. Then stop the timer as 
the needle again passes the midpoint. As in the preceding method, Q = CP. Al- 
though the input circuit is slightly offset from ground potential when the needle 
is at the midpoint null position, the offset is the same at the start and finish, SO 

Qis still the total charge collected during the timed interval, none being trapped 
on the distributed capacitance. 

5. AUTOMATIC FEEDBACK OPERATION 
Clearly it would be more convenient, and probably more accurate, to arrange for 
the potentiometer in Fig. 12.174 to be automatically adjusted to make the elec- 
trometer reading remain constantly at its null setting. With modern high-gain elec- 
trometers this can be done very simply by means of a negative-feedback loop that 
also eliminates the need for the external potentiometer in the circuit, as illustrated 
in Fig. 12.184. The open-loop gain G of the operational amplifier may be taken typ- 
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FIGURE 12.18. (a) Operational-amplifier electrometer circuit for charge measurement. (6) Op- 
erational-amplifier electrometer circuit for current measurement, for which the high-megohm 
resistor R replaces C. 

ically as lo5, meaning that if a small negative potential Pi is applied to the negative 
(‘‘inverting”) input terminal (the positive input terminal being grounded as shown), 
a positive potential of Po = lo5 pi will simultaneously appear at the output terminal. 
Thus the potential across the capacitor C (with shorting switch S open) is Pi + Po, 
with the indicated polarity. 

Consider what happens when negative charge Qflows from the ion chamber: The 
input circuit is driven to a negative potential Pi, but as it does so the output potential 
rises to a lo5 times greater positive potential, Po, which is applied to capacitor C. 
The total potential across Cis then Po + Pi, and it holds a charge C(Po + e) = 4 
- CiPi, where Ci is the distributed capacitance of the input circuit to ground. The 
input impedance of the operational amplifier may be assumed to be too high to allow 
the passage of any significant charge. 

As a numerical example, let us assume that G = lo5, C = lo-’ F, Ci = lo-’’ 
F, and the negative charge from the ion chamber is Q = 4 X lo-’ C. Then lo-’ 
(Po + Pi) = lo-’ (lo5 + 1) Pi = 4 X lo-’ - lo-’’ Pi, which may be solved to obtain 
Pi = 3.999956 X lob5 V V; hence Po E 4 V. Thus the value of charge 
collected from the ion chamber is very accurately equal to the product of C and the 
output potential Po, provided that the open-loop gain G is very large. 

Because C is now a built-in capacitor in the electrometer, it should be calibrated 
in situ. In fact there are usually several capacitors of different values that can be 
switched into the circuit to change ranges in modem electrometers, and each needs 
calibration. Moreover, the output voltmeter in Fig. 12.18~2 is usually readable di- 
rectly on a scale that is calibrated in coulombs in place of volts when charge is being 
measured. Thus the method of calibration basically is to inject a known charge into 
the electrometer’s input terminal, and compare it with the resulting charge reading 
of the electrometer. This can be done accurately and easily for several points on each 
charge scale by the method shown in Fig. 12.19~1, in which C, is a high-quality ca- 

4 x 
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PIGURE 12.190. Calibration method for a charge-meamring feedback-controlled electrometer. 

pacitor of known value. The calibrated polystyrene capacitors described in Section 
1V.B. 1 may serve as C,, and a potentiometer such as those discussed in Section IV.B.2 
can be used for supplying P. The following steps should be followed: 

1. 

2. 

3. 

4. 

With S shorted and P set at zero, adjust the electrometer scale or digital dis- 
play to zero on the charge range to be calibrated. The electrometer’s wiring 
diagram will show the nominal value of Cemployed for that range; C, should 
be selected to be preferably of the same order of magnitude. 
Open S; rezero as necessary. Adjust Pfrom zero in stepwise fashion, for ex- 
ample, to 0.1 V,  0.2 V, . . . which will insert charges of 0.1 C,, 0.2C,, , . . 
into the input circuit. The electrometer charge readings, if correct, should 
be identical to these values. One can thus quickly calibrate as many points 
as desired to verify linearity, and derive the corresponding correction 
factor( s) . 
Return the P-setting to zero to check that the electrometer again indicates 
zero, and hence that no charge has leaked on or off of the input circuit during 
the preceding sequence. 
Close S, set the electrometer to the next charge range, and repeat steps 1 
through 4, until all ranges have been calibrated. 

Such a calibration should be repeated periodically (say, yearly), although significant 
capacitance changes are uncommon. 

C. Current Measurement 
The classical electrometer circuit for measuring current by a “null” method (i.e., 
using the electrometer only as a null-detecting voltmeter) is shown in Fig. 12.176. 
Before discussing the operating procedure, the resistor R will be described. 

1. HIGH-MEGOHM RESISTORS 
The resistor R in Fig. 12.176 must of course be large compared to the internal re- 
sistance of the series potentiometer, and small compared to the input resistance of 
the electrometer. Since these two limits are usually at least ten orders of magnitude 
apart, they allow R to be selected simply to generate a convenient ZR drop across 
it when the input current Z passes through. For example, to obtain IR-drop values 
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FIGURE 12.19b. 
ter. The output impedance of the curtent source must be large compared to R. 

Calibration method for a current-measuring feedback-controlled electrome- 

between 0.1 and 2 V for all currents ranging from to lo-'' A would require 
R-values of lo6, lo7, lo8, lo9, lo'', lo", lo'', and l O I 3  n. 

Conventional carbon resistors are available in values up to 10' Q; with higher 
values one must use so-called "high-megohm" resistors. * These are usually sealed 
in glass or plastic envelopes to protect them, and coated with silicone varnish to resist 
humidity-induced surface leakage. The silicone must be kept clean; only the metal 
leads may be handled. 

Carbon-film-type high-megohm resistors tend to be unstable, electrically noisy, 
and to have high negative coefficients with respect to voltage and temperature. All 
of these tendencies increase with the nominal resistance value: at 1013 the voltage 
coefficient is % -O.l%/V, the temperature coefficient is -0.2%/"C, and cal- 
ibration changes of - l % are sometimes seen over short time intervals. 

Metal oxide types of high-megohm resistors are generally better in all these re- 
spects, but are presently available only up to 10" Q. Resistances greater than this 
value are not used in most commercial electrometer circuits. Instead the ZR drop 
of < O .  1 V is amplified to provide a full-scale reading even on the 10-'4-A range. 
Another disadvantage of using larger resistances that is thereby avoided is the slug- 
gish response that results from long RC time constants, where C is the distributed 
capacitance of the input circuit, including the ion chamber and cable. 

2. OPERATING PROCEDURE 
The sequence of steps involved in a current measurement by the circuit shown in 
Fig. 12.176 is as follows: 

1. 
measured. For example ifacurrent of 
will generate an IR drop of 
cordingly. 
2. 

Select the value of R and the range of P to accommodate the current being 
3 X 10-''A is expected, the 109-Q resistor 

0.3 V, calling for the potentiometer to be set ac- 

Select the electrometer voltage-sensitivity scale that will provide the largest 

Victoreen, Inc., Cleveland, Ohio; or K & M Electronics, West Springfield, Massachusetts. 
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possible on-scale reading when the current is flowing through R, and P is set at 
zero. 
3. With the radiation beam turned off and Pset at zero, open the input shorting 
switch Sand set the electrometer’s zero adjustment to give a zero reading, which 
will be taken as the null point. This compensates for any background current. 
(If it is desired to know the value of the background current, it can be observed 
separately by setting the null with S closed, then opening S and measuring the 
current with the radiation source turned off.) 
4. Turn on the radiation source. For a constant ionization current I, a constant 
voltage ZR will be developed across R, resulting in a constant electrometer read- 
ing. (Some random noise may be present in the signal, probably due to instability 
of the high-megohm resistor.) Now the potentiometer is to be adjusted to a value 
P = -ZR, which brings the electrometer reading back to its null position again, 
since the input circuit is thus restored to the same potential it had just before the 
radiation was turned on. In the presence of a noisy signal this null adjustment 
must be a best estimate by eye, which decreases the precision possible. (Charge 
measurement with a capacitor is to be preferred in determining the time-averaged 
current with greater precision as well as accuracy.) 

3. AUTOMATIC FEEDBACK OPERATION 
As in the case of charge measurement with a capacitor, current measurement with 
a resistor can be done automatically by means of a feedback loop as in Fig. 12.186. 
With negative current I flowing from the ion chamber and through R, the ZR drop 
equals P, + Po. For an open-loop gain G = lo5, P, = lo5 Pi; hence ZR = (1 + 
Po 

Because R is usually a built-in resistor in the electrometer, it requires calibration 
in situ. There are usually several resistors of different orders of magnitude that can 
be switched into the circuit to change ranges, and each needs calibration. The output 
voltmeter in Fig. 12.186 is usually readable directly on a scale calibrated in amperes 
in place of volts when current is being measured. Thus a convenient method of cal- 
ibration is to flow a known current into the electrometer input (see Fig. 12.196) and 
compare it with the resulting current reading of the electrometer. This requires a 
constant-current source having an output impedance that is very large compared 
with R. The Keithley Model 261 current source is suitable for this purpose, providing 
currents in multiple ranges from 1 0 - ~  to 1 0 - l ~  A. 

As a cross-check between the current and charge calibration of a multifunction 
electrometer, it is advisable also to use the constant-current source to feed known 
currents into the electrometer input for accurately measured time intervals, with the 
electrometer set on the appropriate charge range. Assuming that the charge range 
has been correctly calibrated by the method shown in Fig. 12.190, this current-in- 
tegration check should give a charge reading in close agreement. Of the two methods 
the one shown in Fig. 12 .19~  is capable of greater accuracy, however, in case a dis- 
crepancy is observed. In fact the current source itself may be recalibrated by means 

Po. The input potential P, remains practically equal to zero. 
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of this cross-check. One should be suspicious, however, on finding serious (> 1 ’%) 
calibration errors in the Keithley Model 261, especially on more than one range, 
unless it has been damaged. 

If such a high-impedance current source is not available, one may simply use an 
ion chamber under constant irradiation to replace it in Fig. 12.196. The correct value 
of its output current is first established by a measurement of the charge collected in 
a known time interval, using the method in Fig. 12.18a. (We assume that the elec- 
trometer’s charge ranges have already been calibrated by the capacitor method shown 
in Fig. 12.19u.) Different-sized chambers and/or exposure rates can be used to pro- 
duce suitable current levels for calibrating the various electrometer current ranges. 
The constancy of the current of course depends on the ambient temperature and 
pressure, as well as the exposure rate. 

D. Atmospheric Corrections 

1. AIR DENSITY 
The charge or current collected from an ion chamber in a given field of radiation 
depends on the mass and type of gas in the chamber. If, as is most often the case, 
the chamber volume is open to the ambient atmosphere and is allowed to reach tem- 
perature equilibrium with its surroundings, the air density inside can be calculated 
from the following equation: 

(12.16) 

where p0.760 is the density of dry air at at O°C and 760 torr (1 atm), having a value 
of 1.2929 kg/m3 or 0.0012929 g/cm3 (note that 22OC and 760 torr are commonly 
used as reference conditions for the calibration of ion chambers); T is the Celsius 
temperature; P is the atmospheric pressure (torr); and P, is the partial pressure of 
water vapor in the air (torr). Here 1 torr = 1 mm Hg = 133.32 Pa. 

At 22OC the vapor pressure of water is 19.827 torr, and it increases with tem- 
perature at a rate of approximately 1.21 torr/OC near that temperature. Relatiue hu- 
midi9 (RH) is the fraction (or more usually, percentage) of the saturated value of 
vapor pressure that is present. Thus at 22OC and 100% RH, P, = 19.827 torr; at 
50% RH, P, = 9.914 torr, and so on. If P = 760 torr and P, = 9.914 torr, for 
example, the air density calculated from Eq. 12.16 is 0.5% less than that obtained 
when the air is assumed to be dry (Pw = 0). Each 10% increase in RH evidently 
decreases the air density by about 0.1 % at 760 torr, 22OC. 

The barometric pressure P, temperature T, and water-vapor pressure Pw all should 
be measured by suitable instruments located in the same room as the ion chamber. 
T should be measured to within f0.2OC at a location near the chamber, allowing 
adequate time for temperature equilibrium to be reached after the chamber is placed 
in position. P should be measured to within f0.5 torr. P, should be determined 
within about f 1.3 torr, through a measurement of RH within f 7%.  Such mea- 
surements will provide values of T, P, and P, such that each will influence p by less 
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than f 0.07'36, and their combined effect as independent parameters will be 
3 *0.1%. 

Since any of these parameters may vary with time, they should be remeasured 
at frequent enough intervals to avoid significant errors from this cause. 

In practical ionization measurements the presence of humidity in air is often ig- 
nored because of the extra nuisance it involves, and because the effect of humidity 
on Wle is such that it works in opposition to the density change when correcting the 
observed ionization to the value that would result if the chamber contained dry air 
at 22OC, 760 torr. The resulting net error (typically < 0.3%) will be discussed after 
the humidity effect on Wle has been described in the next subsection. 

2. EFFECT OF HUMIDITY ON (W/e),, 
For dry air exposed to x-rays or other low-LET radiation, Wlemay be taken to have 
the value 

(W/e>, = 33.97 J/C 

(wle), for humid air is less, and the ratio (WIe),,I(WIe), has been reported by 
Niatel (1969) to follow the lower curve shown in Fig. 12.20. A decrease in W/e of 

Relative Humidity (%)at 22"C,760 torr. 
0 19 38 58 77 96 

- 

- 

- 
- 

Relative Partial Pressure of Water Vapor (%) 
FIGURE 12.20. Upper CUTW: Ratio of the ionization Qh produced in humid air to that (Q) 
produced in dry air, for a constant B-G cavity chamber volume. temperature, and total pressure, 
as a function of relative partial pressure of water vapor (bottom scale) or relative humidity (top 
scale). Lower cum: The ratio of (w/e)h for humid air to (El& = 33.97 J/C for dry air. 
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course means more ionization is produced by a given expenditure of energy. Ev- 
idently the effect is nonlinear, with the first 20% RH causing as much decrease in 
(Wl+ as the RH change from 20% to 90%. This nonlinearity is probably related 
to the Jesse effect (see Section V1.F). 

pro- 
duced in a B-G cavity ion chamber varies with the air humidity, assuming a constant 
chamber volume, temperature, and atmospheric pressure. Note that the density and 
mass of gas in the chamber under these conditions decrease with increasing humidity, 
as discussed in the preceding section. This decrease in mass tends to reduce (Lh, in 
opposition to the effect of ( w / d ) h  increasing Qli as the humidity increases. However, 
the curve in Fig. 12.20 is not simply the product [ ( ~ l ~ ) ~ l ( ~ l e ) ~ ] . ( p ~ l p , ) .  It 
will be shown as follows that the density ratio here should be replaced by’a ratio of 
lincar collision stopping powers. 

Consider a B-G cavity chamber given identical x-irradiations when filled with 
(a) dry air or (b) humid air, at 22OC and 760 torr. The x-rays interact with the cham- 
ber wall to generate an electron fluence 6 crossing the cavity. In a B-G cavity these 
electrons are assumed to produce all the ionization observed in the cavity gas, and 
the gas is assumed not to perturb 6. 

The upper curve in Fig. 12.20 (ICRU, 197913) shows how the ionization 

The absorbed dose in the dry air is 

(12.17) 

where (dTlpdr), = mass collision stopping power of the dry air with respect to the 

40 = charge of either sign produced in the cavity air, 
pa = air density, 
V = chamber voIume (constant), and 

crossing electron fluence a, 

(w/& = mean energy spent per unit charge produced in dry air. 
The corresponding equation for absorbed dose in humid air is identical to Eq. (1 2.17), 
with subscript h replacing a. Solving both equations for CP (which has the same value 
for both irradiations) and setting them equal gives 

Cancellation of V and pu simplifies this to 

(12.19) 

which provides the function plotted as the upper curve in Fig. 12.20. (dT/&)J(dT/ 
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dr), decreases as a function of humidity only about two-thirds as fast as ph/po, because 
the mass collision stopping power of water vapor is greater than that of air. As a result 
(WQn is fortuitously flat, having a value 1.0028 f 0.0003 over the range 15-75% 
RH. 

3. ATMOSPHERIC CORRECTION OF AN EXPOSURE-CALIBRATED 
ION CHAMBER 
The calibration of ion chambers in terms of x- and y-ray exposure is a service pro- 
vided by standardization laboratories such as the National Bureau of Standards and 
the Accredited Dosimetry Calibration Laboratories in the United States. Such cal- 
ibrations are discussed generally in Chapter 13; we will only consider the atmospheric 
correction here. 

The exposure calibrufion factor of a chamber for a specified quality of x or y radiation 
is given as 

X 
N, = - 

M 
(12.20) 

in which Xis the free-space exposure at the point occupied by the center of the cham- 
ber, and M is the charge collected from the chamber as a result of that exposure, 
normalized to 22°C and 760 torr. (We can ignore the effect of ionic recombination 
for present purposes; that will be considered in Section V). 

At the time of this writing the standardization laboratories in the United States 
do not correct M for the humidity present in the air at the time of the calibration. 
The atmosphere in those air-conditioned laboratories is controlled to have a tem- 
perature in the neighborhood of 22OC, and the RH lies between 15% and 75%, 
usually around 50%. M is simply normalized to 760 torr and 22OC by the calibrating 
laboratory through application of the equation 

760 273 + T o C )  
M = M' (7 * 

273 + 22 
(12.21) 

where M' is the charge measured under the existing calibration conditions, and M 
is the corrected value to be divided into the exposure X to give the calibration factor 

Since such a value of Nx is correct for typical laboratory humidity conditions, no 
humidity correction should be applied in using it. That is, when the chamber is used 
later to determine the x-ray exposure in a beam of similar quality, the measured 
chargeM' should be corrected to 22OC, 760 torr through Eq. (12.21), then multiplied 
by Nx to obtain X according to Eq. (12.20). Assuming that the humidity effect is 
about the same ( 0.3 %)during calibration and application of the chamber (see Fig. 
12.20, upper curve), its influence cancels and produces a negligible error. 

In the event that a standardization laboratory is known to correct for atmospheric 
humidity in evaluating the factor N,, then the user should do so also. This is done 
b y  replacing Eq. (12.21) with 

N,. 
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760 273 + T(OC) 
273 + 22 

(12.22) 

where the value of(Q,/&) is either obtained from Fig. 12.20 if the user's air humidity 
is known, or estimated as n0.997 for the typical range of humidities. 

4. RELATIONSHIP OF IONIZATION TO ABSORBED DOSE IN AN ION 
CHAMBER 
The ionization Q produced in any gas is related to the absorbed dose D in the gas 
by 

(12.23) 

where each quantity refers to the gas under the actual conditions ofthe measurement. 
If humid air occupies the chamber, then Q is the charge (in coulombs) produced in 
the chamber, and p is the density (kg/m3) of the humid air, as derived from Eq. 
(12.16). Vis the chamber volume (m3), which may usually be assumed to be in- 
dependent of humidity; but for some wall materials (Nylon, A150 plastic) storage 
under humid conditions causes swelling, which increases V(Mijnheer et al., 1983). 
V is not an immediate function of the ambient humidity at the time of the mea- 
surement, however. w/t is the value appropriate for the air at the existing humidity 
level. From Fig. 12.20 (lower curve), it can be seen that for a relative partial vapor 
PI_ essure of say, 1.0%, one has (yle)hlw /e)a = 0.994. Since (Wle), = 33.97 J/C, 
(W/e),, = 33.8 J/C in this case. D is the corresponding absorbed dose (J/kg) in the 
humid air. 

Notice that in this case there are no standard conditions to which one is trying 
to normalize; hence only the existing conditions are relevant. 

V. 

A. 
The absorbed dose deposited in a gas by ionizing radiation is proportional to the 
charge Qproducedin the gas, according to Eq. (12.23). In any practical case the charge 
4' that is collected by the biased electrode in the chamber and measured by the elec- 
trometer circuit is less than Q, because of recombination of some positive and neg- 
ative ions within the gas. An ion chamber is said to be saturated to the degree that 
such ionic recombination is absent. Increasing the ion-collecting potential applied 
to the chamber generally decreases recombination and asymptotically approaches 
saturation. Figure 12.21 illustrates the typical variation of the collected charge Q' 
as a function of applied potential. 

ION-CHAMBER SATURATION AND IONIC RECOMBINATION 

Charge Produced vs. Charge Collected 
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It is not possible to increase the applied potential indefinitely to eliminate re- 
combination altogether, because of the onset of either 

electrical breakdown of insulators, or 
gas multiplication, in which the free electrons gain enough kinetic energy 
from the electrical field within their mean free path in the gas to ionize the 
next atom they encounter. Thus extra ionization, not due to the ionizing 
radiation field, is produced. This is desired in proportional and Geiger- 
Miiller counters, but not in ionization chambers. 

a. 
b. 

Consequently it is necessary to estimate the magnitude of the charge deficiency Q 
- Q' , or of the collectzon ejiciency f = Q'IQ, and make a correction to obtain the charge 
Q produced in an ion chamber. Fortunately this can be done simply in practice in 
most cases, assuming that the ion-chamber volume does not contain low-field "pock- 
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ets” of persistent recombination as a result of poor geometry. For example, internal 
corners should be rounded, not sharp, and the ends of a cylindrical chamber should 
be hemispherical rather than flat. 

B. Types of Recombination 

1. INITIAL OR COLUMNAR RECOMBINATION 
This process occurs when the + and - ions formed in the same charged-particle 
track meet and recombine. Therefore it is independent of dose or dose rate, since 
the number of tracks occurring per unit volume of gas does not influence the re- 
combination within a given track, unless the space-charge density becomes so great 
that the electric field strength is weakened, or the tracks begin to overlap. Initial 
recombination is most likely to occur in densely ionized tracks, that is, for high-LET 
tracks such as those of a-particles. It may also be important for electron tracks in 
high-pressure gases, but is negligible for electrons at 1 atm or less with collecting 
fields > 100 V/cm. 

The Jaffe-Zanstra theory (see Boag, 1966, 1986) treats this process mathemat- 
ically in terms of cylindrical columns of ions; hence the alternative designation GO- 
lumnar recombination. 

2. GENERAL OR VOLUME RECOMBINATION 
This occurs when ions from different tracks encounter each other on their way to 
the collecting electrodes. Thus the amount of this type of recombination that occurs 
depends on how many ions are created per unit volume and per unit time. Con- 
sequently general recombination is dose-rate-dependent, since a greater density of 
ions of both signs moving past each other increases the probability that they will 
recombine. 

C. Types of Gases 
A free electron produced in an ionizing event may become attached to a neutral gas 
atom, thus making a negative ion. This is likely to happen in ektmmgaative gases, for 
example, 02, air, SF,, Freon 12, and other gases containing even small amounts 
of Ozr HzO, NH3, HCl, SiF,, or the halogens. It is difficult in practice to be certain 
that a gas is free enough of unwanted impurities to allow nonelectronegative behavior 
(no electron attachment). However in pure form N2, C02 ,  H2, Ar, He, methane, 
ethylene, BF3, butane, and methane-based TE gas are nonelectronegative. 

In general it is much easier to saturate an ion chamber containing a nonelec- 
tronegative gas. This is because the drift velocity of a free electron under normal 
ambient conditions is - 10’ cm/s per V/cm, while that of a negative ion is only about 
1 cm/s per V/cm. Thus free electrons can be cleared out of the ion chamber so rapidly 
that they have little chance to recombine with the positive ions, even with usual ap- 
plied potentials ( - 10‘-lo3 V/cm). The following discussions of recombination deal 
with the electronegative case, which includes air. 
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1. Plane-parallel chambers have uniform field strength X = P/d throughout the 
chamber volume (neglecting edge effects, which can be controlled by guard elec- 
trodes). Hence in the example shown in Fig. 12.22~2, a potential of 100 V across 
a gap of d = 2 cm produces a homogeneous field strength of X = 50 V/crn. 
2. Cylindrical chamber geometry can be characterized in terms of a, the radius 
of the outer electrode; 6, the radius of the inner electrode; X ( r ) ,  the field strength 
at radius T;  and the applied potential P, as indicated in Fig. 12.226. X(r )  is related 
to the other parameters by 

(12.24) 
P 

T In (ah) 
X(r) = 

In the example shown, if a = 3 cm and 6 = 1 cm, giving a separation dof 2 cm 
(the same as for the parallel case), a potential P = 100 V would result in a field 
strength of 

91 
r l n  (3/1) T 

- _  - 100 
X ( r )  = 

Thus 3c = 91 V/cm at T = 1 cm, i.e., at the inner electrode surface, 45.5 V/cm 
at T = 2 cm, and 30.3 V/cm at T = 3 cm, the outer wall. 
3. Spherical chamber geometry is also illustrated by Fig. 12.226. In that case 
the field at radius r is given by 

Hence for the same example 

100 X 3 X 1 150 - -  X ( r )  = - 
r2 (3 - 1) r2 

P= 100 v 
t 

X =  50V/crn d=2crn 

- 

(12.25) 

FIGURE 12.22. Comparing electric field strengths in plane-parallel VS. cylindrical VS. spherical 
ion chambers: (a) plane-parallel geometry, (b )  cylindrical or spherical geometry. P is taken as 
100 V,  d = 2 cm, a = 3 cm, and b = 1 cm for the examples considered. 
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and the field strengths are 

%( 1 cm) = 150 V/cm 

X(2 cm) = 37.5 V/cm 

(at the inner electrode) 

(midway between electrodes) 

and 

X(3 cm) = 16.7 V/cm (at the outer wall) 

The weakening of the electric field throughout a large part of the volume in cy- 
lindrical and spherical chambers, compared to plane chambers of the same electrode 
separation, requires a higher value of Pto  produce the same ion-collection efficiency, 
as will be discussed in the next section. 

E. Boag's Treatment of Mie's Theory of General or Volume 
Recombination for Constant Dose Rate in an EIectronagative Gas such 
as Air 
The general equation for the charge-collection efficiency f = Q'/Qfor constant dose- 
rate in a continuous radiation field is 

1 

1 + 
f=- (12.26) 

in any ion chamber containing electronegative gas (e.g., air), and where f L 0.7. 
For plane-parallel chambers, the dimensionless quantity [ is given by 

(12.27) 

where m = a gas constant, 36.7 V s"' cm-'12 esu-'12 for air at STP, 
d = plate separation (cm), 
q = Q/vt (esu/cm3 s), 
P = applied potential (V), 
a = recombination coefficient (cm3/s), 
e = electron charge = 4.8032 X lo-'' esu, 

k ,  = mobility of positive ions (cm2/Vs), 
k2 = mobility of negative ions (cm*/Vs), 

v = volume of ion chamber (cm3), and 
1 = irradiation duration, assumed to be long compared to the ion-transit 

time of - 1 ms. 
Here the electrostatic unit of charge (esu) is 3.3357 X lo-'' C .  

Equation (1 2.26) forf easily reduces to 

(12.28) 
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where c = m2d4/6vt is a constant. This equation predicts that l / Q '  values measured 
at several values of Pcan be extrapolated to UP2 = 0 to obtain l/Q, that is, to correct 
for general recombination in the case of continuous irradiation. Figure 12.23 il- 
lustrates this. Note that if (2; is the charge collected at a potential P, ,  and Q; is that 
for potential P2 = PJ2 ,  then 1JP; = 4JP: and (1/Q;) - (l/Q) = [(l/Q;) - (l/Qi)]/ 
3;  hence 

(for P, = ZP,) (12.29) 3QiQ; and Aion = 4 - Q' 
= 4Q; - Q; Q 3 3Q; 

That is, the change in reciprocal charge collected in going from P,  to P2 is 3 times 
that in going from P,  to P = 00,  ( U P  = 0).  Aion is defined here in advance of its ap- 
plication in Chapter 13. 

For cylindrical chambers Eq. (12.26) still gives the ion-collection efficiency for 
volume recombination, but [ is given by 

(12.30) 

where a and bare the outer and inner electrode radii, respectively, as in Fig. 12.226, 
and K,,, is given by 

alb) - 1 2 

For spherical-geometry chambers the corresponding is given by 

[ (a  - 6) Ks,h12 4 
P Esph = m 

(12.31) 

(12.32) 

I /d 

FIGURE 12.23. Graph of Eq. (12.28). illustrating the extrapolation of l lQ' vs. 1/P2 to l lP2  = 
0, yieiding 114. Thus the charge Qproduced can be determined for the cam of continuous radia- 
tion with general recombination occurring in an electronegative gas. 
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in which Ksph is defined as 

(12.33) 

In cylindrical and spherical geometries, increasing the appiied potential to a value 
of K:yI Por K:phP, respectively, produces the same collection efficiency as for a plane 
chamber with d = a - b and potential P. For the example in Section D, where a = 
3 cm, b = 1 cm, and P = 100 V, K:yiP = 110 Vand K:,,hP = 144 V. 

F. Extrapolation for Initial Recombination 
in case volume recombination is negligible and only initial recombination remains, 
the Jaffe-Zanstra theory predicts for an electronegative gas that 

1 1 6 '  + -  _ - _  - 
4' Q p 

(12.34) 

where c '  is a constant and P is the applied potential. Thus in this case the type of 
plot shown in Fig. 12.24 is used in obtaining Q. Note that for P2 = P, /2 ,  

( 1 2.35) 

That is, the change in reciprocal charge collected in going from P2 to P, is the same 
as that from P, to P = in this case. Note that a straight-line region of l/Q' vs. 
1/P occurs when the potential gets large enough to virtually eliminate volume re- 
combination, leaving some initial recombination. As mentioned before, this is only 
significant for high-LET radiation, high-pressure gas, or both. 

I /Q' 

0 I 2 3 4 
I/P 

FIGURE 12.24. Graph of Eq. (12.34), illustrating the extrapolation of l/Q' vs. 1/P to 1IP = 
0, yielding l/Q. Thus the charge QCM be determined for initial recombination with either pulsed 
or continuous radiation, or for general recombination with pulsed radiation only, in an eleetro- 
negative gas. 
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G. Pulsed Radiation 
Boag and Currant (1980) have recently updated Boag’s earlier (1966) treatment of 
ionic recombination for pulsed radiation in electronegative gases. The pulses are 
assumed to be short compared to the ion transit time ( -  l op3  s), and the repetition 
rate must be slow enough so ions can clear out between pulses. Boag (1986) has dis- 
cussed the problems of overlapping pulses and long pulses. For the case where many 
pulses occur during the ion transit time, one can approximate by using the contin- 
uous radiation theory of ionic recombination, referred to the time-aucruged value for 
q in Eq. (12.27), or extrapolating according to Fig. 12.23. If pulses are very long 
compared to the transit time, continuous radiation theory obviously applies, where 
q is the value existing duting the pulse or pulses. 

In Boag’s treatment of short pulses, 

1 
f = - l n ( 1  + u )  

U 

where 

ale  pd2 

k, + k, P 
u = - - -  

(12.36) 

(12.37) 

in which p is the initial charge density of positive or negative ions created by a pulse 
of radiation (esu/cm3), d is the electrode spacing (cm), and the other quantities are 
as previously defined. For cylindrical or spherical chambers, d is to be replaced by 
( a  - b)K,,, or (u  - b)K,,,, respectively. 

Boag and Currant have shown that simply measuring the charges collected 
(Q;, Q;) at two different applied potentials (PI, P2) can yield an accurate value of 
f for pulsed radiation, as follows: 

Assuming R pulses of fixed size p are measured in each run, the charge generated, 
of either sign is Q = nup; hence 

Q; - 1 
Q u2 

fp = - - -In (1 + u p )  

The ratio of Eq. (12.38) to Eq. (12.39) is 

or 

(12.38) 

(12.39) 

(12.40) 

(12.41) 
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since from Eq. (12.37) 

k k 
u, = - and us = - 

Pl p2 
(12.42) 

where k is a constant. u1 can then be solved for in Eq. (12.41) and employed in Eq. 
(12.38) to obtainf,, the ion collection efficiency for voltage P,; and Q, the charge 
produced in the gas. 

For near-saturation conditions (f > 0.96), the simple l/Q'-vs.-l/P graph shown 
in Fig. 12.24 is correct also for pulsed radiation. Furthermore, by using P2 = 
P,/2 one can again take advantage ofthe simple relationship in Eq. (12.35) to obtain 
the value of Q from the following equation: 

(for P, = 2Ps,f > 0.96) QXZ 
2Q; - 4; 

(22 (12.43) 

The AAPM protocol (1983) has provided a graph of Pion, the reciprocal of the 
ion-collection efficiencyfat the given chamber voltage PI, as a function of the charge 
ratio Q;/Q; observed when the voltage is halved to P2 = PJ2. Data are given for 
continuous radiation, pulsed radiation, and a pulsed and magnetically scanned elec- 
tron beam (Boag, 1982). This figure is reproduced in Fig. 12.25. Simple mathe- 
matical statements of these curves have been provided elsewhere (Attix, 1984a). 
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FIGURE 12.25. Ionization-recombination correction factors (Pion) zs Q/Q; for continuous ra- 
diation, pulsed radiation, and pulsed scanning electron beams. Pi,-values apply to the chamber 
potential PI when Q:/Q; is the collected charge ratio for potentials P,/P, = 2. (AAPM, 1983. 
Reproduced with permission from R. J. Schule and The American Institute of Physics.) 
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In conclusion, one should keep in mind that if saturation losses are excessive, the 
chamber may be malfunctioning (e.g., poor HV connection, or short to ground). 
Besides electrical continuity checks, a radiograph of the chamber may reveal a fault. 
If the chamber is found to be normal, the substitution of pure N2 (or other non- 
electronegative gas) for air (e.g., by flowing) will greatly decrease the amount of 
recombination observed. Boag (1986) and Bielajew (1985) have discussed the effect 
of incomplete attachment of electrons in electronegative gases in small chambers, 
at low pressures and/or with high electric fields. 

VI. IONIZATION, EXCITATION, AND W 

A. Definition of Wand 
An atom can be ionized in a variety of ways, but collision by charged particles in- 
teracting with the atomic electrons through Coulomb forces is the most important 
in dosimetry, since the dose is deposited almost entirely by charged particles. Such 
collisions also produce excitation of atoms, in which an electron is raised to a higher 
energy level, and this energy is also part of the dose. The energy going into excitation 
decreases the ionization efficiency of a charged particle, so that one cannot compute 
the number of ions by dividing the initial kineticenergy To by the ionization potential 
of an atom (i.e., minimum energy to ionize). Instead this efficiency is expressed in 
terms of W, the mean energy (in eV) spent by a charged particle of initial energy 
To in producing each ion pair: 

w = =  TO 
N 

(12.44) 

where % is the expectation value of the number of ion pairs produced by such a par- 
ticle stopping in the medium (usually a gas) to which W refers. 

Alternatively W was also defined by the ICRU (197 1) as 

(12.45) 

where g is the fraction of To spent by the particle in bremsstrahlung production, and 
g' is the fractional number of ion pairs produced by the bremsstrahlung. This def- 
inition assumes the escape of the bremsstrahlung; therefore it is consistent with the 
definition of exposure in any dosimetry situation in which the bremsstrahlung energy 
is lost from the system. 

For a large number n of charged particles having a multiplicity of startingenergies, 
an average value of w may be defined as in Chapter 2, Section V.B, Eq. (2.21): 

n 

(12.46) 



340 IONIZATION CHAMBERS 

where Ti( 1 - gi) is the kinetic energy of the zth particle, exclusive of energy given 
to bremsstrahlung, and Ni( 1 - g;) is the number of ion pairs created by the ith par- 
ticle, exclusive of ionization resulting from the bremsstrahlung. 

For charged particles heavier than electrons, gi and g,! in Eqs. (1 2.45) and (1 2.46) 
may be taken as zero. Furthermore gi E gi for electrons if is high enough so that 
W is constant. 

When one speaks of a W-value for uncharged radiation (photons or neutrons), 
the definition in Eq. (12.46), applied to all the secondary charged particles that result 
from the interactions by the uncharged radiation in the medium in question, is what 
is commonly meant, assuming that bremsstrahlung escapes. If bremsstrahlung en- 
ergy is to be included, Eq. (12.46) still applies, but with g; and g: set equal to 
zero. 

6. Calculation of W 
In general W cannot be calculated for a gas, because of lack of knowledge of the 
relevant physical quantities. However, Robert Platzman (1961), who is responsible 
for much of our understanding of the role of excitation and ionization in dosimetry, 
was able to calculate W for helium. He wrote the following energy conservation 
equation for an electron stopping in He: 

To = &E + N,,E,, + SE, - -  
(12.47) 

where - To = initial kinetic energy of the electron, 
Ni - = mean number of ion pairs (ionized atoms and free electrons) produced, 
E i  = mean energy of an ionized atom, 

N,, = mean number of excited atoms produced, 
E,, = mean energy of an excited atom, 
E ne = mean energy of subexcitation electrons (which degrades to heat through 

elastic collision in atomic gases, and also through rotational and vi- 
brational modes in molecular gases). 

- 
- 
- 

The equation for W is 
- 

To - N -  - 
Ni Ni 

W = =  = Ei + 4 E ,  + E,, (12.48) 

From theoretical atomic physics for helium Platzman derived the following values 
for the quantities on the right: 

- 
Ei = 25.9 eV = 62% of W - - 

E,, (%) = 20.8 eV x 0.40 = 20% of W 
- 
E,, = 7.6 eV = 18% of W 

Hence W = 41.8 eV, which approximately equals the value (41.3 eV) obtained ex- 
perimentally for pure He. 
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It will be seen that in this case about three-fifths of the energy spent goes into 
ionization, one-fifth into excitation, and a similar fraction is lost to subexcitation 
electrons, which heat the gas without creating further excitation or ionization. All 
three components are included in the energy imparted as absorbed dose. However, 
- E ,  has no biological consequences, and E,, certainly has much less effect than 
Ei per unit energy spent. 

Table 12.1 compares first ionization potentials ( E l )  with measured values of W 
for several gases. It can be seen that the ratio of E, to We (for electrons) tends to have 
a value of about 0.58 f 0.03 for the noble gases, and a somewhat lower value (0.43 
f 0.02) for the molecular gases. This is an indication that the ionization efficiency 
is lower in the molecular gases, which have more excitation modes than the noble 
gases. 

- - 

C. Experimental Measurement of W or W 
In measuring Wfor a gas, charged particles of known kinetic energy To are allowed 
to run their full range within an ion chamber containing the gas. The particles are 
counted ( n ), and simultaneously the ionization charge Q that they produce is mea- 
sured. A typical apparatus is shown schematically in Fig. 12.26. 

The value of W/e is given in J/C by 

W nTo =-  - 
e Q  

(12.49) 

- where To is expressed in joules and Q in coulombs. 

Eq. (12.49) thus determining w/e. 
If the particles are not monoenergetic, their average energy To is substituted in 

TABLE 12.1 
for Electrons (We) and for 5-MeV a-Particles (We) 

First Atomic Ionization Potentials E ,  and W-Values in Several Gases 

- wcl 
Gas E ,  ( e V b  (eV1i.p.)" w, (eV/i. p.)" w, 

w, - E,  w, 

24.6 
21.6 
15.8 
14.0 
12.1 
15.4 
15.6 
12.1 
13.8 

41.3 
35.4 
26.4 
24.4 
22.1 
36.5 
34.8 
30.8 
33.0 

0.60 
0.61 
0.60 
0.57 
0.55 
0.42 
0.45 
0.39 
0.42 

42.7 
36.8 
26.4 
24.1 
21.9 
36.43 
36.39 
32.24 
34.21 

1.034 
1.040 
1.000 
0.988 
0.991 
0.998 
1.046 
1.047 
1.037 

"Excerpted from ICRU (19796). Reproduced with permission. 
"Excerpted from the Handbook ofChernisfry and Phyrics. 64th edition, CRC I'rcss, Inc. (1983). Reproduced 
with permission 
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_ _  - 
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FIGURE 12.26. Schematic diagram of an experimental setup for measuring W/e. 

In place of a simple ion chamber, a proportional counter of gas gain C may be 
required to give pulses large enough to count. The measured charge must then be 
divided by the gain factor G in determining W/e. 

If the charged particles being employed in the experiment are electrons, the 
bremsstrahlung produced practically all escapes from the chamber, which is made 
just large enough to accommodate the electron ranges. Thus Q does not include a 
significant amount of ionization from bremsstrahlung, and To alone must therefore 
be diminished accordingly: 

(12.50) 

where Q is shown also corrected for the gain factor, assuming that a proportional 
counter is used. 

Typical values ofgcan be gotten for monoenergetic electrons from the “Radiation 
Yield” column in Appendix E. In air, g = 0.004 for To = 1 MeV and 0.04 for To 
= 10MeV. 

D. Energy Dependence of W 
W is practically constant above energies for which the charged-particle velocity u 
is more than 10 times the velocity uo of an electron in the first Bohr orbit, where 

27re2 
u, P - 

h 
(12.51) 

and h is Planck’s constant. For lower values of uo, W tends to increase because of 
the decreasing probability of ionizing reactions. This trend is most pronounced in 
non-noble gases. 

Experimentally it is found that over the electron range above 1 keV, W varies 
by ~ 2 %  or less, and above 10 keV, Wis found to be constant. That constancy is 
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assumed in most cases involvingphotons or electrons, for which alow-LET radiation 
value is tabulated for a variety of gases in ICRU (1979b) and Myers (1968). 

E. Dependence of W on Type of Radiation 
Table 12.1 also lists W,-values obtained with 5-MeV a-particles. These values tend 
to be approximately equal to, or 3-5% greater than, the low-LET values W,. For 
most non-noble gases W, > W, by a few percent. Few Wp-values for protons have 
been obtained, and those are generally thought to be less reliable than the W,-values. 
Consequently, where Wp is not reliably known for a gas, W, is usually substituted. 

Additional information can be found in ICRU (197913). 

F. W for Gas Mixtures 
Approximately, 

( 12.52) 

where Pi is the partial pressure of the ith gas species, and P is the total pressure of 
the mixture. Hence P,/P is the fractional number of molecules of each type present. 

A more accurate mixing formula, including empirical weighting factors, is de- 
scribed in ICRU (1979b). 

The noble gases have W-values that are very sensitive to the presence of impurity 
gases that have a lower first ionization potential Ei than an excitation energy level 
of the gas. The latter energy is channeled into additional ionization, and Wis thus 
reduced in impure noble gases. For example, for helium El = 24.5 eV, and this gas 
has ametastable excited level of 19.8 eV. For oxygen, E, = 12.5 eV, and for nitrogen 
El  =: 15.6 eV. Both are below 19.8 eV. Thus if an excited He atom collides with 
an impurity molecule of O2 or N, (or many other gases), the latter will be ionized. 
This extra ionization lowers the value of W. Jesse and Sadauskis (1952) first explained 
this effect. 

G. “ W ” in Semiconductors 
When a gas is condensed to a solid, the discrete energy levels of the isolated atoms 
broaden into conduction and valence energy bands in the solid. The energy gap Eg 
between valence and conduction bands is typically - 1 eV in semiconductors vs. 
ionization potentials of > 10 eV in gases. Similarly to the situation in a gas, though, 
the energy spent by a charged particle is divided between electron-hole pairs (cor- 
responding to ion pairs in a gas), phonon production (like excitation in a gas), and 
subexcitation electrons. The “ W” value in Si at 300 K is 3.62 eV for a’s and 3.68 
for electrons, and in Ge at 77 K it is 2.97 eV for both. 

PROBLEMS 
1. A conventional standard free-air chamber has a diaphragm aperture 1.30 cm 

in diameter, and a collector plate 12.0 cm long, separated from the guard plates 
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by 0.5-mm gaps. The distance from the diaphragm to the front edge of the col- 
lector plate is 30 cm. The dry air in the chamber is at 23.loC, 755 torr, and 
( p / ~ ) , ~ ~  = 0.155 cm2/g.f, = 0.001, andf, = 0.004. Calculate the exposure at 
the diaphragm for a charge Q = 6.17 X lo-' C (corrected for ionic recom- 
bination). Give the answer in C/kg and roentgens. 

2. 

3. 

4. 

5 .  

6. 

7. 

What is the effective atomic number of water, with respect to the photoelectric 
effect? 
A condenser ion chamber is charged to PI = 300 V, then connected to the input 
ofa high-gain charge-integratingelectrometer such as that in Fig. 12.18a, giving 
a charge reading of Ql = 3.70 X lo-' C. The procedure is repeated, this time 
giving the chamber an x-ray exposure of 10 R before reading out the charge 
at Q2 = 3.17 X lo-' C.  Repeating again with an exposure of 20 R ,  the charge 
is Q3 = 2.65 X lo-' C .  Repeating again with 40 R, the charge is Q4 = 1.71 
x 10-'c. 
(a) Calculate the charge collected in the chamber per roentgen for each ex- 

posure. 

(b) What are the voltages corresponding to Q2, Q3, and Q4? 
(c) What can you conclude about the collecting potential being used? 
What are the capacitance and the collecting volume of a guarded flat chamber 
having a circular collecting region 2.5 cm in diameter, if an applied potential 
of 300 V is found to induce a charge of 5.21 X lo-'' C?  
A 1-MV x-ray beam has a tissue dose rate of 1 Gy/min at a point of interest 
where CPE exists. Employing a 0. l-cm3 air-equivalent chamber at 760 torr and 
22OC, what would be an appropriate high-megohm input-resistor value for 
exposure-rate measurements, assuming the balancing potential must remain 
below 2 V? For 1-min exposure periods, what would be an appropriate input- 
capacitor value for exposure measurements? 

(a) 

(b) 

What is the density of air at 650 torr, 23.5OC, 45% RH?  
What is (Wle)air for low-LET radiation at this humidity? 

(c) What is the percentage error in the density if the humidity is assumed to 
be zero? 

(d) Assumethatachargeof8.65 X 1O-IoC ismeasuredfromacavitychamber 
filled with the air in part (a). For the same irradiation, what charge would 
be measured if the chamber were filled with dry air at 760 torr, 22"C? 
What is the absorbed dose in the humid air in (d) if the chamber volume 
is 3 cm3 and recombination is nil? 
What potential should be applied to an air-filled cylindrical ion chamber, 
in which the collecting rod has a diameter of 3 mm and the wall an inside 
diameter of 1.5 cm, to obtain the same ion-collection efficiency as would 
exist in a flat chamber having the same interelectrode separation and an 
applied potential P? (Assume Mie-Boag theory). 

( e )  

(a) 
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If the cylindrical chamber is air-equivalent, has a volume of 5 cm3 filled with 
air at STP, is operated with a collecting potential of 25 V, and is continuously 
exposed to x rays at 120 Wmin, calculate the charge-collection efficiency$ 
Recalculate f if the potential is doubled. 
From the answers to (b) and (c), calculate the saturated charge (per unit 
time) from Eq. (12.29), and compare it with the value known from the 
exposure rate. 

An ion chamber is exposed to pulsed radiation. A charge of 7.05 X lo-' C is 
collected with an applied potential of 200 V, and 5.51 X lo-' C at 90 V. Cal- 
culate the charge produced in the chamber. (Hint: You may solve for u1 graph- 
ically or numerically.) 
Another ion chamber is exposed to pulsed radiation. 6.65 X lo-' C is collected 
at 400 V; 6.40 X lo-' C at 200 V. Calculate the charge produced. 

SOLUTIONS TO PROBLEMS 

(b) 

(c) 

(d) 

8.  

9. 

SOLUTIONS TO PROBLEMS 

1. 3.27 X lO-'C/kg, 126.7 R. 
2. 7.5. 

3. (a) 
(b) 
(c) 

5.30 X lo-", 5.25 X lo-", 4.98 X lo-" C/R. 
P2: 257 V; P3: 215 V; P4: 139 V. 
Inadequate to approximate saturation over this exposure range; hence AQ 
vs. exposure is nonlinear. 

4. 1.74 pF, 1.23 cm3. 
5 .  3 X 10"Q, 10-'F. 
6. (a) 1.012 kg/m3. 

(b) 33.7 J/C. 

(c) 
(d) 1.014 X lo-' C .  
(e) 9.60 X lou3  Gy. 

7. (a) 1.21P 
(b) 0.88. 
(c) 0.967. 
(d) 10 esu/s. 

8 .  9.61 X lO-*C. 

p is 0.6% too high. 

9. 6.92 x 10-'c. 
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I .  INTRODUCTlON 
The convenience, precision, and tissue relevance of low-Zcavity ion chambers mrkes 
them a natural choice for the calibration and routine dosimetry of radiation be ms, 
especially for radiotherapy application. Their design and electrical characte tics 
were discussed in Chapter 12. In the present chapter the use of such chambers for 
photon- and electron-beam dosimetry will be considered. The special problems aris- 
ing in neutron-beam dosimetry are best dealt with in a separate chapter (16). 

Ion chambers can be employed as absolute or as calibrated dosimeters. Three 
approaches to their calibration are currently being used: exposure, “Ngm,” and ab- 
sorbed-dose calibrations. Finally, beam dosimetry can be done in free space as well 
as in a phantom, and in the latter case a correction must be made for field perturbation 
by the insertion of the chamber. All these cases will be discussed in this chapter. 

II. ABSOLUTE CAVITY ION CHAMBERS 
Cavity theory (see Chapter 10) provides a means of calculating the absorbed dose 
in the wall of a cavity chamber from a knowledge of the absorbed dose D,,, in the 
cavity gas. The value of DgaS (there called 0,) is given by Eq. (10.7). If the mass of 
gas, mg, in the cavity is known without resorting to calibration in a known radiation 
field, then the ion chamber is regarded as an absolute dosimeter. We assume that 
electric charge can be measured absolutely. 

To know mg in this way requires evaluation of (a) the effective volume V,  from 

346 
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which the ionization is collected, and (b) the gas density. 5 usually cannot be mea- 
sured with sufficient accuracy except for large (e.g., > 10 cm3) ion chambers that 
are machined to precise dimensions. The limitation on the accuracy of determining 
Vg depends upon the chamber design. If any of the generated charge is collected on 
the grounded guard ring or is allowed to recombine in a locally weak pocket of the 
electric field, the effective volume will be smaller than the physical volume. Never- 
theless this absolute approach is feasible, and is used especially by the national lab- 
oratories in making instruments for calibrating their standard %o and 137Cs y-ray 
beams. Graphite walls are used at these energies to approximate air equivalence, 
allowing calibrations to be expressed in terms of exposure rates or air kerma rates. 
Note also the close matching of wall and gas places little dependence on a knowledge 
of the wall-gas stopping-power ratio, which closely approximates unity in this case. 

Ion chambers used in most dosimetry applications are manufactured commer- 
cially and are not constructed with exactly known effective volumes. Hence they 
require calibration by methods to be discussed. 

An absolute cavity chamber can be employed in the same way as will be described 
for chambers calibrated in terms of “Ngas,” except that N,,, for that case is simply 
equal to (wle),mi’ [see Eq. (13.2a)l. 

111. 
National laboratories, such as the National Bureau of Standards (NBS) in the United 
States, maintain standard ionization chambers and calibrated y-ray beams. Re- 
gional calibration laboratories (such as the Accredited Dosimetry Calibration Lab- 
oratories in the United States) are closely linked to the national standards through 
frequent recalibrations of high-quality ion chambers. Routine instruments are gen- 
erally calibrated for a fee at one of the regional laboratories, except in special cases 
when the facilities at a national laboratory are required. The addresses of the active 
ADCLs can be obtained either from the Center for Radiation Research of the NBS, 
or from the American Association of Physicists in Medicine (AAPM). 

CALIBRATION OF ION CHAMBERS USING X-RAYS OR 7-RAYS 

A. Exposure Calibration of Ion Chambers 

1. 
In this energy range a cavity chamber is calibrated either by direct comparison with 
a standard free-air ionization chamber such as discussed in Chapter 12, or by indirect 
comparison through a secondary standard cavity chamber. Calibration laboratories 
make available a selection of beam qualities, specified in terms of kilovoltage and 
the first and second half-value layers in A1 or Cu. Ion chambers should be calibrated 
for x-ray beam qualities simulating as closely as possible those for which the chamber 
will be used. 

Chamber wall-thickness requirements were discussed in Chapter 12. For photon 
measurements the wall must always be made at least as thick as the maximum range 
of the electrons present, to provide CPE and keep out stray electrons. For x-rays 

WITH X-RAYS GENERATED AT 10-300 kV 
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below 300 keV the photoelectric effect is important enough so that wall thicknesses 
are chosen with that in mind. Conservatively one makes the thickness equal to the 
CSDA range of an electron having the same energy as the photon that produces it. 
For a 300-keV electron, for example, 0.086 g/cm2 of polystyrene (or -0.8 mm at 
p = 1.06 g/cm’) is required. For 6oCo y-rays, the maximum energy of a Compton 
electron is 1.116 MeV for the 1.33-MeV photons, and the wall of an ion chamber 
is customarily designed to provide CPE for those electrons. This would require 0.5 13 
g/cm2 (usually rounded upward to 0.52 g/cm2) of polystyrene, or 4.9 mm. 

Customarily cavity chambers are made with walls thick enough to provide CPE 
for x-rays up to 300 keV, requiring the addition of a slip-on plastic “buildup cap” 
to provide adequate wall thickness when the chamber is used for 6oCo y-rays. Or- 
thovoltage and lower x-ray calibrations are performed with the cap removed, unless 
otherwise specified. The attenuation of x-rays in common plastics such as Lucite and 
polystyrene increases sharply below 50 keV due to the photoelectric effect. Thus for 
dosimetry of x-ray beams having an appreciable component below that energy, such 
as x-rays used in mammography, thinner chamber walls are indicated. The CSDA 
range of a 50-keV electron in polystyrene is only about 42 pm. 

The calibration procedure calls for the positioning of the ion chamber with its 
central point on the x-ray beam axis at a location P where the exposure rate in free 
space is known. That is, dXldt is the exposure rate at P with the chamber removed. 
For cylindrical or spherical chambers the axis of the collecting electrode is oriented 
perpendicular to the beam, as in Fig. 13.1A. Flat chambers are placed perpendicular 
to the beam with the collecting electrode toward the rear (i-e., away from the source). 
The point P in that case is conventionally taken to be either midway between the 
chamber walls, as shown in Fig. 13. lB, or centered on the inner surface of the wall 
through which the beam enters. 

The chamber is irradiated in this position for a measured time interval to deliver 
the free-space exposure X at the reference point P, in units of C/kg or roentgens. 
The measured charge reading (in coulombs or arbitrary scale divisions) is M, cor- 
rected to 22OC and one standard atmosphere for vented chambers according to Eq. 
(12.21) or (12.22). 

Humidity effects on ion-chamber measurements have been discussed in Section 
1V.D of Chapter 12. The advice of the standardization laboratory, as indicated on 
the chamber calibration certificate, should be followed in this matter. 

Naturally, no atmospheric correction is applied to sealed ion chambers, SO long 
as the seal is intact. 

The exposure cdibratwn factor for an ion chamber is defined as 

X 
Nx = - M (13.1) 

where Nx is stated in R/C, R/(scale division), kg-’, or C kg-’/(scale division). Nx 
applies specifically to the conditions under which it was obtained, including the volt- 
age and polarity of the ion-collecting potential used. Note that neither M nor Nx 
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Figure 13.1. Ion-chamber calibration geometry in free apace relative to beam axis and reference 
point I? ( A )  cylindrical or spherical chamber; (B)  Bat pillbox chamber, for which P may be al- 
ternatively located on the axis at the inner surface of the wall through which the beam passes 
instead of at the chamber center. 

conventionally includes a correction for ion-recombination losses. So long as those 
losses are small (typically <0.5% for most - 1-cm3 chambers with 300 V or more 
applied, at exposure rates < 100 R/min), it will be satisfactory simply to use the 
chamber with the same voltage and polarity applied as used in its calibration. How- 
ever, for best accuracy recombination losses should be corrected for. For that purpose 
the calibration should be obtained with at least two voltages and both polarities (say, 
f 300 and f 150 V). This will allow evaluation of the ion-collection efficiencyf = 
Q’/Q(as discussed in Chapter 12, Section V) as well as verifying that no unusual 
polarity differences exist due to ionization in cables, etc. It will be seen also in Section 
1II.B of the present chapter.that the ion-collection efficiencyf, renamed Aion in the 
AAPM (1983) protocol, must be evaluated to allow determination of the quantity 
N,,,. For this purpose it is recommended that the charge be measured at two applied 
potentials P, and P2 such that P, = 2P,, obtaining the corresponding collected charges 
Q ;  and Q;, respectively. Then from Eq. (12.29), assuming that the calibration ra- 
diation is continuous, we have 

(13.la) 
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Thisequation equals the reciprocal ofthe “continuous radiation” curve in Fig. 12.25, 
since Pi, = A i i i  for identical irradiations. 

Another important consideration in the calibration is the electrometer. If the 
chamber, such as the Victoreen r-meter, is to be used with a “dedicated” elec- 
trometer that reads directly in roentgens, then the two are sent to the laboratory and 
calibrated together as a set. The value of Nx in that case would typically be a number 
near 1 R/(scale division). The calibration therefore belongs to the chamber + elec- 
trometer set, not to the ion chamber alone. 

If an ion chamber is sent in alone for calibration, its charge output will be mea- 
sured by means of a well-calibrated electrometer routinely used for that purpose by 
the calibration laboratory. The value of N, for a - 1-cm’ air-equivalent chamber 
would be typically -3 X lo9 R/C or - 8  X lo5 kg-I. The calibration is then ef- 
fectively only as good as the accuracy of the electrometer to be used with the chamber 
at the field laboratory. If that accuracy is in doubt, it is advisable to have the elec- 
trometer electrically calibrated, which can usually be done also at the same cali- 
bration laboratory. 

A less-important parameter of the calibration is the x-ray beam size used. For 
well-designed ion chambers with minimal radiation-induced insulator leakage (see 
Chapter 12, Section III.A.5) the beam size does not significantly influence NP 
Nevertheless, it is specified by calibration laboratories, and is usually 10 X 10 cm 
square or 10 cm in diameter; hence approximately 5 cm of the chamber connecting 
stem is in the beam during calibration under normal conditions. 

2. EXPOSURE CALIBRATIONS OF ION CHAMBERS WITH 13’Cs AND 
%O 7-RAYS 
The preceding discussion of the exposure calibration of cavity chambers for x-rays 
at < 300 kV applies equally well for 137Cs andaCoy-rays,with the exception that the 
free-air chamber is replaced by the absolute graphite cavity chamber as a standard. 
I3’Cs y-rays, having an energy of 0.662 MeV, are used much less frequently than 
6oCo y-rays (1.17 and 1.33 MeV) as a calibration source for ion chambers. %o 
buildup caps are often used on chambers also for 137Cs calibrations, even though 
they are thicker than necessary for that radiation. 

Co y-rays are commonly used not only to calibrate ion chambers for use in 6oCo 
y-ray dosimetry, but also for higher-energy photon and electron beams, by methods 
to be described in Sections IV-VI. Moreover the exposure calibration factor of a 
B-G chamber can be estimated for 137Cs y-rays by applying a small correction to 
the 6oCo calibration factor, as described in Section IV.A.2.a. 

60 

B. N, Calibration of Ion Chambers 
It was pointed out in Chapter 11, Section 1II.F. 1 .c, that one especially useful mode 
of calibrating dosimeters is in terms of the energy absorbed in the matter constituting 
the sensitive volume of the dosimeter itself. Thus a given dosimeter reading signifies 
a certain value of the average absorbed dose in the dosimeter’s sensitive volume. 
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That can in turn be related to the dose in another medium that replaces the dosimeter 
at the same location, through application of cavity theory andor  through a ratio of 
mass energy-absorption coefficients. Such a calibration has the advantage of being 
directly applicable to all ionizing radiations for which the same dosimeter reading 
results from a given average absorbed dose in the sensitive volume. 

This argument applies as well to the gas in cavity ion chambers, suggesting that 
a calibration of the charge produced as a result of a given average absorbed dose 
in the cavity gas would be applicable to all ionizing radiations for which w/e were 
constant, that is, all low-LET radiations, including photons and electrons above - 10 
keV. The practical limitation of this approach is that relating the dose in the cavity 
gas to that in some other medium of interest requires application of cavity theory, 
As the photon energy is reduced below - 100 keV, the secondary-electron ranges 
become comparable with typical cavity dimensions, and simple cavity theory (e.g., 
B-G or Spencer) becomes inapplicable. Burlin theory may be employed, with some 
added complication. However, if the cavity chamber design includes significant 
amounts of more than one wall material (e.g., carbon walls and an aluminum col- 
lecting electrode), present cavity theories are invalid. 

Such an approach to chamber calibration has been employed in a protocol for 
the determination of the absorbed dose delivered in phantoms by high-energy photon 
and electron beams. That protocol was developed for radiotherapy applications by 
the AAPM (1983) on the basis of a formalism by Loevinger (1981). The protocol 
defines a quantity called the cavity-gar calibration f a t o r ,  which is symbolized by N,,, 
and given in units of Gy/C or Gy/(scale division). N,,, can be written as 

(13.2) 

where M is the electrometer reading at calibration, in coulombs or scale divisions, 
Aion is the ion-collection efficiency at calibration, and Dgas is the corresponding mean 
absorbed dose in the cavity gas, in grays. 

For an absolute cavity chamber Eq. (13.2) reduces to 

Ng,, = -!- (F) (Gy/C) 
mS S 

(13.2a) 

when Eq. (10.7) ,  rewritten as D,, = MA-’ ,,m, -’ (W/e),, - is substituted for Dgas. For 
example, a 1-cm3 chamber filled with dry air at 760 torr, 22”C, would have 

33.97 JJC 
1.1965 X kg 

= 2.839 X lo7 Gy/C Ngas  = 

While air is certainly the most commonly used cavity gas, other gases may be 
substituted for special purposes, as noted in Chapter 12. Thus the more general term 
“Ngas’’ is used instead of ‘‘Nair ” 

The AAPM protocol recommends 6oCo y-rays as a suitable and convenient cal- 
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ibration radiation to use in determining NgBJ for low-LET applications, although in 
principle any other low-LET radiation could be used instead. 

D ,  can be derived from the free-space exposure X employed in an exposure cal- 
ibration, as already described in Section III.A, through the following sequence of 
equations correlated with Fig. 13.2~-c. Identical y-irradiations are assumed in each 
case. 

The collision kerma (J/kg) in air at the calibration point P in free space (see Fig. 
13.2~) is related to X by 

(13.3) 

where X is the free-space exposure (Clkg) at P, and (w/e>, is the mean energy ex- 
pended per unit charge released, having the value 33.97 J/C in perfectly dry air. 
Imagining now an infinitesimal bit of the chamber's wall material w to be positioned 
at P in free space (see Fig. 13.26), the collision kerma in it can be related to (KJa 
by 

- u I  

(KJIu = (Kc). (F) (13.4) 

where (p,,/p)," is the ratio of mass energy-absorption coefficients for wall and air, 
averaged over the photon spectrum present [see Eq. (2.5a), substituting K,  for K 
and pen for ptr]. For 6oCo y-rays one may simply assume a single photon energy, 
1.25 MeV. 

- 

Y - R A Y  BEAM 

(a) (b) (C) (d)  (el  
Figure 13.2. The relation of D,.. to the free-space exposure X in a y-ray calibration. Identical 
incident irradiations are assumed in each case. (a) Exposure at point P in free space is X; (Kcla 
= X(=/C)-. (b) The collision kerma in an imaginary infinitesimal mass of wall material placed 
at P is (Kc)- = ( K c ) . ( a ) : .  (c) The chamber is centered at P; wall attenuation reduces (K& to 
(K& = Aw(Kc),,,. (d )  The absorbed dose in  the bit of wall material at P is 0, = (KL)= (1 + p'?), 
delivered by electrons coming mostly out of the front wall. (c) The bit of wall material is removed 
from P; the dose in  the cavity gas there is Dg., = D&z/pE. After Attix (1984b). Reproduced with 
permission from the American Institute of Physics. 
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Now positioning the chamber with its center at Pas  in Fig. 15.2c, the broad-beam 
attenuation of the y-rays in the wall reduces the collision kerma in the bit of wall 
material at P to 

(13.5) 

where A, is the correction factor for photon attenuation in the wall, which can be 
approximated by 

(13.6) 

Here (p‘ lp)w is the effective mass attenuation coefficient under the broad-beam con- 
ditions applicable to the chamber wall. ( ~ ’ l p ) ,  may be replaced in the “straight-ahead 
approximation” by (penlp), ,  and pt is the mass wall thickness including the buildup 
cap, if present. Note that A, accounts for the attenuation of the photons in passing 
through the entire wall thickness pt. No adjustment should be made for the secondary- 
electron range in the wall, since A, applies to the collision kerma at P, as shown in 
Eq. (13.5), not to the absorbed dose. The electron-range effect will be included in 
a separate step in Eq. (13.7). 

The coefficient ( p ’ / ~ ) ~  in Eq. (13.6) has been measured for ‘%o y rays by Holt 
et al. (1979) for ion chambers with polystyrene walls; these same data will be adequate 
for other low-Zwalls as well, since the Compton effect is dominant. Table 13.1 lists 
(p ’ lp) ,  values for several chamber radii, and peJp for comparison. The apparent 
increase in (p‘/p), with increasing chamber radius is due to the larger effective wall 
thickness for rays passing obliquely through the wall. It makes no difference in Eq. 
(13.6) whether (p’ lp) ,  or pt is effectively increased to take account of this. In Table 
13.1 Holt has chosen to leave pt fixed at 0.52 g/cm2, and increase ( p ‘ l ~ ) ~  for the larger 
chamber radii. 

The chamber length used by Holt et al. (1979) in obtaining these data was 5 mm. 
Longer chambers may be expected to have somewhat smaller (p’lp), values because 
of additional photon scattering; thus A, would be correspondingly closer to unity. 
However the results in Table 13.1 will be adequately correct for most small low-Z 
ion chambers. 

It can be seen in the table that for an infinitesimal cavity size, A, = 0.988. This 
may be taken as the best current value of the 6oCo equilibrium-thickness attenuation 
correction, called A,, by Johns and Cunningham (1974), for which the conventional 
value was for many years taken as 0.985.* Table 13.1 shows that that value was 
consistent with the approximation (p ’ /p ) ,  

The absorbed dose D, in the imaginary bit of wall material at P is deposited by 
electrons that originate from Compton interactions in the chamber wall, mainly on 
the “upstream” side as indicated schematically in Fig. 13.2d. We will assume that 
the gas cavity is small enough, relative to the electron range, not to perturb the elec- 

(penlp), in Eq. (13.6). 

*See Section IV.B.1, Table 13 .3 ,  footnote b .  
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TABLE 13.1 
Walls Irradiited by %o y-RayE 

DOSIMETRY AND CALIBRATION WITH CAVITY ION CHAMBERS 

Effective Mass Attenuation Coefficients for Cylindrical ion-Chamber 

(P’/P)w (cm2/g) 
Internal Poly or 

Radius (mm) Acrylic Water Graphite A ,  

0 .0239 .0245 .0222 0.988 

5.0 .0261 .om8 .0242 .986 
7.5 .0287 .0294 .0266 .985 

2.5 .0251 .025a ,0233 .9a7 

.0288 .0296 .0267 .985 

pt (g/cm2) 

.52 .50 .57 

“ ( ~ ‘ l p ) ,  data for polystyrene were obtained with chambers 5 mm in length by Holt et a). (1979). Data 
for the other media were derived from the plystyrene data on the basis of (pCn/p)* ratios. A,, refers to 
Eq. (13.6), assumingpf = 0.52 g/cm2 for polystyrene and acrylic plastic, 0.50 g/un2 for water, and 0.57 
g/cm* for graphite to equal the maximum electron range for =Co y-rays. Note that A ,  has the same value 
for all these media. For a chamber radius of zero, A ,  = A,  for %o y-rays. Reproduced with permission 
from R. L. Fleischer and The American Institute of Physics. 

tron flux, i.e., to behave as a B-G cavity. Thus, since the chamber walls are thicker 
than the maximum electron range, transient charged-particle equilibrium (TCPE) 
may be assumed to exist in the wall material at P. We may therefore make use of 
Eq. (4.11) from Chapter 4, Section VII to relate D, to (K:),: 

(13.7) 

where (p?), 3 0.14 g/cm2 (Roesch, 1967) is the mean distance the secondary elec- 
trons carry their kinetic energy through the wall material in the direction of the pho- 
ton beam before depositing it as absorbed dose at P. The value of ( ~ ‘ l p ) ,  may be 
taken from Table 13.1, giving a value of 1.003 or 1.004 for p, with 6oCo y-rays and 
typical small cavity chambers. 

If now the bit of wall material is removed from P, letting the cavity gas replace 
it, one can calculate the absorbed dose in that gas from cavity theory. The electron 
fluence coming from the wall will be unchanged; thus the dose at P will be ap- 
proximately proportional to the mass collision stopping power of the material oc- 
cupying that position, according to B-G theory. However, &rays resulting from hard 
electron collisions can have ranges greater than the cavity radius. They will carry 
out their remainingenergy, which is thuslost from DGa. The application of Spencer’s 
cavity theory (see Chapter lo), letting the cutoff energy A equal the cavity radius, 
will approximately compensate for this small error. A = 10 keV applies to a gas cavity 
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(at 1 atm) of roughly 2-mm radius, the order of magnitude of most small cavity cham- 
bers. 

Using the terminology of the AAPM (1983) protocol, in which ( ~ / p ) $ ~ l l  is the ratio 
of the restricted mass collision stopping powers, DW can be written 

D ,  = D,(z/~>b, (13.8) 

The difference between (z/p)bw and the corresponding average ratios of unre- 
stricted mass collision stopping-powers, [ (dT /~dx)~]L ,  is small when the atomic num- 
bers of the wall and gas are comparable, as in the case of typical cavity wall materials 
vs. g = air. Table 13.2 illustrates this for 6oCo y-rays. 

Finally, we may combine the results of Eqs. (13.3) through (13.8) to obtain 

which can be substituted into Eq. (13.2) to give 

(13.9) 

(13.10) 

Making use of Eq. (13.1) then produces the following relationship between N,,, (in 
Gy/C) and Nx (in kg-I): 

(13.11) 

In practice, the cavity gasp is usually air, but in some applications (e.g., neutron 
dosimetry) other gases may be flowed through the cavity. Note that g appears only 
as superscript to the last factor in Eq. (13.11); (w/c>, and (pen/p): both refer to dry 
air and not necessarily to the gas in the cavity. 

Equation (1 3.1 1) shows that Ngas can be determined from the value of the exposure 
calibration factor N,, provided that the ion-collection efficiency (Aion) is measured 

- 

- 
TABLE 13.2. Comparison of [ (L/p)$] , ,  
Several Typical Cavity-Chamber Wall Materials and Water" 

hv and [(dT/pdx)Jf for g = Air and w = 

- 
Wall [(LIp%lA= 10 keV [(df/PdX),li 

Polystyrene o.89gb 0.905' 
Lucite 0.907 0.910 
Graphite 0.990 0.991 
C552 air-equiv. plastic 1 .ooo 1.000 
Water 0.883 0.886 

"For 6oCo y-rays. 
'Data in this column are from AAPM (1983). 
'Data in this column are from Johns & Cunningham (1983) 
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under the conditions of the calibration and the other terms can be evaluated. The 
AAPM (1983) protocol contains a great deal of specific information and tables of 
data to assist in this. 

For the case where the chamber wall is enclosed within an equilibrium buildup 
cap of a different material (a complication to be avoided where possible) the AAPM 
(1983) protocol recommends that Eq. (13.1 1) be replaced by a semiempirical expres- 
sion due to Almond and Svensson (1977): 

in which “cap” refers to the buildup cap material, (II is the fraction of ionization due 
to electrons from the chamber wall, and 1 - a is the fraction due to electrons from 
the cap, as given in Fig. 1 3 . 7 ~  (Section V.B below). 

C. Calibration of Ion Chambers in Terms of Absorbed Dose in Water 
The National Bureau of Standards began recently to supply ion-chamber calibra- 
tions for 6oCo y-rays on the basis of comparison with a graphite calorimeter (Pruitt 
et al., 1981). The comparison involves several steps: from a graphite calorimeter 
to a graphite-walled ion chamber (both in graphite phantoms), that chamber then 
being used to calibrate a point in a water phantom at which the user’s chamber is 
to be placed for calibration. Corrections are applied for the differences between pen/ 
p for water vs. the graphite wall w, and for the y-ray attenuation and scattering in 
the phantom material (graphite or water) displaced by the chambers. The calibration 
is stated in terms of absorbed dose in water, Ow,,, at the chamber midpoint location 
(in the absence of the chamber) per unit of corrected electrometer reading M: 

Dwat No = - 
M 

(13.12) 

N,,, may be derived from N, as follows, assuming transient charged-particle equi- 

(KJWat = DWat @;it at P, the point of calibration in the water phantom. 
Putting an infinitesimal - piece of graphite wall w at P, the collision kerma in 

Putting the chamber in the water phantom, centered at P, the presence of 
the void increases the collision kerma in w at P to (K& = (Kc)w/P,rpl, where 
Prepl is the replacemmt concction, which will be discussed in Section V.A. 
The dose in the bit of graphite at P is D, = bw(K;),. 
Removing the bit of graphite from P, the dose there in the cavity gas g is Dgas 

Combining the relationships in steps a through e with Eq. (13.2) gives the following 
equation: 

librium and a Bragg-Gray cavity: 

a. 

b. 
it is (Kc), = (K)wat(Ccen/P)zat 

c. 

d. 
e. 

= (zh)g, D, 
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Assuming p,,, = 8, and substituting Eq. (13.12) simplifies this to 
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(13.13) 

(13.14) 

IV. 
CALIBRATED ION CHAMBER 

A. Calibrations in Free Space 

1. 
To calibrate the free-space exposure rate at some point P in an x-ray beam below 
300 kV, one may use an ion chamber for which the value of N, is known for the 
quality of the radiation to be measured. In that case the ion chamber is to be centered 
at the point P and irradiated for a known time interval At. The exposure at P is 

CALIBRATION OF PHOTON BEAMS WITH AN EXPOSURE- 

FOR X-RAYS GENERATED AT 10-300 kV 

X = NxM (13.15) 

assuming that the ion-collection efficiency in the chamber is the same as it was during 
the determination of Nx. 

The average exposure rate during At is 

(13.16) 

where M is the electrometer reading in coulombs or scale divisions corrected to 22OC 
and 1 atm by Eq. (12.21), in which M' represents the "raw" electrometer reading, 
corrected only for positive or negative background charge collected during a like time 
interval At. This may be replaced by Eq. (12.22) if humidity is to be corrected for. 

a. M-N, Consistency 
M and N' should be instrumentally consistent with one another. If Nx for a chamber 
is given in roentgens (or C/kg) per scale division with respect to a certain electrometer 
and scale, thenM should be measured with that electrometer and scale. IfN'is stated 
in R/C or in kg-I, one may use any accurate electrometer to measure M. 

b. Ionic Recombination 
Since Nx has not been corrected for ionic recombination, the user should employ 
the same chamber voltage and polarity as were used at the time the chamber was 
calibrated. Assuming that the chamber is operated near saturation (e.g., 300-500 
V on - 1-cm3 chambers), remaining recombination losses are usually negligible. For 
best accuracy it is preferable to evaluate and correct for recombination losses by a 
procedure such as that described in Chapter 12. Equation (13.15) is then changed 
to 
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X = Nx Aion MPion (13.17) 

where Aion is the chamber’s ion-collection efficiency during the calibration in which 
Nx was evaluated, and Pion is the reciprocal of the ion-collection efficiency during 
measurement of the user’s beam. Naturally, if the ionic recombination conditions 
are the same on both occasions, &,Pion = 1. Otherwise Eq. (1 3.17) offers a more 
accurate value of X than Eq. (13.15). 

c. Shutter Timing Error 
(dxldt) may be measured by timing a change W i n  the electrometer reading, without 
interrupting the x-ray beam. In that case Eq. (13.16) is modified to 

(13.18) 

If a beam shutter is used with a timer that closes the shutter when a preset time 
has elapsed, the At measured by the timer may not agree exactly with the At‘ rep- 
resenting the shutter-open period, due to shutter timing error. This can be easily 
detected by making two measurements for different timer settings, At, and At2. The 
corresponding corrected electrometer readings are M I  and M2 [see Eq. (12.2 l)], and 
Eq. (13.18) is altered to 

- =  dx N x M ,  - MI 
dt At2 - At, 

(13.19) 

where &/dt must remain constant during the period that includes both measure- 
ments. 

Figure 13.3 helps in understanding the shutter timing error and Eq. (13.19). The 
shutter is open for a time At’ that is shorter by the amount 6 (here assumed to be 

I 

1 

I 
I 
I 

1 
I I FIGURE 13.3. The effect of x-ray beam- 
I shutter timing error. b as shown is the amount 

At1 At2 of time by which the shutter-open interval At’ 
0 
0 

is less than the set timer interval Af:  6 = At - 
Timer setting, At (sec) At. 
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positive) than the timer setting At. The exposure XI, resulting from timer setting 
Atl ,  is given by 

(13.20) 
dx 

XI = (At,  - 6 )  2 
Likewise, for timer setting At, the exposure is 

(13.21) 

Combining Eqs. (13.20) and (13.21) produces an equation that can be solved for 
6, the shutter timing error: 

dx Xl x2 
dt Atl - 6 At2 - 6 

Thence 

(13.22) 

(13.23) 

Exampre 13.1. An x-ray beam is measured by an ion chamber for which Nx is 
4.09 X lo9 R/C. For a shutter-timer setting of 5 s, a charge of 7.30 X lo-'' C is 
measured, and for 30 s, 4.60 X lo-' C. The background drift of the chamber and 
electrometer circuit is measured on the same scale and found to be P 3 X C /  
min. The atmospheric pressure is 733 torr (ormm Hg), and the chamber temperature 
is 24.3%. What is the shutter error? Calculate the exposure rate in free space at 
the point of measurement. What exposure results from a timer setting of 12 s? 

SO/uth: From Eq. (1 2.2 l), ignoring humidity, 

760 273 i- 24'3) = 7.30 X lo-" (1.045) 
= Mi (G 273 + 22.0 

= 7.63 X lO-"C 

M 2  = 4.60 X lo-' X 1.045 = 4.81 X lO-'C 

Background is negligible. From Eq. (13.15), assuming A d , .  = 1, 

XI = NxMl = 3.12 R 

X ,  = NxM2 = 19.66 R 

From Eq. (13.23), 

19.66 X 5 - 3.12 X 30 
19.66 - 3.12 

6 =  = 0.28 s 
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From Eq. (13.22), 
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dx 19.66 
- =  = 0.662 R/s 
dt 30 - 0.28 

For At = 12 s the true exposure duration 

At’ = 12 - 0.28 = 11.72 s 

Hence 

X = 11.72 s X 0.662 R/s = 7.76 R 
d. Beam Monitor-Chamber Calibration 
If a continuous x-ray generator is not well enough stabilized to give a sufficiently 
reproducible output rate, there will be no point in calibrating the beam without a 
monitor chamber. A transmission-type monitor (e.g. Fig. 12.15). through which the 
x-ray beam passes on its way to the calibration ion chamber or other object to be 
irradiated, is probably the most satisfactory. However, a conventional cavity cham- 
ber placed at some fixed position in the beam can serve the purpose of a monitor 
if the spatial distribution of x-ray flux density within the beam is uniform. Note that 
if the spatial stability of the beam is a problem, a transmission chamber should be 
designed to sample only the partial solid angle of the beam that is to be employed; 
thus, the monitor should be positioned in the beam after it passes through its limiting 
collimator. 

Most monitor chambers are open to the atmosphere, and therefore their charge 
output should be normalized to 22OC and 1 atm as in Eq. (12.21), not only during 
the beam calibration procedure but also during each subsequent use of the x-ray 
beam. 

Using a monitor chamber requires a second electrometer, and HV supply (e.g., 
battery). A single HV supply should not be used for both the monitor and calibration 
chamber, as the latter should be adjustable in polarity and voltage without affecting 
the former. 

It is essential that the monitor measure the x-ray beam for the identical time in- 
terval during which the calibrated chamber is exposed. Although this can be ac- 
complished electronically by simultaneous ungrounding of the two electrometer in- 
puts, followed by simultaneous readings of the electrometers after an arbitrary time 
interval, a shutter-controlled beam is more straightforward. The electrometers are 
ungrounded and zeroed just before the shutter is opened, and both, are read im- 
mediately after completion of the exposure. If M is the electrometer reading of the 
calibrated chamber, corrected for background and normalized to 22°C and 1 atm 
by Eq. (12.2 1). and MM is the correspondingly corrected monitor reading, then the 
free-space exposure Xis given by Eq. (1 3.15) or (1 3.17), and the exposure per mon- 
itor electrometer-scale division (or per “monitor unit”) is 

(13.24) 
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Thus, so long as this monitor calibration remains unchanged, the free-space ex- 
posure at the point of calibration can be gotten as the product of NM and the corrected 
monitor reading M M  obtained in any later irradiation: 

X = N&M (13.25) 

For purposes of estimating the exposure to be expected from a given shutter timer 
setting At (ignoring timing errors), the approximate exposure rate can also be ob- 
tained during the beam calibration as 

from which the exposure can be estimated for a given timer setting At as 

X z m A t  

(13.26) 

(13.27) 

while the actual exposure delivered is calculated from Eq. (1 3.25) on the basis of the 
monitor reading upon completion. 

A similar monitor-calibration procedure can be followed for a pulsed x-ray gen- 
erator for which the output is not constant from pulse to pulse. Equation (13.24) 
provides the value of the monitor calibration, NM, based on some given number of 
pulses n. For estimation purposes the mean exposure per pulse is Xln. The actual 
exposure corresponding to the monitor reading M M  in any later irradiation is given 
by Eq. (13.25). 

e. Beam Calibration in Terms of Freespace Collision Kerrna 
or Absorbed Dose 
Having calibrated the x-ray beam to allow the controlled delivery of a free-space 
exposure X at the point of calibration P, one may wish to relate X to K ,  and D at 
the same point, in some material of interest. 

The free-space collision kerma in the air at Pfor an exposure Xis (From Eq. 2.23) 
simply 

(13.28) 

where (KJa is in grays if X is in C/kg, and (Wlc), = 33.97 J/C for dry air. 

and similarly irradiated is 
The collision kerma in an infinitesimal mass of any other material x placed at P 

- x  

(KL = (KX ( y ) (13.29) 

where (pe,,/p): is the ratio of the spectrum-averaged mass energy-absorption coef- 
ficients for x and air, as in Eq. (13.4). 

The absorbed dose at P is in general indeterminate without knowing the sec- 

_I 
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ondary-electron flux-density distribution there, since the electrons deliver the dose. 
However, under CPE conditions one can write that D = K, without further knowl- 
edge of the electron field, as discussed in Chapter 4. 

By centering an imaginary spherical mass of the material of interest x at point 
P, and making the sphere’s radius equal to the maximum secondary-electron range, 
CPE can be theoretically well approximated. Taking x to be water, the customary 
tissue-simulating reference material, and assuming only Compton interactions by 
300-kV photons, the maximum recoil electron energy would be 162 keV, for which 
the CSDA range is about 0.32 mm. 

Now centering the water sphere at P, the collision kerma (Kc)hat at its center will 
be less than (Kc),,, in an infinitesimal mass of water at Pin free space, by the amount 
of the broad-beam attenuation that the x rays undergo in penetrating to the center 
of the sphere: 

The equilibrium-thickness attenuation correction A, can be estimated for this case: 

= 1 - (0.03 cm2/g)(0.032 g/cm2) = 0.999 (13.31) 

Hence the absorbed dose D,,, (in grays) to water at P under CPE conditions, for 
an exposure X(C/kg), is given by 

or, according to Eq. (4. lo), if 0, is instead expressed in rads and X in roentgens, 

CPE - wat 

Owat = 0.876 A ,  X (:) ( 13.32a) 
a 

where A, = 0.999 for a water sphere just large enough to achieve CPE for 300-keV 
photons. For the still-smaller equilibrium spheres required for x-rays of lower ener- 
gies, A,, is even closer to unity. Hence for x-rays generated at 300 kV or lower, A,, 
may be taken as 1.000, and Eq. (13.32) may be simplified to 

and Eq. (13.32a) to 

- wat CPE 

Dwat = 0.876 X (y) 
a 

(13.33) 

( 13.33a) 
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D,,, in Eqs. (13.32) to (13.33a) is often referred to as the “absorbed dose to water 
in free space” in the x-ray beam at P. In other words, D,,, is the dose at the center 
of the smallest sphere of water that will produce CPE at its center. 

One method of determining the dose at some depth d in a water phantom is to 
measure Dwat at a point P in  free space and multiply it by a quantity called the tissue- 
air ratio to get the corresponding dose at the same point immersed at depth d in the 
phantom. This topic properly belongs in radiotherapy physics, and has been fully 
discussed by Johns and Cunningham (1983). Muscle tissue is sometimes substituted 
for water as the reference material x in the above discussion. 

2. 

Everything that wassaid in the preceding Section 1V.A. 1 applies as well to higher- 
energy photon beams, with certain exceptions to be discussed next. 

Exposure calibrations for 6oCo and 137Cs y-ray beams can be carried out by the pre- 
ceding methods, assuming that Nx is known for the air-filled ion chamber and y rays 
to be used. 

If Nx is not available for 137Cs, its value may be estimated from a 6oCo value of 
Nx by two applications of Eq. (13.1 l), once for each radiation. N,,, may be taken 
to be the same for both, allowing a solution for the ratio (Nx)cs/(N&,. (w/e), and 
Aion may each be canceled. 0, = 1.003 for 6oCo and 1.001 for 137Cs. Assuming a 
polystyrene chamber wall 0.52 g/cm2 in thickness, we have& 0.985 for 6oCo and 
0.984 for 137Cs, using pen/p as an approximate attenuation coefficient for both. (pen/ 
p),” = 1.081 for 6oCo and 1.076 for 137Cs. (z /p)b ,  I [(dt/p&),lg, p 0.904 for 6oCo 
and 0.901 for 137Cs. The result is that (N,&, z 1.01 1 (Nx)co, for such a chamber. 

Now, assuming that one knows the free-space exposure X at a point P in a 6oCo 
or137Csy-ray beam, Eqs. (13.28), (13.29),and(13.30)maybeusedtoobtain(Kc),, 
(K,),,,, and ( K&,,, respectively. In the latter equation A,, = 0.988 for %o (see 
Table 13. l),  and for 137Cs a reasonable value can be estimated as follows: In poly- 
styrene, 

FREE-SPACE PHOTON-BEAM EXPOSURE CALIBRATION FOR 
ENERGIES ABOVE 300 KeV 

a. -Co and 13’Cs y-Ray Beams 

0.0316 
0.0287 0.0239 - = 0.0263 cm2/g 

Therefore, 

(13.34) 

(A,,),, 1 - ($) pt = 1 - 0.0263 X 0.170 

= 0.996 
C S  
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where pt = 0.170 g/cm2 is the CSDA range in polystyrene of a 0.48-MeV electron, 
the maximum produced by 0.662-MeV I3'Cs photons in Compton interactions. As 
noted in Table 13.1, this &,-value applies to water as well as polystyrene. 

For 137Cs and %o y-rays CPE cannot be rigorously achieved at the center of the 
water sphere at P, because of the range and forward projection of the secondary 
electrons. However, TCPE exists at P, so we may use the relationship (13.7) to relate 
Dwat to (K:)wat and thence to X as in Eq. (13.32): 

(13.35) 

or, if Dw is in rads and X in roentgens, 

Ow,, = 0.876fiwJ, X - (13.35a) 

where pWat = 1.003 for 6oCo and 1.001 for 137Cs in the equilibrium sphere of water. 
Now A, = 0.988 for 6oCo and 0.996 for 137Cs, and (pen/p)nwaf = 1.11 1 for 6oCo and 
1.114 for 137Cs. Substituting these data in Eqs. (13.35) and (13.35a), we find that 
for 6 0 ~ o  

t3:" 

and for 137Cs 

(13.36) 37.4 X for Gy and C/kg 
0.964 X for rad and R 

37.7 X for Gy and Clkg (13.36a) 
0.973 X for rad and R 

D,,, is the free-space absorbed dose in an equilibrium sphere ofwater at a point where 
the free-space exposure X has been determined, for example, by means of an ex- 
posure-calibrated ion chamber. 

b. Higher-Energy Photons 
Calibration laboratories do not at this time offer ion-chamber calibrations for photon 
beams above 6oCo in energy. However, it is possible to deduce a value of Nx for a 
higher-energy beam of quality h through the double application of the N,,, equation, 
as was done in the preceding section for 137Cs. The main difference here is that a 
thicker equilibrium buildup cap must be used to provide a total chamber wall thick- 
ness at least equal to the maximum range of the electrons produced by the higher- 
energy photons. The same cap is used for the %o calibration to obtain (Nx)co in 
this case. 

Then, from Eq. (13.11), we have 
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Therefore, 
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(13.37) 

where the subscript Co refers to quantities to be evaluated for 6oCo y-rays, and A 
refers to the higher-energy beam. N,,, is independent of the photon energy, and 
hence can be equated for the two beams to obtain Eq. (13.37). 

The practical limitation on this equation is the present lack of well-established 
data for B,, which no doubt will be remedied. Figure 13.4 contains some data for 
0, in graphite walls, using ?-values calculated by Roesch (1968) (see Attix, 1979). 

Notice that Eq. (13.37), in conjunction with Eq. (13.15), indicates that it is pos- 
sible to measure with cavity ion chambers the free-space exposure X at higher photon 

1 . 0 5 r  

- 
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- 

1-03 - 
c 
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I I I I 
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hv, MeV 
FIGURE 13.4. fi.. in graphite, as a function of photon energy, from calculations of Z by Rwsch 
(1968) (see Attix, 1979). TGs X may be adequately approximated by 0.54 9&oa for the average 
secondary-electron energy T = E, (aen/~). The lower curve gives values of p, 1 + p,, X; the 
upper curve is p, % 1 + p.2. For chamber-wall applications, or at shallow depths in a phantom 
penetrated by a broad y-ray beam, values of B, approximate the lower limit. At greater depths 
in the phantom, fl.. lies between the limiting values, tending to increase with increasing depth 
and with decreasing beam diameter. These results apply also to py for other l o w 2  media. 
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energies than the conventional limit of 3 MeV. That limit (see, e.g., ICRU, 1980) 
is based on CPE failure. However, if TCPE is achieved instead and &, is known, 
then the physical reason for the limitation is removed. One may argue as to the need 
for exposure measurements with higher-energy photons, but that is a separate matter 
from the possibility of doing such measurements (see also Chapter 4, Sections V1.C 
and VII). 

B. Calibration of Photon Beams in Phantoms by Means of an 
ExposursCalibrated Ion Chamber 
This has been the calibration method of choice in radiotherapy applications for many 
years. The Ngps method to be discussed in Section V is more elegant and is capable 
of greater accuracy if properly applied. However, the present method has the appeal 
of simplicity, and will no doubt continue to have its adherents for some time to come. 

We need not discuss its use for photon energies below 6oCo, since the free-space 
beam calibration method, as already explained, is employed for those cases. For 
energies above 6oCo the secondary-electron range increases and requires a sizable 
imaginary sphere of water to produce TCPE at its center, and thus to allow the de- 
termination of the free-space absorbed dose. For example, the 4.76-MeV maximum 
Compton electrons resulting from 5-MeV photons would require a water sphere 4.9 
cm in diameter. Thus even the concept of “free-space” absorbed dose tends to lose 
its meaning when such a large sphere of material is required at the point of interest 
in free space. Since the dose in a water phantom is what is wanted, it makes more 
sense to let the calibration be made at some point of reference within such a phantom, 
and relate the absorbed dose there to doses at other points of interest in the phantom. 

The reference point must be chosen to be deep enough in the phantom to achieve 
TCPE. From 6oCo y-rays to 15-MV x-rays, 5-cm depth in water is normally used, 
with the reference point located on the beam axis. From 16 to 25 MV, 7-cm depth 
should be used, and from 26 to 50 MV, 10 cm depth (AAPM, 1983). The phantom 
should be larger than the beam dimensions by at least 5 cm on all sides. At least 10 
cm of water should remain behind the ion chamber at its deepest measurement po- 
sition, to ensure adequate photon backscattering. Making measurements in a water 
phantom is best carried out with the photon beam horizontal, entering the phantom 
through one side, while the ion chamber (suitably waterproofed, e.g., by a rubber 
sheath), is lowered to the beam axis with the electrical connections remaining above 
water. The few millimeters of plastic (e. g., Lucite) entry wall through which the beam 
passes should be counted as equivalent to a layer of water having the same number 
of electrons per cm’. For example, 3 mm of Lucite of density 1.17 g/cm2 may be 
considered as equivalent to 3.4 mm ofwater in determining the depth of an ion cham- 
ber, since Lucite’s electron concentration (cme3) is 1.137 times that in unit-density 
water. 

1. FOR 6 o C ~  y RAYS 
Assume now that a 60Co-exposure-calibrated ion chamber is immersed in a water 
phantom, centered at the reference point P on the beam axis. The corrected elec- 
trometer reading M resulting from a given irradiation can be reduced to a free-space 
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exposure Xby the methods fully discussed in Section 1V.A. 1 .a through d. Repeating 
Eq. (13.17), we have 

X = Nx Aion MPion 

where Nx is the 6oCo exposure calibration factor and Aion and con are correction 
factors for ionic recombination during the calibration, and use, of the chamber, re- 
spectively. 

The immediate question is: “What is the meaning ofXwithin a phantom?” This 
can be best explained with reference to Fig. 13.5. In part a of that figure the ion 
chamber is shown centered at point P i n  the phantom, where it is irradiated to pro- 
duce corrected reading M. 

Imagine now (see Fig. 13.56) that the chamber is removed, leaving behind a void 
just the size of the external chamber diameter (including the buildup cap, if present 
during the determination of Nx). X is the exposure at P at the center of the void, 
assuming that the Nxvalue obtained in a free-space calibration still applies when 
the chamber is irradiated in the phantom. For this assumption to be satisfied requires 
that the chamber exhibit a constant response per roentgen for the scattered photons 
in the phantom, extending from 6oCo energy downward. In other words, the cham- 
ber must be air-equivalent within that energy range. Ion chambers approximating 
this response function reasonably well are commonly available; hence this as- 
sumption is not a serious obstacle to the application of this method. 

If next the void is allowed to iill with water (Fig. 13.5c), the exposure at P is di- 
minished to a value 

X ’  = A$ (13.38) 

where A,, called the d i s p l a c m t  conation, is the fraction by which the exposure is 
decreased by broad-beam photon attenuation in the water occupying the former 
void. Holt et al. (1979) have measured A, and A,, (see Eq. (13.30)) for cylindrical 
polystyrene chambers in polystyrene or water phantoms, obtaining the values shown 
in Table 13.3. 

FIGURE 13.5. 
brated in terms of free-space exposure with ‘OCo y-rays. 

%o y-ray beam Calibration in a water phantom, using an ion chamber cali- 



368 

TABLE 13.3 
Chambers" 

DOSIMETRY AND CALIBRATION WITH CAVITY ION CHAMBERS 

AJA, and A, for %o y-Rays and Cylindrical Polystyrene Ion 

Do (cm) A& A, 

1 .o (0.9) 1.OOo (1.Ooo) 0.988' (0.988) 
1.1 (1.0) 0.999 (0.999) 0.987 (0.987) 
1.2 (1.1) 0.997 (0.997) 0.985 (0.985) 
1.3 (1.2) 0.996 (0.995) 0.984 (0.983) 
1.4 (1.3) 0.994 (0.993) 0.982 (0.981) 
1.5 (1.4) 0.993 (0.992) 0.981 (0.980) 
1.6 (1.5) 0.992 (0.991) 0.980 (0.979) 
1.8 (1.7) 0.989 (0.987) 0.977 (0.975) 
2.0 (1.9) 0.986 (0.984) 0.974 (0.972) 
2.2 (2.1) 0.983 (0.981) 0.971 (0.969) 
2.4 (2.3) 0.980 (0.977) 0.968 (0.965) 

"Outside diameter Do, wall thickness 0.5 cm, in water or polystyrene phantoms. A, is taken here to be 
0.988, based on an equilibrium thickness of 0.52 g/cm2. Figures in parentheses are estimated for a Lucite 
ion chamber in a Lucite phantom. The equilibrium thickness for Lucite of p = 1.17 g/cm3 is 4.4 mm. 
bNote that Holt et al. (1979). from whom the nonparenthetical data were taken, reported& = 0.9907, 
which they rounded to 0.990. They included in A, a &-correction of 1.003 that we are accounting for 
separately. Thus their Table V data for A, are higher by 0.002 for all D,-values, since 0.9907/1.003 = 
0.988. Reproduced with permission from R. L. Fleischer and the American Institute of Physics. 

Having obtained X' through application of Eq. (13.38), we can then derive the 
collision kerma in an imaginary infinitesimal mass of air placed at P in the water 
phantom, from the relation 

(13.39) 

where (KJa is in J/kg, X' in C/kg, and (Wle), in J/C. The corresponding collision 
kerma in water at P is 

( 13.40) 

and the absorbed dose Owat at point P i n  the unperturbed beam in the phantom, at 
a depth where TCPE is assumed to exist, is given in grays by 

= pwat A,  X ( (y)wa' a 

or, for Dwat in rads and X in roentgens, 

D,,, = 0.876 p,,, A, X - t3:" 
(13.41) 

(13.41a) 

These equations are identical to (13.35) and (13.35a) except for the replacement of 

Taking Pwa, a 1.005 (for, say, a 5-cm depth and a 10 X 10-cm2 beam), (Wle), 
A ,  by A,. 



IV. APPLICATION OF AN EXPOSURE-CALIBRATION ION CHAMBER 

= 33.97 J/C, and (penlp)yt  = 1.111 simplifies Eq. (13.41) to 

for B,,, in grays and X in Clkg, or 
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D,,, = 37.9 A$ (13.42) 

D,,, = 0.978 A 3  (13.42a) 
for D in rads and X in roentgens. 

The value of the displacement correction A, depends on the outer diameter of the 
chamber + buildup cap, according to Table 13.3; hence a single value cannot be 
assigned to further simplify Eqs. (13.42) and (13.42a). 

2. FOR X-RAY BEAMS HIGHER IN ENERGY THAN %o: THE Ch 
CONCEPT 
In-phantom dosimetry of high-energy x-ray beams has been done on the basis of6'Co 
y-ray-calibrated ion chambers for a number of years through application of the CA 
concept, originated by Greene (1962). CA is a conversion coefficient (rad/R) to derive 
the dose [Dwa,]A in rads at the point of reference in the water phantom from the reading 
M of an ion chamber irradiated by high-energy x-rays in that location. Simply, one 
can write that 

[Dwat lX  = cA N X  Aion Mpion (13.43) 

where Nx is the '%o exposure calibration factor (WC), and M the atmosphere-cor- 
rected reading of the charge collected. 

The following derivation of CA will clarify its meaning. Let us suppose that the 
ion chamber is a B-G cavity with water-equivalent walls (assuming it is located in 
a water phantom). That is, we ask that the same flux of,secondary electrons cross 
the cavity as would be the case if the wall (and buildup cap, if present) were made 
of water. The wall material does not have to be identically water, provided that the 
errors in collision stopping power and mass energy-absorption coefficient cancel each 
other. For example, for 6oCo and polystyrene walls (fi(,,,/p)$: = 1.028 while 
[(dT/p&)J~~. 0.979, giving a product of 1.006. For the case of Lucite walls the 
corresponding product is 0.999. Unity indicates a close match to water-equivalent 
walls. These typical plastics evidently provide reasonably good approximations. 

Leaving off the 6oCo buildup cap for measurements in the phantom, thereby al- 
lowing actual water to replace it around the relatively thin chamber wall, tends 
to further minimize any error due to non-water-equivalence. Note that the A, value 
to be used in this case is unchanged, being determined by the outer diameter of the 
buildup cap employed in the 6oCo y-ray calibration to determine Nu. 

The alert reader will have noticed that now we are asking that the chamber wall 
be water-equivalent for %oy-rays and higher-energy x-rays, while in Section 1V.B. 1 
we asked for its air-equivalence below 6oCo in energy. Actually air and water equiv- 
alence are not very different, as one may verify in Fig. 2.2a, which shows close track- 
ing between the fienIp values for these media over a wide energy range. More to the 
point, however, plastics like polystyrene or Lucite are too low in atomic number to 

imitate either water or air at low energies where the photoelectric effect becomes 
important, requiring the addition of some higher-Zelement. The use of an aluminum 
rod as the central collecting electrode is a familiar method for adjusting the low-en- 
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ergy air equivalence of an ion chamber, which has a negligible effect on the ap- 
proximate water equivalence ofits walls at higher energies where the Compton effect 
dominates. It has been suggested (Nahum and Greening, 1976, 1978; Kutcher et 
al., 1977; AAPM, 1983) that the inexact phantom-medium equivalence of chamber 
walls and buildup caps may cause significant dosimetry errors. Further develop- 
ments may be expected in this area of research-for example, specifically water- 
equivalent plastic chamber walls for use in phantoms of water or water-equivalent 
plastic (Constantinou et al., 1982). 

Returning now to our derivation of CA, we next imagine two irradiations with 
the chamber positioned at point Pin the phantom: one with 60Coy-rays, and a second 
with the higher-energy x-ray beam that will be identified by the subscript A. The 
two irradiations are adjusted to produce identical absorbed doses Dgas in the cavity 
gas, which we may take to be air. Since (m/c), is the same for 6oCo and the x-ray 
beam, the charge Q produced in the gas is also the same for both irradiations. As- 
suming equal ion-collection efficiencies, the atmosphere-corrected electrometer 
readings Mare also identical. 

D,, can be related to the dose Owat at Pin the undisturbed water phantom through 
application of the B-G relation, Eq. (10.6): 

and 

(1 3.44a) 

(13.44b) 

where any perturbation of the radiation field by the presence of the cavity at Pduring 
the measurements is neglected by assuming it to be the same for the two radiations. 
Thus we can write an equation for (Dwat)x in terms of (Dwat)co as 

(13.45) 

Combining this with Eqs. (13.17) and (13.41a), one can write for the x-ray dose 
in water, in rads, 

wat [BC,J: 
[DwatlX = [ 0.876 8wat Ac (7). Lo [ac,cJ wat NX Aion MPion (13.46) 

0 

where NxM is expressed in roentgens. Comparing with Eq. (13.43), we see that 
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wat [B.,J:" 
CA = L0.876 Pwat  4 (7). ] wat (rad/R) (13.47) 

Hence 

(13.48) 

The quantity CA has been evaluated by Greene and Massey (1968) under the as- 
sumption that @,,, = 1 (in place of the value p 1.005), and by letting A, = 0.985 
for an assumed outer chamber diameter of 1.6 cm for a Farmer chamber with a6'Co 
buildup cap. (Note that Table 13.3 givesA, = 0.980). Table 13.4 lists, in the second 
column, these values of C, for water phantoms and various photon energies, as quoted 
by the AAPM (197 1). Columns 3 and 4 pertain to other phantom media, and will 
be discussed in the next section. 

TABLE 13.4. Factors' C, for Water and (Ck)* for Polystyrene and Acrylic* 

(Cd, in 

C, in Water Polystyrene Acrylic 
Radiation (rad/R) (rad/R) (rad/R) 

y-Rays: 
1 3 7 ~  .95 .94 .95 
6o c o  .95 .94 .95 

2 .95 .94 .95 
4 .94 .93 .94 
6 .94 .93 .93 
8 .93 .93 .92 

10 .93 .92 .92 
12 .92 .92 .91 
14 .92 .92 .91 
16 .91 .92 .91 
18 .91 .92 .91 
20 .90 .92 .90 
25 .90 .92 .90 
30 .89 .91 .89 
35 .88 .90 .89 
40 .88 .90 .88 
45 .8J .91 .89 
50 .87 .91 .89 

x-Rays (MV): 

"AAPM (1971). Reproduced with permission from The Institute of Physics, U.K. 
'Lucite, Plexiglas, and Perspex are acrylics. 
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The tendency of CA to decrease with increasing x-ray energy is attributable to the 
polarization effect (see Chapter 8), which causes the stopping power in (condensed) 
water to decrease relative to that in (gaseous) air. The numerator of the final factor 
in Eq. (13.47) controls the energy dependence of C,. 

An improved calculation of CA for chamber diameters like that of the Farmer 
chamber (O.D. = 1.6 cm) can be performed by applying A, = 0.980 and @,,, E 
1.005 in Eq. (13.47), but the net change in Table 13.4 would be nil. For chambers 
of other outer diameters than 1.6 cm, the actual A, from Table 13.3 should be used, 
along with 8, 1.005. For example, if a water-equivalent-walled chamber with an 
outer diameter of 2.4 cm were used in a water phantom with 35-MV x-rays, then 
CA = 0.88(1.005) (0.96N0.985) = 0.869 Q 0.87. Clearly it would be advantageous 
to tabulate CA/A, with three significant figures if the CA formalism is retained. 

Nahum and Greening (1976, 1978) have concluded that the CA tabulations in 
Table 13.4 are significantly in error when applied to practical ion chambers such 
as the Farmer chamber, which has either a Tufnol or a graphite wall that is more 
nearly air-equivalent than water-equivalent . This provided some of the motivation 
for the AAPM's preparing a new protocol based on the Ngas concept in place of CA. 
If the CA concept continues to be used, however, one may expect to see improved 
chamber-specific tabulations of CA that take into account the criticisms of Nahum 
and Greening and of others. Otherwise the Ngasapproach in the new AAPM (1983) 
protocol and other comparable protocols (e.g., NACP, 1980) may be expected to 
replace the CA method altogether. 

C. Substitution of Plastics for Water in Photon-Beam Phantoms 
Solid plastic phantoms are frequently substituted for water as a matter of conve- 
nience. When that is done the following procedure should be used: 

1. 
The center of the chamber should be positioned at the same distance from the source 
as if a water phantom were used. Also the same beam collimator setting should be 
employed. 

2. 
The chamber walls (and 6oCo buildup cap, if present) should preferably be made 
of the same plastic as the phantom (but see Section V.B if not). The chamber should 
fit the receiving hole in the phantom snugly; any void around the connecting stem 
should be filled in with the same plastic. 

3. 
The depth dp of the chamber center from the front of the plastic phantom should be 
adjusted to give the same photon attenuation as would occur with the chamber at 
depth d,.,,, in a water phantom. This will be closely approximated for photons below 
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10 MeV if the number of atomic electrons per cm* in a plastic layer of thickness dp 
is the same as that in a water layer d,,,. That is, 

(1 3.49) 

where NA = Avogadro's constant, 
p p ,  wal = density of plastic and water, respectively, 

($) P = f @ ,  +he) 2 + * * - 

and, for water, 

= 0.11 19(0.9921) + 0.8881(0.5000) 

= 0.5551 

f,, f2, etc. are the elemental weight fractions in the plastic. For acrylic (C,H,O,), 
(m)p = 0.5394, and for polystyrene (CeH,), (m)p = 0.5377. 

The plastic density varies somewhat from piece to piece, and should be determined 
by weighing and measuring each sample. The density of pure water at 22°C is p, 
= 0.9978 g/cm3. 

Equation (13.49) can be simplified to obtain the chamber depth in the plastic 
phantom as 

dp = 

- - 
(13.49a) 

For example, if a polystyrene phantom of density 1.04 g/cm3 were used in place of 
water, a 7-cm calibration depth in water would translate to dp = 6.93 cm in the 
polystyrene. With a Lucite phantom ofdensity p = 1.17 g/cm3, a 7-cm depth in water 
would translate to 6.14 cm in the Lucite. Note that in the latter case the distance 
(the SSD) from the source to the phantom surface would be greater for the Lucite 
phantom than for a water phantom by 7 - 6.14 = 0.86 cm, since the chamber re- 
mains at the same distance from the source in both phantoms. 

For x-rays generated at 10 MV and above, pair production in plastics becomes 
significantly less than in water because of the substitution of carbon for oxygen. Thus 
Eq. (13.49a), based on the electron content of those media assuming only Compton 
interactions to attenuate the beam, becomes inaccurate. Table 13.5 lists values of 
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TABLE 13.5. 
Density 1.17 g l d  a 

DOSIMETRY AND CALIBRATION WITH CAVITY ION CHAMBERS 

Ratios 4/4 for Polystyrene of Density 1.04 g/cm2 and Acrylic of 

Radiation 
dJd, 

Polystyrene Acrylic 
~ ~~ ~ ~~~ ~ 

yRays: 

X-Rays (MV): 
%o 0.99 0.88 

2-8 0.99 0.88 
10-35 1 .oo 0.88 
40-50 1.01 0.89 

“AAPM (1983). Reproduced with permission from R. J.  Schulz and The American Institute of Physics. 

the ratio (dwatldp) for polystyrene and acrylic, as provided by the AAPM (1983), that 
may be used in place of Eq. (13.49a) to evaluate dp, especially at 10 M V  and higher 
energies. 

4. 
Equation (13.48) can be rewritten for the absorbed dose Dp to the phantom of plastic 
instead of water, for a photon beam of quality A, as 

COph = (Cdp NxAio&pion (rad) (13.50) 

where Nx is the ‘%o exposure calibration factor, M is the atmosphere-corrected 
electrometer reading taken with the chamber in the plastic phantom irradiated by 
the x-ray beam of quality A, and 

(C& = [ 0.876 BpAc (?y] [Elc, I (13.51) 
a q(3J 7 

c , C o  a 

which is seen to be identical to Eq. (13.47) except for the replacement of the su- 
perscript wat (representing water) by p (for plastic). CA itself is always assumed to 
refer to water unless it has a subscript p. @,, @, 1.005 for 6oCo at depth in a 
phantom. A, is the same for polystyrene and water, but slightly less for the more dense 
Lucite, as indicated in parentheses in Table 13.3. 

Thevaluesof(Cx),,inTable 13.4wereprovided by theAAPM(1971)foruse where 
the chamber and phantom are both polystyrene, or both acrylic plastic. These data 
assume @ = 1 .OOO and A, = 0.985 as previously mentioned. 

5. 
Having obtained [from Eq. (13.50)] the absorbed dose (0,)~ in the plastic phantom 
irradiated by an x-ray beam of quality A, one can then derive the absorbed dose to 
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TABLE 13.6. 
Plastic" 
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Ratios of Mean Energy-Absorption Coefficients for Water and 

Radiation 

2-6-MV x rays, 6oCo y rays 
x rays (MV): 

1.031 

8 1.032 
10 1.033 
15 1.040 
20 1.041 
35 1.049 
45 1.064 

1.036 

1.038 
1.039 
1.049 
1.054 
1.068 
1.096 

"AAPM (1983). Reproduced with permission from R. J.  Schulz and The American Institute of Physics. 

water that would have occurred at the corresponding location in a water phantom. 
Since TCPE is present in both phantoms we can write that in the water phantom 

and in the plastic phantom 

(13.52) 

(13.53) 

For the case of an acrylic phantom (but not for polystyrene) one more correction 
factor is needed to obtain the dose to water in a water phantom. This is the excess- 

TABLE 13.7. 
Acrylic Phantoms' 

Excess-Scatter Correction (ESC) Factors for Measurements in 

ESC 
Depth in 
Phantom 

Photon (cm) Sizeb = 5 X 5 10 X 10 20 X 20 30 X 30 

y-Ray: 0.5 .997 ,996 .995 .996 

x-Ray (MV): 
6oco 5.0 ,986 .987 ,989 .991 

2 0.4 .wa .994 ,997 - 
5.0 ,984 .982 ,989 - 

4 1 .o .998 .997 ,998 - 
5.0 ,994 ,993 .993 - 

6 1.5 ,999 ,998 ,998 - 
5.0 .994 ,994 .996 - 

"Reproduced with permission from R .  J .  Schulz and The American Institute of Physics. 
'Field size at depth (cm'). 
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scatter correction (ESC) due to Casson (1978) and discussed in the 1983 AAPM pro- 
tocol. For a given beam size the dose is thereby elevated in acrylic relative to water 
because the greater density of the acrylic gives rise to more scattered photons. Thus 
the equation for the dose to the water phantom at the point of measurement is gotten 
from Eqs. (13.52) and (13.53), assuming #Ip = 

(13.54) 

for which the (pen/p)y factor is given in Table 13.6. ESC = 1 for polystyrene phan- 
toms, and for acrylic phantoms its value may be obtained from Table 13.7 (AAPM, 
1983). 

Clearly the calibration procedure requires fewer corrections in a water phantom, 
but this is partially offset by the relative inconvenience of working with a liquid vs. 
a solid medium. 

V. 
METHOD 

CALIBRATION OF PHOTON BEAMS IN PHANTOMS BY THE N,, 

A. Chamber Wall Material Same as Phantom 
Section 1II.B described the procedure for calibrating an ion chamber with 6oCo 
y-rays in terms of the quantity N,,,. In the present section the use of such a chamber 
for calibrating a photon beam in a phantom will be described. A water phantom will 
be assumed unless otherwise specified, and the chamber wall and buildup cap (if 
present) are taken to be water-equivalent. The main photon application ofthis method 
is for x-ray beams generated at potentials of 2 MV or greater. 

Consider an ion chamber, with or without its buildup cap, immersed in a water 
phantom and centered at a reference point P o n  the beam axis. The beam quality 
will be characterized by A. An electrometer reading Mi is obtained, and corrected 
to atmospheric conditions at 22OC and 1 atm by Eq. (12.21) to obtain MA. This is 
to be corrected for ionic recombination losses by multiplying it by Pion (see Fig. 12.25). 

The absorbed dose to the cavity gas can be obtained from Eq. (13.2), substituting 
Pion for A;,!: 

(Dga,ash = MipionNgas (13.55) 

This value of Dgas is typically larger than it would have been for a very small cavity 
located at P, due to lack of photon-beam attenuation in the actual gas-filled cavity. 
AAPM (1983) employs a multiplicative “replacement correction” Preplr which de- 
pends on the photon gradient vs. depth and on the diameter of the cuuig, to com- 
pensate for this error. Figure 13.6 gives values of PmPl in a water phantom for various 
x-ray beam energies and chamber inner diameters. Note that Prep, for 6oCo is ap- 
proximately equal to AJA,, for water in Table 13.3, for corresponding chamber sizes 
and a wall thickness of 5 mm. 
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INNER DIAMETER OF CHAMBER (mm) 
FIGURE 13.6. Replacement correction PmPl in water for %o y-rays and for x-rays generated 
at various energies (AAPM, 1983). Reproduced with permission from R. J. Schult and The Amer- 
ican Institute of Physics. 

The absorbed dose (DWaJA in the water at point P in  the absence of the chamber 
can be gotten from application of the cavity relation: 

(13.56) 

where [(E/p)F3A for gas = air is tabulated for various photon energies in column 
2 of Table 13.8. For the other phantom media acrylic and polystyrene Table 13.8 
also gives values of [ (Z/p)$, ] .  If the phantom, chamber wall, and buildup cap (if 
present) are all homogeneously made of polystyrene or acrylic plastic in place of 
water, the procedure for beam calibration is modified according to Section 1V.C. 
The absorbed dose to the phantom medium may be gotten from Eq. 13.56 by re- 
placing “wat” by ‘‘p” for plastic. Equation (13.54) then gives the dose to water. 
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TABLE 13.8. 
[ (z/p):& for ~ar iou .  Photon Spectra. 

DOSIMETRY AND CALIBRATION WITH CAVITY ION CHAMBERS 

Ratios of Average Restricted Stopping Powers, [ ( t / p ) Z t ] A  and 

[(Llp)zl]X [(Gp)$rlX 

Radiation Medium = Water Acrylic Polystyrene 

y-Rays: 

x-Rays (MV): 
@%o 

2 
4 
6 
8 

10 
15 
20 
25 
35 
45 

1.134 

1.135 
1.131 
1.127 
1.121 
1.117 
1.106 
1.096 
1.093 
1.084 
1.071 

1.103 

1.104 
1.099 
1.093 
1.088 
1.085 
1.074 
1.065 
1.062 
1.053 
1.041 

1.113 

1.114 
1.108 
1.103 
1.097 
1.094 
1.083 
1.074 
1.071 
1.062 
1.048 

~ ~ ~~ ~ 

"Assuming A = 10 keV (AAPM, 1983). Reproduced with permission from R. J.  Schulz and The Amer- 
ican Institute of Physics. 

B. Chamber Wall Material Different from Phantom 
In case the ion chamber wall and cap (if present) are the same material, but it differs 
from the phantom medium, AAPM (1983) has provided a semiempirical formula 
for the dose in the phantom mediump, as proposed by Almond and Svensson 
(1977): 

where a is the fraction of the total ionization produced the cavity gas by electrons 
arising in the chamber wall and cap (if present), and 1 - a is the fraction due to 
electrons originating in p .  

For a very thin chamber wall, a -* 0 and Eq. (13.57) becomes the same as Eq. 
(1 3.56), adapted to phantom medium p .  For a wall + cap thickness exceeding the 
maximum secondary-electron range, a p 1 and Eq. (13.57) simplifies to 

(1 3.58) 

Values of a for intermediate thicknesses of chamber wall (+ cap if present) are shown 
in Figs. 13.7a,b [Lernpert et al. (1983), as reproduced in the AAPM 1983 protocol]. 

Additional complications arise if the buildup cap is made of a different material 



o-2 t 
I I I I I 1 1 

CHAMBER WALL THICKNESS (g/cm2) 
0 0.1 0.2 0.3 0.4 0.5 0.6 

FIGURE 1 3 . 7 ~ ~ .  Fraction Q of ionization due to electrons arising in the chamber wall, as a 
function of mass wall thickness, for 6oCo y-rays [Lempert et al. (1983). as adapted by M P M  
(1983)l. Reproduced with permission from R. J .  Schulz and The American Institute of Physics. 

g /cmr 

0.55 

0.40 

0.20 
0.1 0 
0.05 

0' I 
1 1  1 I I I  1 1 I 

2 3 4 5 6  8 1 0  2 0  30 40 50 

NOMINAL ACCELERATING POTENTIAL (MV) 
FIGURE 13.76. Fraction a of ionization due to electrons from the chamber wall irradiated by 
x-rays with nominal acceleration potentials of 2 to 50 MV. The dashed portions of the curves are 
extrapolationr of the experimental data. [Lempert et d. (1983), as adapted by AAPM (1983). 
Reproduced with permission from R. J. Schulz and The American Institute of Physics.] 
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than either the chamber wall or the phantom during beam measurement (AAPM, 
1983). That situation can and should be avoided. The AAPM (1983) recommends 
leaving off the buildup cap in the phantom, in which case the value of CY should be 
selected for the remaining chamber wall thickness. 

VI. 

A. Absolute Cavity-Chamber Measurements 

CALIBRATION OF ELECTRON BEAMS IN PHANTOMS 

The problem of calculating the .absorbed dose deposited by an electron beam at a 
depth in a phantom where the electron fluence is known was discussed in the last 
section of Chapter 8. 

Measurement of this dose may be done by inserting a suitable dosimeter, for ex- 
ample a B-G cavity ion chamber, at the point P in question. The B-G theory can 
then be applied to derive a value of the dose Dp in the phantom medium p from the 
value of the dose in the cavity gas, Dgas: 

(13.59) 

where D,, = (MEPion/m)(~/.)gas, in which ME is the charge collected and m is the 
mass of gas in the cavity, and where Pfl is a correction factor for perturbation of the 
electron fluence by the cavity in the phantom. Or, on the basis of Spencer’s theory 
accounting for &ray escape from the cavity of energy-cutoff size A, 

(13.60) 

P ,  will be discussed in the following section. Note that the phantom medium p may be 
either a plastic or water in Eqs. (13.59) and (13.60). 

8. Electron-Beam Perturbation Corrections for Cavity Chambers in 
Phantoms 
We have already Seen that photon-beam perturbation by a cavity chamber in a phan- 
tom is easily corrected for through either the displacement correction factor A, [see 
Eq. (13.38)] or the replacement correction factor PRpl (see Fig. 13.6), depending 
upon the calibration procedure used. In either case the point in the phantom where 
the dose is being determined is the location of the geometric center of the cavity. 
The AAPM (1983) protocol names this a “gradient correction” because it depends 
upon the slope of the absorbed dose vs. depth, as well as the chamber size. 

The electron-beam case is somewhat more complicated, requiring two ditfeerent 
corrections to account for chamber perturbation. These are: (1) an electron-fluence 
scattering correction, and (2) positioning of the chamber with its geometric center 
deeper in the phantom than the point Pat which the dose is being determined. These 
two corrections will be discussed separately in the next two sections. 
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1. ELECTRON-FLUENCE SCAlTERlNG CORRECTION 
It was pointed out by Harder (1968) that a cavity in a phantom is traversed by a 
somewhat greater number of electrons than the same volume filled by phantom ma- 
terial would be. This is because an electron is more likely to be scattered into the 
cavity by the surrounding higher-density medium than to be scattered out by the 
low-density cavity gas. This is illustrated by Fig. 13.8~. The average absorbed dose 
in the cavity gas is consequently greater than that in the same volume filled with 
phantom medium, assuming equal stopping powers. 

A second effect noted by Harder is illustrated in Fig. 13.86. This “obliquity” or 
pathlength effect results from the greater pathlength of an electron traversing the 
cavity when it is filled with phantom medium than when filled with gas. This is be- 
cause of the greater probability of electron scattering in the denser material. The 
average absorbed dose in the cavity gas is less than that in the phantom-filled cavity 
on account of this. 

The importance of each of these two effects depends on cavity shape and ori- 
entation, as discussed by Harder. For a thin (1-2 mm) flat coin-shaped cavity ori- 
ented perpendicular to the electron beam direction these effects are said to be neg- 
ligible (AAPM, 1983). Thus Pfl may be taken as unity in Eqs. (13.59) and (13.60) 
for such chambers. 

For a cylindrical cavity oriented with its axis perpendicular to the electron-beam 
direction, Harder found that the in-scattering effect dominated, and that the re- 

38 1 

a) b) 
FIGURE 13.8. The electron-beam perturbation effects caused by a gas-filled cavity in a solid 
or liquid phantom, as discussed by Harder (1968). Electron paths are idealized to emphasize the 
effects being shown. ( a )  The in-scattenkg e@t. Electrons are more likely to be scattered into the 
cavity by the condensed medium m than to be scattered out by the gas (see dashed arrows). The 
dose in the gas is thereby i n n a r d  relative to the dose in the medium. This effect predominates 
in chambers that are elongated in the beam direction. (6) The obliquity m #mth&ngih eflect. The 
electron paths through the cavity gas are straighter than those present (see dashed paths) when 
the phantom medium fills the cavity, because of the additional scattering in the condensed me- 
dium rn. The dose in the gas is thus decreased relative to the dose in the medium, tending to counter 
the effect of side in-scattering as the chamber length is reduced. Reproduced with permission 
from D. Harder and Springer-Verlag. 
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TABLE 13.9. Electron Fluence Correction Factor for Cylindrical Ion 
Chambers“ 

DOSIMETRY AND CALIBRATION WITH CAVITY ION CHAMBERS 

pi, - 
Tb (MeV) I.D.‘ = 3 mm 5 mm 6 mm 7mm 10mm 16mm 

- - - - 1 - - (.947) 
2 .977 .962 (.970) .956 .949 (.958) - 
3 .978 .966 (.978) .959 .952 (.970) (.962) 
4 - - (.984) - - (.977) (.972) 
5 .982 .971 (.986) .965 .960 (.981) (.977) 
7 .986 .977 - .972 .967 

10 .990 .985 (.992) .981 .978 (.989) (.987) 
15 .995 .992 - ,991 .990 

- - 
- - 

20 .997 .996 (.997) ,995 .995 (.995) (.993) 

“Data in parentheses are for an air cavity in a water phantom, due to Harder (1968) as given in ICRU 
(1972). Otherdataare from acrylic-phantommeasurementsofJohanssonetal. (1977). asgiven in AAPM 
( 1983). 
‘The mean electron energy 7 can be estimated for this purpose at the depth d of the effective chamber 
center by the equation T I T. [ 1 - d(CSDA range)], where T. is the incident energy of the electron 
beam, and the CSDA range of electrons of that energy is listed in Appendix E, column 5. 
‘Inner diameter. 

sulting enhancement of cavity ionization was significant, as shown in Table 13.9. 
Values of the electron-fluence correction factor Pn are listed there for several air- 
cavity inner diameters, and mean electron energies T.  Harder’s calculated values 
for a water phantom are shown in parentheses. The other data were measured with 
air cavities in an acrylic phantom by Johansson et al. (1977). The data for the only 
cavity diameter (5 mm) in common between the two show some differences between 
them which remain to be resolved. 

2. CHAMBER-SHIFT CORRECTION 
Accounting for the decrease in electron-beam attenuation in a phantom due to the 
finite size of the cavity could, in principle, be accomplished with a gradient-type 
correction factor, as was done for photon beams. The typical depth-dose shape of 
an electron beam, as shown in Fig. 8.14a, discourages that approach, however, be- 
cause of the steep and rapidly changing slopes. Dutreix and Dutreix (1966) indicated 
an alternative method that is more satisfactory for electron-beam dosimetry. Those 
authors refer to it as a “displacement correction,” in the sense that the geometric 
center of the chamber is displaced from the “effective center” of the chamber, i.e., 
the point at which the dose is determined in the phantom. Here we will describe this 
as a Chambcr-shiJS c o w t w n  to avoid confusion, since A, is usually referred to as a dis- 
placement correction in the sense that it corrects for photon-beam attenuation in the 
phantom medium displaced by the ion chamber. 

The idea underlying the chamber-shift correction is that the ionization produced 
in a gas-filled cavity is generated by the electrons entering the cavity. For a mono- 
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directional beam, this means the electrons entering through the cavity wall on the 
upstream side. The depth of the inner surface of that wall in the phantom determines 
how many electrons come in. Thus, for example, the ionization per unit mass of gas 
in a flat chamber will be the same for two different chamber thicknesses, so long as 
(a) the front cavity surface remains at the same depth in the phantom, (b) the chamber 
remains much smaller than the electron range, and (c) the electron-fluence correction 
factor Pfl remains at unity. This is illustrated in Fig. 1 3 . 9 ~ .  Clearly in that case the 
chamber geometric center is a distance s deeper than the effective center at point P 
on the front wall, at which the dose is determined. 2s is the chamber plate separation. 

For cylindrical and spherical cavities of radius r(see Fig. 13.96 and c) the distance 
s of the front wall from the plane at the depth of the geometric center varies with 
the point of entry of each electron, unlike the case of the flat cavity. The average 

(a) Electron Beam 

1 ,  1 
t 

c depth of effective center 
-iP 

t -  depth of geometric center 
2s 2s 

I 
(b) E lcctron Beam 

depth ofeffective center 

depth of geometric center 

I 
Electron Beam 

depth of effective center 

depth of geometric center 

- 
S-O.75T 

FIGURE 13.9. Illustrating the chamber-shift correction 3 for a monodirectional electron beam 
in a phahtom. P indicates the effective center of the cavity, that is, the point where the absorbed 
dose is determined in the phantom. (a) Flat cauitks:  Shift correction 3 = s. (b )  Cylindr+s: Shift 
correction S = 8 d 3 r  0.85r. (c) Spheres: Shift correction 3 = 3rl4 = 0.75r. 
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distance Scan be obtained by integrating over the cross section of the cavity (as viewed 
by the beam) to obtain the mean distance from the front wall to the midplane of the 
chamber, weighted by the track length ofeach electron (assumed straight). This takes 
into account the relative ionization contributed by each electron. Thus for a cylin- 
drical chamber of radius r irradiated perpendicular to its axis, one finds the value 
of 3 from 

(13.61) 

and for a sphere, 

3r 
4 

= - =  0.751 (13.62) 

For the Farmer chamber, having a radius of 3.25 mm, a value ? 2.5 mm is ap- 
propriate. 

Notice that the electron-fluence correction factor Pfl is used as a multiplier for the 
measured ionization or D ,  [for example, in Eq. (13.59) or (13.60)], and the cham- 
ber-shift correction ? then locates the depth at which the dose measurement D,, ap- 
plies, at point P i n  the phantom medium p. If the dose is to be measured at a depth 
d in the phantom, then the cavity chamber must be located with its effective center 
at that depth, and its geometric center at a depth d + S. If two chambers of different 
shapes are to be compared in a phantom irradiated by an electron beam, they should 
be positioned with their effective centers at the same point P(see Fig. 13.9). Their 
geometrical centers will therefore be separated in depth by the difference in their 5- 
values. 

Figure 13.10 shows the effect of the chamber-shift correction in the case of an 
imaginary chamber for which S = 5 mm. It is seen that this simple leftward shift 
brings the dashed (dose vs. chamber-center) curve into coincidence with the solid 
(dose vs. effective depth) curve, which is the true depth-dose curve. To accomplish 
this through a multiplicative correction would require factors differing strongly from 
unity. and having a different value at every depth. 

Thin, flat cavity chambers offer the advantage of requiring no electron-fluence 
correction, in addition to which their dose results can be accurately plotted at the 
depth of the inner surface of the front wall. Cylindrical and spherical chambers re- 
quire both electron-fluence corrections and chamber-shift corrections, neither of 
which are as accurately known. On the other hand, flat chambers are more difficult 
to construct, especially while avoiding materials that are not phantom-equivalent. 

The foregoing considerations of electron-beam perturbation corrections apply 
equally well to absolute cavities (Section VI.A), the C, method (Section VI.C), and 
the Ngas method (Section V1.D). In every case it will be advantageous in calibrating 
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1.0 

.8 - 

- 

.- c 
ON 
E . 6 -  s 
e! .4 

.- 

FIGURE 13.10. Illustrating the chamber 
shift correction, 3, assumed here equal to 5 mm, 
the length of the arrows. The dashed curve is 

a .2 the dose D,, already corrected for electron-flu- 
ence error, but plotted vs. the depth of the geo- 
metric chamber center. The solid curve shows 

I D~vs.effecive-center depthinphantom, andis 

- .- c 
0 
al 
- - 

, 
0 ’ 

Depth,cm the correct depth-dose curve. 

electron beams in a phantom to locate the effective center of the ion-chamber cavity 
at or near the depth where the absorbed dose reaches a maximum, since depth po- 
sitioning will be least critical at that depth. 

C. The C, Method 
If the sensitive volume of the cavity is not known, calibration of the chamber becomes 
necessary, analogous to the case already considered for photon beams. A procedure 
similar to the CA method described in Section 1V.B. 2 was suggested by Almond (1 967, 
1970) and Svensson and Pettersson (1967) for electron beams, using a corresponding 
factor C, in place of CA. This approach was formalized by the ICRU (1972, 1984b) 
and more details will be found in those reports about electron-beam dosimetry in 
general, as well as this method in particular. 

The value of C, is obtained through a 6oCo y-ray calibration in which the free- 
space exposure is X(C/kg). The ion-chamber wall and buildup cap are made of ma- 
terial w, and the cavity contains air. The dose in the cavity air, D,, can be expressed 
in grays from Eqs. (13.9) and (13.17) as 

The ICRU (1972) made the implicit assumptions that the chamber wall and 
buildup cap were exactly air-equivalent for 6oCo y rays [i.e., (p,,lp): = (z/p>”w = 
l.OOO], that 0, = 1.000, and PionAion = 1 .  Under these simplifying assumptions, 
Eq. (13.63) reduces to 

- 
Do = MN, (s) A ,  

a 

(13.64) 
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Nx and& apply to the %o calibration, and (w/d), = 33.97 J/C, assuming dry air. 
Hence DJM has the same value in electron beams as for 6oCo y-rays, assuming equal 
ion-collection efficiencies. 

The chamber is next placed in a phantom of medium p (preferably water) with 
the effective center of the cavity at the point P where the absorbed dose Dp is to be 
determined in the phantom medium. For electron-beam calibration the ICRU rec- 
ommends that the effective center be placed at the depth where Dp reaches a max- 
imum, to minimize the influence of depth-positioning error. 

The electron beam produces an electrometer reading ME, which is related to a 
dose (DJE in the cavity by Eq. (13.64). The B-G relation (13.59) then allows the 
calculation of the absorbed dose Dt in the unperturbed phantom at the point P as 

(13.65) 

where Dp and ( D a ) E  are given in grays, Nx is the 6oCo exposure calibration factor 
in kg-’, (w/c), = 33.97 J/C independent of beam quality, [(dT/pdx),E is the mean 
value of the ratio of mass collision stopping powers for phantom medium and air. 
evaluated for the spectrum of the electron beam crossing the cavity, and Prl was de- 
fined with Eq. (13.59). If Nx is given instead in R/C and Dp is desired in rad, we 
have in place of Eq. (13.65) 

where 

(13.66) 

(13.67) 

in its customary units. 
Notice in this case that the ionization in the cavity air is produced by the electrons 

in the primary beam. Any 6 rays they create in the cavity that have long enough 
range to carry energy into the wall will be replaced by other h a y s  originating in 
the air-equivalent wall. Thus the mass collision stopping-power ratio is preferable 
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to the restricted stopping-power ratio for use in Eqs. (13.65)-( 13.67), because of the 
resulting &ray equilibrium. 

Table 13.10 contains an array of Crvalues from ICRU (1972), computed by 
Kessaris (1970) by assumingp = water, A, = 0.985 and Pn = 1.000 in Eq. (13.67). 
One may ask what the combined error in CE would be as a result of the several as- 
sumptions mentioned above, if the chamber wall were, say, graphite in place of per- 
fectly air-equivalent material. A more complete equation for CE for a non-air-equiv- 
alent walled chamber can be expressed as 

where the subscript Co indicates the factors that were evaluated in the 6oCo y-ray 
chamber calibration. &ray equilibrium is still assumed between air and wall. The 
data in Table 13.10 were computed on the assumption that the entire Co bracket 
has the value 0.985 (=A,), while a more correct evaluation for an equilibrium-thick- 
ness graphite wall would result from inserting the values A, = 0.988, (pen/p)r = 
1.001, P, = 1.003, and (z /p>::  = 0.990, yielding a product of 0.982 for the bracket 
value in Eq. (13.68). Thus we may conclude that Table 13.10 appears to be only 
about 0.3 % too low for the case of a nonperturbing graphite-walled cavity chamber. 

It can be seen in the table that the value of CE decreases with decreasing depth 
in the phantom and with increasing incident beam energy To. These trends are con- 
trolled by the polarization effect, through the mass collision stopping-power factor 
in Eq. (13.67). 

D. The N, Method 
An ion chamber calibrated in terms ofNgas can be used for electron-beam calibrations 
in a phantom. The chamber wall need not exactly match the phantom medium, p ,  
(preferably water) so long as the wall is fairly thin (e.g., 5 0.1 g/cm2) and of low- 
atomic-number plastic. A matching buildup cap, increasing the wall thickness to 
provide TCPE, must be added during the 6oCo calibration. The following equation 
can be used to calculate the dose D,, in the unperturbed phantom medium at the 
location of the effective center of the chamber: 

where M E  is the atmosphere-corrected electrometer reading due to the electron ir- 
radiation, Ngas is obtained from the 6oCo chamber calibration, Pi,, is the ionic re- 
combination correction factor during the electron exposure, Pfl is the electron-fluence 
correction (see Table 13.9), and [(L/pyw]7 is the ratio of restricted stopping-powers 
for phantom medium and cavity gas, evaluated at the mean electron energy T cross- 
ing the cavity. 

Tables 13.11, 13.12, and 13.13 contain values of [(L/p):ir]7 for the media water, 
polystyrene, and acrylic plastic, respectively. Values are tabulated for depths in the 
phantom from 0 to 30 cm and incident electron energies To from 5 to 60 MeV. 
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392 DOSIMETRY AND CALIBRATION WITH CAVITY ION CHAMBERS 

PROBLEMS 

1. 

2. 

3. 

4. 

5.  

6. 

7. 

Show that the value ofNxfor a fully saturated 1-cm3 air-equivalent cavity ion 
chamber is 3.24 X 109 WC or 8.36 X lo5 kg-1. (CPE. no attenuation). 
What is the value of Nga. in Gy/C for an ion chamber containing 12.93 mg 
of air in its sensitive volume? 
Calculate Nga. for an air-filled polystyrene ion chamber for which NxAion = 
1.67 X lo5 kg-' for %o y-rays. The chamber's internal diameter is 1.5 cm, 
and the wall mass thickness is 1.00 g/cm2. 
The chamber in problem 3 is used to calibrate a 6oCo y-ray beam. When the 
shutter is set at 10.0 s, the electrometer measures 2.47 X C; at 100.0 s, 
2.60 X lo-' C. The air temperature is 23.2OC,p = 749 torr; the ion collection 
efficiency is 0.996. Background is negligible. 
(a) What is the exposure rate in free space at the chamber-center location? 
(b) What is the shutter timing error? 
(c )  What is the free-space dose in water at the same location, for a shutter 

setting of 24.0 s? 

An x-ray beam with a monitor chamber is calibrated at a point of reference 
by means of an ion chamber for which NxAion is 7.32 X lo9 R/C for the beam 
quality used. The air temperature is 19.3OC at the (vented) calibrating cham- 
ber, and 19.8OC at the (vented) monitor chamber. The pressure is 709 torr. 
For a shutter-timer setting of 100 s the calibrated chamber yields a charge of 
1.14 x 
C. What is the monitor calibration factor NM, in roentgens at the reference 
point per coulomb collected from the monitor at 22OC, 760 torr? (Take shutter 
timing error = 0.) 
At a later time the x-ray beam in problem 5 is to be used to deliver an exposure 
of 200 R at the same location. The monitor temperature is 2 1.4OC; the pressure 
is 720 torr. 
(a) Assuming NM to be constant, and that the beam is automatically turned 

off at a preset monitor charge, what should that setting be? 
(b) Approximately what would be the irradiation time if the exposure rate 

is roughly the same as it was when the beam was calibrated? 
A cylindrical polystyrene ion chamber containing air, with 0.52-g/cm2 wall 
thickness (5 mm), outside diameter 2.4 cm, and NX&, = 1.103 X lo9 R/C 
for 6oCo y-rays, is used to calibrate a beam of 25-MV x-rays in a polystyrene 
phantom of density 1.04 g/cm3. A saturation charge Mipion = 7.69 X lo-' 
C is measured for an exposure of exactly 1 min at 7-cm depth on the beam 
axis. I = 20.0°C, p = 749 torr. 
(a) Use the Ch method to calculate the absorbed dose rate in polystyrene. 
(b) From (a), what would be the absorbed dose rate in water at approxi- 

mately the same depth in a water phantom? 

C at saturation, while the monitor chamber gives 4.26 X 



SOLUTIONS TO PROBLEMS 393 

(c) 

(d) 
Calculate N,,, for the chamber. 
Calculate the absorbed dose rate in polystyrene by the Ng= method. 
(Note: You may estimate P,,, by extrapolation of the 26-MV curve in 
Fig. 13.6.) 

(e) From (d), what would be the absorbed dose rate in water at approxi- 
mately the same depth in a water phantom? 

(f) Assuming that (e) is correct, by what percentage is (b) in error? 
Suppose the same x-ray beam as in problem 7 were measured with the same 
chamber immersed at 7-cm depth in a water phantom. 

(a) What is the value of 01 for the chamber wall? 
(b) Assuming problem 7(e) gives the correct absorbed dose rate in water, 

what value of MkPi,, should be measured by the chamber in 1 min, as- 
suming the same atmospheric conditions? 

A cylindrical acrylic-plastic ion chamber filled with air has a wall thickness of 
0.52 g/cm2 (4.4 mm), an outside diameter of 1.5 cm, and NxAion = 1.024 X 
10" R/C for '%o y-rays. It is inserted in a Lucite phantom to calibrate a 10- 
MV, 10 X 10-cm2 x-ray beam. 

(a) If the density of the phantom plastic is found to be 1.15 g/cm3, at what 
depth should the chamber center be placed to simulate 5-cm depth in 
water? What value of SSD would apply to the plastic phantom if the SSD 
for a water phantom were 100 cm? 
Evaluate N,,, for the chamber. 
Calculate the absorbed dose in Lucite in the phantom at the depth found 
in (a) if the measured ion-chamber charge is 2.69 X lo-' C,  forb = 750 
torr, T = 22.9OC, and an ion-collection efficiency of 0.992. 

(d) What would be the corresponding absorbed dose in the water phantom 
at 5-cm depth? 

A flat polystyrene-air ion chamber with 1-mm plate separation is positioned 
with the inner surface of its front wall at a depth of 2.0 g/cm2 in a polystyrene 
phantom. A beam of 15-MeV electrons incident on the phantom makes a charge 
reading of 6.42 x lo-* C,  wherep = 765 torr, T = 25.ZoC, and the ion col- 
lection efficiency is 0.973. 
(a) What is the absorbed dose in the cavity air, known to have a mass of 4.31 

(b) What is the absorbed dose in the polystyrene at 2-g/cm2 depth? 

8. 

9. 

(b) 
( c )  

10. 

x I O - ~  g? 

SOLUTIONS TO PROBLEMS 

2. 2.63 X lo6 Gy/C. 
3. 5.37 x lo6 Gy/C. 
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4. 

5.  
6. 

7. 

8. 

9. 

10. 

DOSIMETRY AND CALIBRATION WITH CAVITY ION CHAMBERS 

4.47 x lo-' Clkg s. 
0.55 s. 
0.392 Gy. 
1.956 X lo7 WC. 
9.71 X 10-6C. 
226 s. 
0.786 Gylmin. 
0.833 Gylmin. 
9.28 X 106Gy/C. 
0.760 Gylmin. 
0.805 Gylmin. 
(b) is 3.5% too high. 
0.47. 
7.90 X lO-'C. 
4.5 cm, 100.5 cm. 
8.72 x lo7 Gy/C. 
2.59 Gy. 
2.66 Gy. 
5.20 Gy. 
5.04 Gy. 
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Integrating Dosimeters 

1. THERMOLUMINESCENCE DOSIMETRY 

A. The Thermoluminescence Process 

1. PHOSPHORS 
The sensitive volume of a thermoluminescent dosimeter (TLD) consists of a small 
mass ( - 1 - 100 mg) of crystalline dielectric material containing suitable mtiuators to 
make it perform as a thermoluminescent phosphor. The activators, which may be 
present only in trace amounts, provide two kinds of centas, or crystal-lattice im- 
perfections: 

a. Traps for the electrons and “holes” (i.e., carriers analogous to positive ions 
in gases), which can capture and hold the charge carriers in an electrical 
potential well for usefully long periods of time. 
Luminescence centers, located at either the electron traps or the hole traps, which 
emit light when the electrons and holes are permitted to recombine at such 
a center. 

Figure 14.1 is an energy-level diagram illustrating the thermoluminescence process. 
At left it shows an ionization event elevating an electron into the conduction band, 
where it migrates to an electron trap (e.g., a site in the crystal lattice where a negative 
ion is missing). The hole left behind migrates to a hole trap. At the temperature 
existing during irradiation, for example room temperture, these traps should be deep 
enough in terms of potential energy to prevent the escape of the electron or hole for 

395 

b. 
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Conduction Band 

ekctron 
tmp Ppth 

electron electron release 
A miQotmn by heating 

ionizing 
event 

by  
radmtion h”’”+hP 

luminescence hv 

hole 

A. B. 
FIGURE 14.1. Energy-level diagram of the thermoluminescence process: ( A )  ionization by ra- 
diation, and trapping of electrons and holes; (B)  heating to release electrons, allowing lumines- 
cence production. 

extended periods of time, until deliberate heating releases either or both of them. 
At right in Fig. 14.1 the effect of such heating is shown. We will assume that the 
electron is released first, that is, that the electron trap in this phosphor is “shallower” 
than the hole trap. (The reverse might instead be true, so that the holes would be 
liberated first.) The electron again enters the conduction band and migrates to a hole 
trap, which may be assumed either to act as a luminescence center or to be closely 
coupled to one. In that case recombination is accompanied by the release of a light 
photon. 

2. RANDALL-WILKINS THEORY 
The simple first-order kinetics for the escape of such trapped charge carriers at a 
temperature T(K) were first described for trapped electrons by Randall and Wilkins 
(1945) using the equation 

1 p = - = OLC-EitT (14.1) 

where p is the probability of escape per unit time (s-I), T is the mean lifetime in the 
trap, a is called thefrcquency fator ,  E is the energy depth of the trap (eV), and k is 
Boltzman’s constant (k = 1.381 X J K-’ = 8.62 X eV K-I). A good 
discussion of this theory has been given by Becker (1973). 

It is evident from Eq. (14.1) that, on the assumption of constant values for k, E, 
and a, increasing Tcauses p to increase and 7 to decrease. Thus if the temperature 
T is scanned upward linearly vs. time, starting at room temperature, an increase 

7 
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in the rate of escape of trapped electrons will occur, reaching a maximum at some 
temperature T, followed by a decrease as the supply of trapped electrons is gradually 
exhausted. 

Assuming that the intensity of light emission is proportional to the rate of electron 
escape, a corresponding peak in thermoluminescence (TL) brightness will also be 
observed at T,. This is called a ghw peak, as shown in Fig. 14.2. The presence of 
more than one trap depth E gives rise to plural glow peaks, which may be unresolved 
or only partially resolved from one another in the ghw curve. 

The value of T, is related to the linear heating rate q (Ws) by the following relation 
from Randall-Wilkins theory: 

(14.2) 

which simplifies to the following approximate relationship on the assumption of a 
= 109/s and q = 1 K/s: 

T, = (489 WeV) E (14.3) 

hence T,,, = 216°C for E = 1 eV. 
Although it is not obvious from Eq. (14.2), T, increases gradually with q, so that 

T, = 248OC at q = 5 K/s, and 263OC at 10 K/s €or the same values of CY and E. The 
light-emission efficiency may be found to decrease with increasing temperature by 
a process called t h l  quenching. Thus at higher heating rates some loss of total light 

Temperature __+ 

FIGURE 14.2. A thermoluminescence glow curve vs. temperature that results from the gradual 
heating of an irradiated thermoluminescent phosphor containing two trap depths. The phosphor 
temperature was To at irradiation. The glow curve contains two glow peaks at (T,,,)# and ( T,,J2, 
in this case not fully resolved. At temperatures above 8300OC the infrared (IR) light from the 
heater begins to contribute to the detected brightness, possibly supplemented by spurious TL 
from triboluminescence and the like. Optical filters andlor flowing inert gas around the phosphor 
can reduce this spurious signal. 
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output may be noticed. Aside from this effect, varying the heating rate leaves total 
light output constant, preserving the area of glow curves in terms of brightness vs. 
time (but not brightness vs. temperature), given the same dose to the phosphor. 

This is demonstrated very clearly in the remarkable results ofGorbics et al., shown 
in Fig. 14.3. They repeatedly irradiated a CaF2 : Mn (manganese-activated calcium 
fluoride) TL dosimeter and read it out at eight linear heating rates ranging from q 
= 4 to 640°C/min. The TL brightness was simultaneously recorded vs. time and 

1 I 1 I 
I50 200 250 300 350 4 

(b)  

TEMPERATURE 
0 

FIGURE 14.3. (a) Glow curves VS. time obtained with a CaF,: Mn TL dosimeter at eight linear 
heating rates. The dose to the phosphor was adjusted to be inversely proportional to the heating 
rate in each case. (b) Glow curves vs. temperature recorded simultaneously with the curves in a. 
(Gorbics et al., 1969. Reproduced with permission from Pergamon Press, Ltd.) 
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vs. temperature. Instead of giving identical doses to the phosphor, the doses were 
adjusted to be inuerseb proportional to the heating rate employed in reading out the 
dosimeter. Thus the maximum T L  brightness, which is directly proportional to the 
heating rate for a constant dose, should hold nearly constant, since CaF2 : Mn re- 
sponds linearly vs. dose over a wide range. This constancy is evident in Fig. 14.3 
for heating rates up to 4O0C/min, above which the influence of thermal quenching 
is seen to diminish the peak brightness down to about one-half at 640°C/min. Several 
other features of these curves should also be noticed: 

a. 

b. 

The time to reach the glow peak is seen in Fig. 1 4 . 3 ~  to be nearly inversely 
proportional to the heating rate. 
For q 5 4O0C/min the glow curve areas are approximately constant in the 
T L  brightness-vs.-temperature plot (Fig. 14.36). However, the dose was 10 
times larger for q = 4OC/min than for 40°C/min. In Fig. 1 4 . 3 ~  it can be seen 
that the glow curve areas irre approximately proportional to the dose in the 
absence of thermal quenching, as expected. 
The temperature at which the glow peak occurs moves progressively higher 
with the heating rate; the onset of thermal quenching is around T, = 290°C 
in this phosphor. 

c. 

It can be seen that employing the light sum rather than the height of a glow peak 
as a measure of the absorbed dose is less subject to errors caused by fluctuations in 
the heating rate. However, the peak height may be used if the heating rate is very 
stable, and this may be advantageous in measuring small doses for which the upper 
limb of the glow curve rises due to IR and spurious effects, as shown in Fig. 14.2 
and discussed in the next subsection. 

3. TRAP STABILITY 
The usefulness of a given phosphor trap (and its associated T L  glow peak) for do- 
simetry applications depends on its independence of time and ambient conditions. 

If the traps are not stable at room temperature before irradiation, but migrate 
through the crystal and combine with other traps to form different configurations, 
changes in radiation sensitivity and glow-curve shape will be observed. LiF (TLD- 
100) is such a phosphor, requiring special annealing (e.g., 400°C for 1 h, quick cool- 
ing, then 80°C for 24 h) to minimize sensitivity drift. In general T L  phosphors give 
best performance as dosimeters if they receive uniform, reproducible, and optimal 
(depending on the phosphor) heat treatment before and after use. 

The inability of traps to hold charge carriers at ambient temperature after ir- 
radiation is called trap ledage, and of course it becomes greater if the ambient tem- 
perature is increased. As a rule of thumb, in typical TLD phosphors a glow peak 
at 200-225°C is ordinarily found to have small enough leakage for practical room- 
temperature dosimetry, having a half-life of trapped charge carriers measured in 
months or years. A glow peak at 150°C usually has a half-life only of the order 
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of a few days, while a 100°C peak decays in a matter of hours. Although short-term 
dosimetry may still be possible with rapidly leaking traps, careful timing control is 
required. 

Higher-temperature traps than 200-225OC are usually even more stable, and 
would be advantageous for dosimetry except for the existence of two competing ef- 
fects mentioned earlier: 

1. As the phosphor and its heating tray rise in temper- 
ature, the short-wavelength tail of the blackbody radiation begins to extend into 
the visible region and produce a non-dose-related response in the photomultiplier 
tube used for measuring the T L  light output. A bandpass light filter in the TL 
spectral region (usually 400-500 nm) minimizes this effect, but above 3OOOC it 
still becomes a serious handicap in trying to measure small doses. 
2. Spurious TIurmolwninesccnce Sisnul. The combined effects of adsorbed gases, 
humidity, dirt, and mechanical abrasion of the phosphor surface tend to produce 
a spurious (i.e., not dose-related) T L  emission, sometimes loosely called “tri- 
boluminescence.” This light is believed to originate at the phosphor surface and 
in the adjacent gas. It tends to have wavelengths in the 500-600-nm range and 
is emitted mainly in the 30O-40O0C temperature region. 

Heat (Infrared) Si@. 

Flowing an oxygen-free inert gas such as N2 or Ar through the space above the 
heater pan, thus surrounding the phosphor during the TL readout process, allows 
the stored energy due to these surface effects to be released without light emission. 
Thus N, Bow is often used to reduce spurious background TL readings, especially 
when small doses (mrad) are to be measured. 

4. 
Only a small part of the energy deposited as absorbed dose in a TLD phosphor is 
emitted as light when the substance is heated, providing the dosimetric parameter 
to be measured. The ratio (TL light energy emitted per unit mass)/(absorbed dose) 
is called the intrinsic thermoluminescence efficiency. This has been measured by 
Lucke (1970) as 0.039% in LiF (TLD-loo), 0.44% in CaF2:Mn, and 1.2% in 
CaS04 : Mn. The energy budget in LiF (TLD-100) has been estimated (Attix, 1975) 
to account for the loss of the missing 99.96% of the energy deposited by ionizing 
radiation that ultimately goes into heat production. It should not be surprising that 
TLDs must be used under reproducible conditions to obtain consistent results, con- 
sidering that such a small fraction of the absorbed dose energy is relied upon as a 
measure of the entire dose. 

INTRINSIC EFFICIENCY OF TLD PHOSPHORS 

6. TLDReaders 
The instrument used to heat a TLD phosphor, and to measure the resulting ther- 
moluminescence light emitted, is simply called a “TLD reader”. Its design principle 
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FIGUBE 14.4. Schematic diagram of a typical TLD reader. 

is shown schematically in Fig. 14.4. The TLD phosphor to be measured is placed 
in the heater pan at room temperature, and heated while the emitted light is measured 
with a photomultiplier. 

Heatingof the sample may be done by means ofan ohmically heated pan as shown, 
or by preheated N, gas, or by an intense light spot from a projector lamp or a laser, 
or other suitable means. Often the heating program may be more complicated than 
simply linear vs. time. One typical scheme used in commercial TLD readers is to 
heat the phosphor rapidly through the unstable-trap region, ignoring light emission 
until some preset temperature is reached. Then the phosphor is either heated linearly 
or abruptly raised to a temperature sufficient to exhaust the glow peak of dosimetric 
interest, while measuring the emitted-light sum, which is displayed as a charge or 
dose reading. Finally, the phosphor may be heated further to (say) MOOC to release 
any remaining charges from deeper traps, while ignoring any additional light emit- 
ted, as it usually includes a significant contribution from spurious effects. Figure 
14.5 illustrates such a heating program. 

As noted before, heating-program reproducibility is vital in achieving repro- 
ducible T L  dosimetry. In addition, one must provide constant light sensitivity so 
that a given TLD light output always gives the same reading. This requires constant 
PM-tube sensitivity (including a stable power supply and no PM-tube fatigue), and 
a clean optical system (filters, mirrors, lenses, light pipes, and heater-pan surface). 
Periodic cleaning may be required. A constant light source with an appropriate spec- 
trum (e.g., a phosphor “button” excited by a small internal radioactive a- or /3- 
source) may be built into the reader to substitute for a TLD as a check on the con- 
stancy of light sensitivity. This says nothing about heating constancy, however. 

TLD readers for large-scale personnel monitoring may be equipped with mag- 
azine feed for automatic readout of large numbers of dosimeters, automatic iden- 



402 INTEGRATING DOSIMETERS 

FIGURE 14.5. ’1 con .sist :ing of a 
“preheat” period without light integration to discriminate against unstable low-temperature 
traps, a “read” period spanning the emission of the part of the glow curve to be used as a measure 
of the dose, an “anneal” period during which the remainder of the stored energy is “dumped” 
without light integration, and the cooling-down period after the heater-pan power is turned 05. 
(Reproduced with permission from Victore.cn, Inc., Cleveland, OH.) 

tification of dosimeters from digital codes, and computer processing and storage of 
identity and dose information. 

TLD readers are manufactured by a number of companies, including Eberline, 
Harshaw, Panasonic, Scanditronix, Teledyne Isotopes, and Victoreen. * 

‘Eberline, Santa Fe, NM 87504; Harshaw-Filtrol Partnership, 6801 Cochran Rd., Solon, OH 44139; 
PanasonicCo., Secaucus, NJ 07094; Scanditronix, inc., 106 Western Ave., Esscx, MA01929; Teledyne 
Isotopes, 50 Van Bunn Ave., Westwood, NJ 07675; Victonen, Inc., 10101 Woodland Ave., Cleveland, 
OH 44104. 
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C. TLD Phosphors 
TLD phosphors consist of a host crystalline material containing one or more ac- 
tivators that may be associated with the traps, luminescence centers, or both. 
Amounts of activators range from a few parts per million up to several percent in 
different phosphors. The host crystal almost entirely determines the radiation in- 
teractions, since the activators are usually present in such small amounts. 

Many different TLD phosphors have been studied and reported in the literature. 
A few representative ones are listed in Table 14.1. Figure 14.6 shows their glow 
curves at a heating rate of 40°C/min. Figure 14.7 gives their approximate light out- 
put vs. 6oCo y-ray exposure. The dashed lines indicate strictly linear T L  response 
vs. exposure. All the phosphors show some degree of “supralinearity” of response, 
this effect being most pronounced in lithium borate. In CaF, : M n  the rise is only 
1 4 %  in the neighborhood of lo4 R, which is too small to be seen on this figure. 
Supralinearity is shown to some extent by most T L  phosphors, and may be due to 
the increased availability of luminescence centers when the charged-particle tracks 
become closer together, or to radiation-induced trap formation, or to other causes. 
At large enough doses all TL phosphors either saturate in their output as all available 
traps become filled, or maximize and then decrease due to radiation damage of the 
phosphor. 

Lithium fluoride (Harshaw) has been by far the most commonly used, partly be- 
cause of its low effective atomic number, only slightly greater than that of tissue and 
air. It is also available in a variety of forms (described in the next section) and with 
three levels of 6Li/Li ratio: rO for LiF (TLD-700), 7 %  for LiF (TLD-loo), and 
=96% for LiF (TLD-600). 6Li has a high (n, a) capture cross section for thermal 
neutrons, while 7Li is low in this respect. Thus in a mixed field of neutrons and 
y-rays a LiF (TLD-700) dosimeter primarily measures the y-ray dose, while a TLD- 
100 or TLD-600 dosimeter responds strongly to any thermal neutrons present as 
well. Such pairs of LiF dosimeters are widely used in personnel neutron-dose mon- 
itoring, as will be described in Chapter 16. 

D. TLDForms 
The most common forms of TLDs are: 

1. Bulk granulated, sieved to 75-150-pm grain size. Usually dispensed volu- 
metrically into an irradiation capsule (e.g., pharmaceutical gel capsule). After 
irradiation, the powder is poured onto the reader heating pan. 
2. Compressed pellets or “chips”, usually 3.2 mm square by 0.9 mm (or 0.4 
mm) thick. For best accuracy, individual chips may be calibrated with 6oCo 
y-rays. Otherwise the batch sensitivity statistics (typically ZE 5 96 S.D.) must be 
relied upon. Groups of three or four chips are often packaged and irradiated to- 
gether to improve precision. 
3. A Teflon matrix containing 5% or 30% by weight of < 4 0 - ~ r n  grain-size 
TLD powder (from Isotopes, Inc.). Usually made in the shape of discs, 6 or 12 
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TEMPERATURE (‘C) 
80 160 240 320 40 

Co S e t  Mn 

0 1 8 3 4 5 6 7 8 9  
TIME (MINI 

FIGURE 14.6. Glow curves vs. temperature (upper scale) 
and time (lower scale) for four thermolnminescent dosimetry 
phosphors. Heating rate: 4WClmin. The amplitudes are ar- 
bitrary. (Gorbics et d., 1969. Reproduced with permislion 
from Pcrgamon Press, Ltd.) 

mm diam. by 0.1 or 0.3 mm thick. Film-badge-sized pieces are manufactured 
for personnel monitoring, to be used with filters to provide an estimate of the 
x-ray quality, as is usually done with photographic film badges. Ultrathin mi- 
crotomed slices (6-mm-diam. discs) down to 25 pm thick are also available for 
approximating a B-G cavity. 
4. A TLD pellet fastened on an ohmic heatingelement in an inert-gas-filled glass 
bulb, which plugs into a special reader. These are especially good for personnel 
monitoring in hostile environments (e.g., factories, shipyards, etc.), and for en- 
vironmental y-ray monitoring. Very small doses (- 1 mrad) can be measured 
reproducibly . 
5 .  Single-crystal plates, cleaved from a larger grown crystal boule. These are 
used only experimentally because of inconvenience, expense, and lack of re- 
producibility from one piece to another. 
6. Powder enclosed in plastic tubing that can be heated, and through the wall 
ofwhich theTLlight passes to reach the PM tube (e.g., in the Scanditronix reader). 
This form is used mostly in clinical applications. 

E. Calibration of Thermoluminescent Dosimeters 

1. FORM 
Solid TLD chips or Teflon-TLD discs are the preferred forms of the phosphor for 
most applications. They can be individually identified and calibrated, they do not 
require containment (which would attenuate low-energy radiation), and they are 
flat, so that they can be oriented perpendicular to a monodirectional radiation beam, 
thus presenting a known cross-sectional area. 
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CO )'-RAY EXPOSURE (UNITS OF R OR 2 .58~16~C/kg)  

FIGURE 14.7. Glow-peak-area response vs. %o y-ray exposure for several TL phosphors. The 
relative T L  output of the phosphor8 is arbitrary (see Table 14.1)- The LiF:Mg, Ti curve was 
taken from Cameron et a1. (1967); Li2B,:Mn, from Wilson and Cameron (1968); CaSO,: Mn, 
from Bjarngard (1967); CaF,:Mn, from Gorbicr et al. (1973). 

2. BASIS FOR CALIBRATION 
Most T L  phosphors have some threshold dose level below which the TL light output 
per unit mass is proportional to the absorbed dose in the phosphor, provided that: 
(a) the LET of the radiation remains low or practically constant, and (b) the phosphor 
sensitivity is kept constant by using reproducible annealing procedures. 

Assuming TL-reader constancy, and negligible attenuation of light in escaping 
from the phosphor during heating, one can then say that the same TL reading will 
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result from a given average phosphor dose in aTLdosimeter, regardless of the spatial 
distribution of absorbed dose within it, so long as the dose throughout remains in 
the linear range. 

The practical consequence of this is that a %o 7-ray calibration in terms of av- 
erage phosphor dose in the T L  dosimeter can then be used as an approximate cal- 
ibration for all low-LET radiations, including x-rays, y-rays, and electron beams 
of all energies above - 10 keV, even if they deposit dose nonuniformly in the do- 
simeter. 

Relating the phosphor dose so measured to the dose in a similar mass of tissue 
hypothetically substituted for the TLD requires a separate step based on cavity the- 
ory. For the simplest (B-G) case of a thin TLD and very penetrating electrons, the 
dose ratio Dtjss/&-LD is proportional to the mass collision stopping-power ratio, 
(dT/pd*),, t~ss/(d7'/p&)c, TLD evaluated at the mean electron kinetic energy. 

If the incident radiation beam is completely stopped by the TLD, then the incident 
energy fluence can be derived (correcting for backscattering losses if necessary). The 
6oCo calibration (under TCPE conditions) gives the T L  reading per unit of average 
phosphor dose. Multiplying that dose by the mass of the TLD chip allows relating 
the T L  reading to a given integral dose, or energy spent in the chip. If the chip area 
presented to the beam is A (m'), its mass is m (kg), and the @ k o  y-ray calibration 
factor is ko = (DTLD/r)co [Gy/(scale division)], where 7 is the TLD reading, then 
the energy fluence of a stopped beam is given by 

- 

(14.4) 

3. 6 o C ~  y-RAY CALIBRATION 
For a free-space 6oCo y-ray exposure X (C/kg) at the point to be occupied by the 
center of the TLD in its capsule, the average absorbed dose in the TLD, in grays, 
under TCPE conditions is given by 

(14.5) 

where n is a correction for broad-beam y-ray attenuation in the capsule wall plus 
the half thickness of the TLD. For a LiF TLD chip in a Teflon capsule 2.8 mm in 
thickness, (for TCPE) the average absorbed dose calculated from Eq. (14.5) is ap- 
proximately - 

DLjF = 31.1X (Gy) (14.6) 

If the resulting TLD reading is r scale divisions, then the calibration factor is kco 
= (&LD/r)Co, which applies at the dose value'used in calibration and throughout 
the linear response-vs.-dose range. For all low-LET radiations, the average absorbed 
dose in the TLD can then be obtained from the observed TLD reading r by 

- 
DTLD = kcof (14.7) 
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For higher-LET radiations than 6oCo y-rays, TLDs typically show some variation 
in efficiency, and consequently a reciprocal change in the low-LET calibration factor 
ko. Figure 14.8 givesthe resultsofmeasurements by Tochilin et al. (1968)forlithium 
fluoride, lithium borate, and another phosphor, beryllium oxide. Their LET de- 
pendence is seen to be quite different, with lithium borate coming closest to con- 
stancy. All three, however, tend to rise somewhat in TL efficiency as the LET in- 
creases from about 0.25 keV/Nm for 6oCo to about 1 keV/pm. 

Figures 14.9 and 14.10 show the photon energy dependence of lithium fluoride 
and lithium borate. Curves A were obtained from the right side of Eq. (1 1.23), show- 
ing the CPE dose in the phosphors per unit of exposure, normalized to 1.25 MeV 
("Co). Curves B show the TL response per unit exposure, and curves C the TL 
response per unit of absorbed dose in the phosphors. Thus curves C represent the 
LET-dependence of the T L  efficiency relative to 6oCo, or k J k L E T .  Equation (14.7) 
can be improved upon by using kLET in place of k0 where curve c diverges sig- 
nificantly from unity. 

In the case of CaF2 : Mn, the results of Ehrlich and Placious (1968) indicate that 
approximately the same amount of T L  light is emitted for a given energy imparted 
by %o y rays or electrons over the full range studied, that is, 20 to 400 keV incident 
on, and stopping in, the phosphor powder dispersed in Teflon. 

FIGURE 14.8. LET reaponre of BeO, LiPB4O7:Mn, and LiF. The curves give values of &-/ 
kLLET as a function of LET in water, in lccV/pm. The h e t  indicates the types of radiation aources 
and particles used. (Tochilin et d., 1968. Reproduced with permission from E. Tochilin.) 
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FIGURE 14.9. Thermoluminescent response of LiF per roentgen and per rad for photon ener- 
gies from 6 to 2800 keV. (Tochilin et al., 1968. Reproduced with permission from E. Tochilin.) 
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FIGURE 14.10. Thermoluminescent response of Li,B,O,:Mn per roentgen and per rad for 
photon energies from 6 to 2800 keV. Tochilin et al., 1968. Reproduced with permission from E. 
Tochilin.) 
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F. Advantages and Disadvantages 

1. ADVANTAGES 
Specific characteristics vary from phosphor to phosphor, and are available from the 
manufacturer. We will describe the most widely used, LiF (TLD-loo), where spe- 
cifics are referred to. 

a. 

b. 
C. 

d. 

e. 

f. 

g. 
h. 

1. 

j- 

Wia'e urcfl dose range, from a few millirads to - lo3 rad linearly, plus another 
decade (lo3-lo4) of supralinear response vs. dose. 
Dose-rate indcpmdence, 0- 10" rad/s. 
Small size; passive energy storage. Small TLDs can be used as dose probes with 
little disturbance of the radiation field in the medium (e.g., phantom or in 
uivo). They can be made thin enough to approach B-G conditions at high 
energies, but TCPE is easier to achieve because of their condensed state. 
Comwcial availability. TLDs and readers are available from a number of sup- 
pliers, including those in the footnote in Section I.B. 
Reusabilig. By employing appropriate annealing procedures to release all the 
prior stored energy, and checking for possible alteration in radiation sen- 
sitivity, TLD phosphors can normally be reused many times until they finally 
become permanently damaged by radiation, heat or environment. Thus it 
is feasible to calibrate individual dosimeters. 
Readout convenience. TLD readout is fairly rapid ( < 30 s) and requires no wet 
chemistry. 
Economy. Reusability usually reduces the cost per reading. 
Availability Ofdzfment gpes with d&ent sensitivities to t h l  mtronr.  TLD-700 
('LiF), TLD-100 (93% 7LiF + 7 %  6LiF); TLD-600 (96% 6LiF). 
Automation compatibility. For large personnel-monitoring operations automatic 
readers, capable of being interfaced with computers, are available. 
Accurnty andpecision. Reading reproducibility of 1 - 2 s  can be achieved with 
care. Comparable accuracy may be obtained through individual calibration 
and averaging of several dosimeters in a cluster, since their volume is small. 

2. DISADVANTAGES 

a. Lack ofunifomi&. Different dosimeters made from a given batch of phosphors 
still show a distribution of sensitivities, and different batches of phosphor 
generally have different average sensitivities. Thus individual dosimeter cal- 
ibration, or at least batch calibration, is necessary for acceptable accuracy 
and precision. 
Storage instabiCity. TLD sensitivity can vary with time before irradiation in 
some phosphors, as a result, for example, of gradual room-temperature mi- 
gration of trapping centers in the crystals. Controlled annealing of the TLDs 
can usually restore them to some reference condition again. 

b. 
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Fading. Irradiated dosimeters do not permanently retain 100% of their trap- 
ped charge carriers. This results in a gradual loss of the latent TLD signal. 
This must be corrected for, especially in applications (e.g., personnel mon- 
itoring) that involve long time delays. 
Lightsensitivzty. TLDs all show some sensitivity to light-especially UV, sun- 
light, or fluorescent light. This can cause accelerated “fading”, or leakage 
of filled traps. Or it can produce ionization and the fdling of traps, thus giving 
rise to spurious T L  readings. 
Spurious TL. Scraping or chipping of TLD crystals (e. g., by rough tweezer 
handling) or surface contamination by dirt or humidity also can cause spu- 
rious T L  readings. However, the presence of an oxygen-free inert gas during 
readout suppresses these signals. 
“Memory” of radidion and thennal history. The sensitivity can be either in- 
creased or decreased after receiving a large dose of radiation and undergoing 
readout. Additional annealing procedures are needed to restore the original 
sensitivity, if possible. It may be more economical to throw away the phos- 
phor after a single use, especially for large doses. 
Reader instability. TLD readings depend on the light sensitivity of the reader 
as well as on the heating rate of the phosphor. Thus reader constancy is dif- 
ficult to maintain over long time periods. 
Loss ofa reading. The measurement of the light out of a TLD (i.e., by heating 
it) erases the stored information. Unless special provision is made (e.g., a 
spare TLD), there is no second chance at getting a reading. Reader mal- 
function can lose a reading. 

c. 

d .  

e. 

f. 

g. 

h. 

G. References 
A very extensive literature has been generated for T L  dosimetry in the last three 
decades. The following will be found particularly useful as general references: Pro- 
ceedings of the International Conferences on Luminescence Dosimetry, from the 
1965 conference at Stanford University (published in 1967) onward (1968, Gatlin- 
burg, T N ,  U.S.A.; 1971, Ris$, Denmark; 1974, Krakow, Poland; 1977, SaLiPaulo, 
Brazil), Fowler and Attix (1966), Cameron et al. (1968), Holm and Berry (1970), 
Becker (1973), McKinlay (1981), and Horowitz (1984). 

II. PHOTOGRAPHIC DOSIMETRY 

A. Photographic Process 

1. PHOTOGRAPHIC EMULSION 
The emulsion consists of microscopic grains of silver bromide (AgBr), dispersed in 
a gelatin layer on either one or both sides of a supporting film. Incident charged 
particles produce ion pairs in or near the grains, and their effect is to convert Ag+ 
ions to Ag atoms. A few such Ag atoms on a grain (containing typically 10’’ Ag+ 
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ions) constitute a katent imagc, which renders the grain developable by a chemical 
process. In that process all of the Ag+ ions are converted to Ag atoms and the bro- 
mine is removed, leaving behind an opaque microscopic grain of silver. The presence 
of this elemental silver may be detected optically and quantitatively related to the 
absorbed dose. 

Two basic types of emulsions are used in dosimetry: 

a. X-ray emulsions have a silver bromide content of 30-4076 by weight. The 
grain size is 1-2 pm diameter. Each emulsion layer is 10-25 pm thick, with 
a typical density of 2 g/cm3 and an average mass thickness of 2-5 mg/cm2. 
A gel layer of 0.5 pm covers the emulsion to protect the surface grains from 
abrasion. 
Nuckar muLrions have about 70-80% AgBr by weight, with a grain diameter 
of P 0.3 pm. The emulsion thickness ranges from a few micrometers up to 
~ 0 . 6  mm, or about 1 to 200 mg/cm2 for p 

b. 

3.3 g/cm3. 

2. CHEMICAL PROCESSING 
This usually comprises three steps: 

1. The developer molecules would reduce the Ag+ ions to Ag at- 
oms in all grains eventually, whether ionized or not. Those having a latent image 
are reduced much more rapidly, however, and the developing process can then 
be terminated. Thorough agitation ofdeveloping fluid and close temperature con- 
stancy are important for homogeneous and reproducible development. 
2. Immersion of the emulsion in a dilute acetic acid “stop bath” 
terminates development quickly. This is necessary for quantitative photographic 
dosimetry, since the optical density depends on the developing time as well as 
temperature, agitation, and developer characteristics. 
3. Hypo. Sodium thiosulfate (“hypo”) solution then is used to dissolve out the 
remaining undeveloped grains of AgBr, that is, those that did not contain a latent 
image. The film is finally washed in pure water and air-dried. 

Devehping. 

Stop BJh. 

8. Optical Density of Film 
In x-ray emulsions the radiation effect is measured in terms of the light opncity of the 
film, as measured by a densitometer. 
Opacity is defined as ZdZ, where Zo is the light intensity measured in the absence 

of the film, and Z the intensity transmitted through the film in a direction perpen- 
dicular to its plane. 

The optical dGnsity (OD) is defined as log,,, (Zo/I). 
If a is the average area (cm*/grain) obscured by a single developed grain of silver, 

and n is the number of developed grains per cm2 of film, then 

(14.8) 
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and 

OD = loglo ($) = an loglo e = 0.4343an (14.9) 

so long as R << N, where N is the number of AgBr grains per unit area (cm’) in 
the unexposed film. 

Making the following additional assumptions leads to a simple but useful model: 

a. Incoming x-rays give rise to a secondary-electron Buence of CP (dcm’) pass- 
ing perpendicularly through the film. 

b. A single electron hit renders a grain developable. 
c. All grains have the same projected area a, which is assumed not to change 

during development. That is, the target area for electron hits is the same as 
the light-stopping area of a silver grain. 

For this case we can write for the fraction of grains struck and made developable 

n - 3 aCP 
N 

(14.10) 

which can be substituted into Eq. (14.9) to give 

OD = 0.4343a2NCP (14.1 1) 

From this relation we can see that, for a small fluence @ (i.e., where n << N), the 
OD is proportional to CP (and consequently also to the dose) in the emulsion. The 
OD is also proportional to the emulsion thickness, since N a thickness. Furthermore, 
the OD is proportional to the square of the grain area, or the fourth power of the 
grain diameter. 

Film-density measurements are often expressed in terms of the shndurddensily (SD), 
defined as: 

(14.12) 

where (OD) is the optical density of the exposed film, (OD), is that of the unexposed 
film (for which the OD level is referred to as “fog”; (OD), 0 0.1-0.2, usually), and 
(OD), is the maximum optical density measured if all the grains are developed, that 
is, if n = N. In practice (OD), is taken as the maximum OD detectable on the den- 
sitometer used. 

It is evident that the SD of a film ranges from 0 for no exposure to unity for a 
nearly saturated film. 

As an example, consider the case where (OD), = 0.1, (OD), = 4. An OD of 1 
would give an SD of 0.23, OD = 2 would give SD = 0.49, and OD = 4 would give 
SD = 1.00. 
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FIGURE 14.11. 
(SD) vs. dose (0) in tissue or water; (B)  SD vs. loglo D, a d  (C) logao SD vs. loglo 0. 

Three common types of plots of film dosimeter response: (A)  standard density 

Three types of film-density plots vs. dose are commonly used, as shown in Fig. 
14.1 1. Graphs like A and C are most useful for dosimetry, since they are linear at 
low doses for the case where the single-hit response dominates, as is usually found. 
The second plot (B)  is called the “H and D” curve, after its originators Hurter and 
Driffield. It is of greater use in photography or radiography, since its slope 
d(SD)ld(logIo dose), called the contrast, measures the ability of the film to distinguish 
between two nearly equal exposures by OD difference. 

Densitometers used in photographic dosimetry are usually capable of measuring 
OD values from 0 to 4 (0.01 % transmission) or, in some models, 0 to 6 trans- 
mission). A number of commercial makes are available; some can scan film to obtain 
a spatial density profile. 

C. Practical Exposure Range for X-Ray Film 
Typical dosimetry film (Kodak Type 2) shows an OD increase of about 0.15 for an 
x-ray exposure of 100 mR at quantum energies above the photoelectric region (> 0.3 
MeV). This roughly doubles the OD observed in unexposed film, depending upon 
the temperature and humidity conditions to which the film has been subjected and 
how long the film has been worn by personnel being monitored. In practice the lower 
limit for the useful personnel-monitoring range is z 25 mR with well-controlled pro- 
cessing. The upper useful OD limit of such a film is about 3, at an exposure of about 
3 R. This range can be extended by stripping off the high-sensitivity side ofthe emul- 
sion, after developing. The remaining low-sensitivity side then goes up to 300 R for 
OD p 3. 

D. X-Ray Energy Dependence 
Photoelectric effect in the AgBr grains causes the film to absorb x-ray energy 10-50 
times more readily for hv < 0.1 MeV than does tissue or air, as exemplified by Fig. 
14.12. This overresponse can either be compensated for by enclosing the film in a 
high-Zfilter, as shown, or by making the film badge into a crude energy spectrometer 
by using different metal-foil filters over different segments of the film’s area. Mea- 
suring the OD in the different film areas (at least two), accompanied by suitable 
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FIGURE 14.12. 
typical film-badge dosimeter with and without a compensating filter (R. H. Herz, 1969). 

Relative response per unit of x-ray exposure, normalized to %o y-cays, for a 

calibration with x-ray beams of known energy spectra, allows the film badge to yield 
useful spectral information about the x-rays in addition to the dose reading. 

E. Nuclear Track Emulsions 
Aside from use of nuclear track emulsions in cosmic ray research, their main ap- 
plication is in the dosimetry of fast neutrons for personnel monitoring. 
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Fast neutrons deposit energy in an emulsion (or in tissue) mainly by elastic scat- 
tering interactions with hydrogen nuclei (protons). The absorbed dose from these 
(n, p) reactions in emulsion is proportional to the number of recoil protons produced 
per gram, and their average energy. The proton’s energy can be determined from 
microscopic measurement of the length of its track in the emulsion, and reference 
to range-energy tables such as those of Barkas and Berger (1964). It will be seen that 
such a procedure is absolute inasmuch as calibration in a known neutron field is not 
needed. However, neutrons below ~ 0 . 7  MeV do not make recognizable proton 
tracks because they are too short; hence the nuclear emulsion is “blind” to lower- 
energy neutrons. This is an important failing, as the neutrons that penetrate through 
shielding are often below this threshold, yet are energetic enough to deposit sig- 
nificant dose in tissue. 

The above procedure, requiring track-length measurement for each proton, is 
much too time-consuming and tedious for routine personnel monitoring. What is 
ordinarily done is simply to count the tracks in the sampled areas, usually by means 
of an enlarged projected display of the microscope view. It has been found empirically 
that Kodak Personal Neutron Monitoring Film Type A, for example, gives 1000- 
2000 measurable tracks per cm2 for a fast ( > 0.7 MeV) neutron dose-equivalent of 
1 mSv, assuming 1 Sv = a dose of 0.1 Gy in tissue, i.e., that the quality factor is 
10, independent of neutron energy (but see Fig. 16.6). 

F. Advantages and Disadvantages of Photographic Dosimetry 

1. ADVANTAGES 

a. Spatial Resolution 
Photographic film is unrivaled in allowing the observation of spatial distribution of 
dose or energy imparted. In practice it is limited mainly by the capabilities of the 
optical “probe” used to analyze the film. In the case of nuclear emulsions observed 
by microscope, single tracks can be located within 1 pm. 

b. Reading Permanence 
The act of measuring the optical density (i.e., opacity) of a film, or of counting tracks 
in a nuclear emusion, does not disturb the developed silver grains. Thus the record 
is permanent and can be remeasured for verification if desired (unlike TLD). How- 
ever if developing is carried out improperly, the resulting dose measurement will 
be permanently incorrect. 

c. Commercial Availability 
Films are available from several manufacturers (in particular, Eastman Kodak in 
the United States) in a variety of types that have been made for many years, and 
have been extensively studied in a number of laboratories. Quality control in man- 
ufacturing is usually good, although individual !ilm batches require calibration with 
respect to radiation response. 
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d. Geometry 
The thinness and flat shape of photographic film, with large areas available, allows 
its simple use in field mapping, especially for electron b e a m s ,  where overresponse 
due to the photoelectric effect is irrelevant. The physical flexibility of the film also 
allows it to follow cylindrical curvature if desired. For high-energy radiation the 
thickness of the emulsion can approach B-G cavity dimensions. 

e. Linearity vs. Dose 
Over useful dose ranges, the standard density is proportional to the dose. The upper 
useful range limit of linearity usually depends on depletion of the supply of un- 
developed grains, resulting in saturation and reduction in the slope of SD vs. dose. 
Lack of linearity at low doses usually indicates multiple-hit production of developable 
grains, which depends on the type of film (e.g., grain size) and type of radiation. 
In most dosimetry applications this problem is not encountered. 

f . Dose-Rate Independence 
Again depending on film type and radiation species, film usually shows reciprocig, 
or equality of SD as exposure time and dose rate are varied reciprocally. At low dose 
rates it fails because of gradual ion recombination that repairs partial radiation dam- 
age in grains where multiple hits are required to produce alatent image. This process 
is pronounced for light exposure, and may also occur in some emulsions for low- 
LET radiations. Fading of latent images (i.e., developable grains) may also occur 
during very long exposure times, such as occur in personnel monitoring. 

2. DISADVANTAGES 

a. Wet Chemical Processing 
Photographic dosimetry requires careful control of the wet-chemical development 
process to obtain adequate reproducibility of optical density for a given dose to the 
film. This involves extra time, expense, space, and opportunity for error. Variations 
of l°C in the developer bath can affect the OD (and thus the dose reading) by a few 
percent. 

b. Energy Dependence for X Rays 
The high Zof the silver bromide grains that constitute 30-80% of the emulsion mass 
gives rise to photoelectric effect with x rays below 300 keV. Thus the response (OD) 
per roentgen, or per rad in tissue, is strongly dependent upon hv, as shown in Fig. 
14.12. 

c. Sensitivity to Hostile Environments 
Fading of developable grains is greatly exaggerated by high temperature-humidity 
combinations. Both optical density and track recognition (in nuclear track emul- 
sions) are reduced by this effect, especially in personnel monitoring. 
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d. Double-Valued Response Functions 
The optical density is usually observed to maximize and decrease again at very large 
doses, due to a reversal of the process of formation of developable grains, called so- 
lmization. Interpretation of a given OD in terms of dose thus may require other in- 
formation about the general dose level to be expected. 

e. “Blindness” to Low-Energy Neutrons 
In nuclear emulsions, fast neutrons less than ~ 0 . 7 M e V  in energy cannot be de- 
tected, because their recoil proton tracks are too short to be recognized as such. 

G. References 
The following references can provide additional details about the photographic 
method of dosimetry: Dudley (1966), Becker (1966, 1973), Herz (1969), and 
McLaughlin (1970a, c). 

111. CHEMICAL DOSIMETRY 

A. Introduction 
In chemical dosimetry, the dose is determined from quantitative chemical change 
in an appropriate medium, which may be liquid, solid, or gaseous. We will consider 
primarily aqueous liquid systems, especially the Fricke dosimeter, which is the most 
common and generally most relevant to the measurement of dose in tissue or other 
biological material. References will be given for information about some other useful 
chemical dosimeters. 

B. Basic Principles 
Since aqueous dosimeters usually consist of dilute solutions, one can generally as- 
sume that radiation interacts with the water, producing chemically active primary 
products in about 10-’os or less. These products-including free radicals like H and 
OH which have an unpaired electron, and molecular products such as H, and H202 
(hydrogen peroxide)-are distributed heterogeneously, dose to the charged-particle 
tracks. 

s after the initial interaction, the spatial distribution of these primary 
products tends to homogenize due to diffusion, simultaneous with their chemical 
interactions with the solutes present. The LET dependence (if any) of the dosimeter 
depends on the reaction rates during this interval, that is, before the initial spatial 
distribution is obliterated. Dense tracks (high LET) usually encourage competing 
reactions or back reactions (corresponding to initial recombination in gases), thus 
reducing the yield of the desired product to be measured. 

The yield of the measured product is expressed as a G-value, or more recently 
(ICRU, 1980) in terms of the rdiation ~ h i ~ ~ l y ~ i k i ,  C(X),  with respect to the product 
X. The G-value is the number of chemical entities (e.g., molecules) produced, de- 
stroyed, or changed by the expenditure of 100 eV of radiation energy. G(X)  is ex- 

By 
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pressed in units of molesIJ, and can be obtained from the corresponding G-value 
by multiplying it by 1.037 X 

As an example, for a given value of C(X)  in moledJ, an average dose of 1 Gy 
spent in N liters of unit-density (1 .OO g/cm3) solution gives an integral dose (or total 
energy spent) of N joules. The amount of product X would thus be NG(X) moles, 
or G(X)  moles per liter. That is, a G(X)-mhr  solution ofradiation product X always results 
from the &position ofan average h s e  of 1 Gy in p = 1 g/cm3 solution, regardless ofthe volume. 

Since G(X)  is usually of the order of 10-6-10-7 moledJ in aqueous chemical do- 
simeters, a dose of 10 Gy then requires measurement of - 10-5-10-6 M solutions 
of the product with acceptable accuracy. This requires sensitive detection methods 
and careful procedures, and rules out the measurement of small doses by this means. 

C. General Procedures 

1. PREPARATION OF VESSELS FOR IRRADIATION OR STORAGE 
To minimize errors due to chemical interference by impurities on the inner surface 
of storage or irradiation vessels, Vycor (fused silica) is preferred. After thoroughly 
washing and rinsing in triple-distilled water, vessels are heated at 55OOC for 1 h to 
burn out any remaining organic impurities. Irradiation vessels are then filled with 
dosimeter solution for storage until use, when the old solution is discarded and re- 
placed with fresh solution. 

As an alternative to heat cleaning, the cells can be filIed with tripie-distilled water 
and irradiated to 103-104 Gy, then rinsed out with dosimeter solution and stored 
with that solution, as above. This method can also be used with plastic cells, 
(polystyrene or Lucite), which are preferable to Vycor (SiO,) from the viewpoint 
of matching the atomic number of solution and cell material, as discussed generally 
in Chapter 11 and more specifically in the following subsection. 

2. CAVITY-THEORY CONSIDERATIONS OF THE 
IRRADIATION VESSEL 
Since it is impractical to make irradiation vessels for aqueous dosimeters small enough 
to behave as B-G cavities, it may be advantageous instead to make their diameter 
large compared with the range of secondary charged particles, so that wall effects 
become negligible and CPE or TCPE is achieved in the dosimeter solution itself for 
photon or neutron irradiations. 

Alternative to using large vessels, the use ofpolystyrene (C8H8) or Lucite (C5H80,) 
vessels, “cleaned” by preirradiation, provides close enough matching of atomic 
numbers to water so that cavity wall effects are minimized. Burlin theory predicts 
that if the ratio [(/ .~,, lp)l(dT/pdr)]~ is the same for the wall material and the cavity 
material, cavity size no longer affects the dose in the cavity. Considering this criterion 
for 6oCo y-rays (1.25 MeV, for which the average secondary-electron energy in an 
equilibrium spectrum is 0.3 MeV), the above ratio has the values given in the last 
column of Table 14.2. It will be seen that both Lucite and polystyrene match water 
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TABLE 14.2. Matching of Vessel Walls to Aqueous Dosimeters for '%o y-Bays 

Material (cm /g) (MeV cm2/g) (MeV-') 
Water 0.0296 2.355 0.0126 
Vycor (SiO,) 0.0266 1.961 0.0136 
Lucite 0.0288 2.292 0.0126 
Polystyrene 0.0288 2.305 0.0125 

""2/P (dT/pdx), [(lrC"~P)/(dT/pdr),l 

closely in this case, Lucite being exact, while SO2 shows an 8% mismatch. Thus 
irradiation vessels of either plastic would be expected to show no wall effects for 6oCo 
y-rays, from cavity-theory considerations, and the solution inside can be assumed 
to be in transient charged-particle equilibrium if y-ray attenuation can be neglected. 
This balance of stopping-power and energy-absorption-coefficient errors changes 
only very slowly with photon energy so long as the Compton effect dominates (i.e., 
the mass energy-absorption coefficient is proportional to the electron density in the 
material). 

For electron beams, wall matching to the solution in the irradiation vessel is con- 
trolled by stopping-power and electron-scattering considerations. Again the choice 
of polystyrene or Lucite for the vessel is to be preferred, to minimize perturbation 
of the electrons passing through. (dT/&)), for these plastics is only about 3% less 
than that in water throughout the electron energy range 10 keV-50 MeV. Electron 
scattering is also slightly less than that in water. These differences are negligible for 
thin-walled vessels. 

3. ATTENUATION IN VESSEL WALLS 
Polystyrene has a density z 1.04 g/cm3, which is so close to that of water that the 
difference in radiation attenuation is negligible when such a thin-walled vessel is 
immersed in a water phantom. 

For Lucite p P 1.18 g/cm3; even in this case a 1-mm vessel wall immersed in a 
water phantom would only attenuate a photon beam by z 0.04 % more than the water 
it displaces. 

2.2 g/cm3, hence an attenuation correction is called for when 
such a vessel is immersed in a water phantom. For photons, ( ) ~ , , . , l p ) ~ ~ ~ ~ -  
(p,,/p)H20 may be used as an approximate net mass attenuation coefficient, assuming 
the "straight-ahead" approximation to broad-beam attenuation. For electron beams, 
SiOs irradiation vessels should be avoided because of scattering perturbations. 

For SiO, vessels, p 

4. REAGENTS AND WATER SUPPLY 
The highest-purity reagents available should be used to minimize unwanted re- 
actions, and triple-distilled water stored in heat-cleaned fused-silica (Vycor) con- 
tainers should be used for all rinsing and solution mixing. 
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5. CALCULATION OF ABSORBED DOSE 
The average absorbed dose in the dosimeter solution is given by 

42 1 

(14.13) 

where A M  (molelliter) is the change in molar concentration of product X due to the 
irradiation, and p (g/cm3 or kglliter) is the solution density. This assumes that C(X) 
(mole/J) applies to the production of X throughout the molar range AM. 

D. The Fricke Ferrous Sulfate Dosimeter 
This is the chemical dosimeter of choice for most applications calling for a linear dose 
range from 40 to 400 Gy. Suitable special procedures are available for extending 
this range downward to n 4  Gy or upward to 4 X lo3 Gy, as discussed by Fricke 
and Hart (1966). The following discussion pertains to the normal dose range, how- 
ever, unless otherwise noted. 

1. COMPOSITION 
The standard Fricke dosimeter solution is composed of 0.001 M FeSO, or 
Fe(NH4)z(S0,)2 and 0.8 N H2S04, prepared from high-purity reagents and triple- 
distilled water. A 0.1 M or 0.01 M stock solution of ferrous sulfate may be. added 
to 0.8 N HzS04 to complete the mixture. Stock solutions of ferrous sulfate (FeSO,) 
gradually oxidize to ferric sulfate [Fe2(S04)3] over time. This process can be slowed 
by dark storage in a refrigerator. Since it simulates the effect of radiation, a back- 
ground control reading from the same batch of solution is essential, and fresh solution 
should be prepared just before use for optimal results. 

Adding 0.001 M NaCl to the above mixture desensitizes the system to organic 
impurities, and is therefore beneficial except where very high dose rates (e. g., pulsed 
electron beams) are to be measured, in which case the NaCl reduces the ferric ion 
yield, and should be avoided. Adding 0.001 M NaCl to the dosimeter solution pro- 
vides a test for the presence of organic impurities; in their absence the NaCl has no 
effect on Fe3+ production at usual dose rates. 

2. MEASUREMENT OF FERRIC ION (Fe3+) PRODUCTION 
This can be done by chemical titration of the irradiated and unirradiated samples 
to obtain AM of ferric ion, whence the dose is obtained from Eq. (14.13). Absorption 
spectroscopy is more convenient and sensitive, and requires only a small sample ( - 1 
cm3). Usually an absorption cell of 1-cm pathlength is used, at a wavelength of 304 
nm in a constant-temperature chamber to control the effect of the 0.69%/OC tem- 
perature variation of the molar extinction coefficient for Fe3+, which is c(Fe3+) = 
2187 liter/mole cm at 25OC (Svensson and Brahme, 1979). 

The ratio of the transmitted light intensity through the irradiated sample to that 
through the unirradiated sample is 
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(14.14) 

where A(0D)  is the corresponding increase in optical density, given by 

A(0D) = d AM (14.15) 

Substituting for A M  in Eq. (14.13), we have 

- A(0D)  D =  
d q F e 3  ' )p 

(14.16) 

where t = 2187 litedmole cm at 304 nm and 25OC, 

c(Fe3') = 1.607 X 

Hence 

1 = 1 cm (usually, but use the actual light pathlength through the cell), 

p = 1.024 kglliter for standard Fricke solution at 25°C. 
mole/J for low-LET radiations such as %O y rays, 

- 
D = 278A(OD) Gy (14.17) 

Thus the normal dose range of the Fricke dosimeter (40-900 Gy) corresponds to 
A(0D)  values of = O .  14 to 1.4 for a 1-cm spectrophotometer cell at 304 nm. Figure 
14.13 gives the approximate variation of G for Fe3' production as a function of pho- 
ton energy. The best value for 6oCo y-rays is 15.5 molecules per 100 eV, or 1.607 
X mole/J (Svensson and Brahme, 1979). 

I 1 I c c !  I , . , a 1  
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Effective Photon Energy, MeV 

FIGURE 14.13. 
al., 1962. Reproduced with permission from R. J .  Shalek and Academic Press.) 

C value for ferric ion production as a function of photon energy. (Shalek et 
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3. IRRADIATION CONDITIONS 
The solution must be air-saturated during irradiation for the Fez+ -+ Fe3+ oxidation 
reaction to proceed with the expected G value. Stirring the sample or bubbling air 
through it during irradiation may be necessary to avoid local oxygen depletion in 
case of inhomogeneous irradiation. The system is dose-rate-independent at least up 
to 2 X lo6 Gy/s. G(Fe3+) has a temperature coefficient probably lying between 0 
and 0.1 % /OC; hence this can be ignored in air-conditioned places where the solution 
is allowed to reach room temperature before irradiation. 

4. EXTENDING THE DOSE RANGE OF THE FRICKE DOSIMETER 
The upper dose limit of the Fricke system can be extended at least from 400 to 4000 
Gy by raising the ferrous sulfate content from the usual 0.001 M to 0.05 M, and 
bubbling oxygen through the solution during irradiation. The same G(Fe3+) still 
applies as for the standard solution (Fig. 14.13). However, the photoelectric effect 
in the iron and sulfur raises the energy-absorption coefficient above that for water 
by 4% at 0.1 MeV and 21 % at 0.01 MeV. For the standard Fricke solution the pent 
p differences from water are only about half as great. 

The lower dose-range limit of the standard Fricke system can be reduced to 4 
Gy simply by increasing the spectrophotometric light path to 10 cm. Further dose- 
limit reductions are possible through use of a 59Fe tracer and chemical separation 
of the ferric ion from the solution, a less convenient procedure. 

Additional details concerning the Fricke dosimeter are discussed by Fricke and 
Hart (1966). 

E. Other Chemical Dosimeters 
A variety ofother chemical dosimeters have been described by Fricke and Hart (1966) 
and by various authors in the book by Holm and Berry (1970). Most are limited to 
dose ranges still higher than the upper limit of the extended Fricke system ( > 4 X 

lo3 Gy). McLaughlin (1970a) exhaustively reviewed the literature and compiled an 
extensive table of dosimetry systems based on plastic films, polymer solutions, dye 
systems, gels, glasses, and a variety ofother types. One especially versatile dosimeter 
is the radiochromic dye-cyanide system (Chalkley, 1952; McLaughlin, 1970b), which 
is commercially available in some forms. Figure 14.14 gives typical response curves 
for that and some other dye dosimetry systems exposed to @%o y-rays. 

A sensitive aqueous dosimeter, covering the dose range from 0.2 to 50 Gy, is the 
benzoic acid fluorescence system, (see Fricke and Hart, 1966). An aerated solution 
of 0.001 A4 calcium benzoate, Ca(C7H502)2 * 3H20,  at a pH 6, produces hy- 
droxybenzoates under ionizing irradiation in proportion to the absorbed dose. The 
product molecules fluoresce at about 400 nm under UV excitation at 290 nm. The 
fluorescence intensity under constant UV excitation can be calibrated (e.g., with 
the Fricke dosimeter) against absorbed dose. This system is reported to be practically 

*Far West Technologies, Goleta, CA 93017. 
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y - R A Y  EXPOSURE, ROENTGENS 

FIGURE 14.14. Typical opticd-dcnsity reaponre curvea of vacioua dye-type doaimcters exposed 
to %o y-raya. Curve 1: 0.086 M pararoumilinc-CN in methylcellorolve (1-cm optical path- 
length); 2: 5.0 glcm' p a r d  ' ine-CN in gelatin; 3: 0.002 M puoro.aniline-CN in methyl 
cellurolve (l-cm pathlength); 4: cobalt glasa; 5: 0.14 gkm' paramamiline-CN in gelatin; 6: leuco 
crystal violet, CBr,, diphenylamine; 7: 0.075 glcm' pararosaniline-CN in gelatin; 8: 0.019 glcm' 
hcsahydmxycthyl violet-CN in Nylon; 9: heavy piuarosaniline-CN gelatin coating on triaeetate; 
10: 0.0075 glcm' p~r~roranilinc-CN in gelatin; 11: medium p-ranilinc-CN gelatin coating 
on triacetate; 12: thin pararor;milinc-CN gelatin coating on tciacetate. (McLaugNin, 1970b. 
Reproduced with pcrmiaaion from W. L. McLaughlin and Mareel Dckker, Inc.) 

independent of benzoate concentration, temperature near 25OC, and dose rate at 
least up to 1000 radmin. Dosimeter solutions are stable before and after irradiation 
for at least a few days. This system appears to be potentially useful for in-phantom 
radiotherapy dosimetry. 

F. General Advantages and Disadvantages of Aqueous Chemical 
Dosimetry Systems 

1. Dilute aqueous solutions have an effective Zand p,,/p that are close to those 
of water, which in turn is fairly similar to muscle tissue for photon energies over 
the entire range of practical interest. The density of dilute aqueous solutions ap- 
proximates p = 1 .OO g/cm3, like water. Thus a dosimeter cell immersed in a water 
phantom does not require a polarization-effect correction, such as is needed for 
applying cavity theory to gaseous ion chambers for high energies (> 1 MeV). This 
is especially advantageous for in-phantom measurements with electron beams 
where the electron spectrum is not well known. 
2. Liquid dosimeters can, ifdesired, be irradiated in a container similar in shape 
and volume to the object being studied. Mixing the dosimeter solution irradiated 
in this manner, before taking a sample in which to determine the amount of the 
dosimetric radiation product, gives a measure of the average dose throughout the 
sensitive volume (i.e., the solution), provided that the response function is linear 
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vs. dose. The average dose in an organ located within a phantom can thus be 
measured, for example. 
3. In the unit-density solution it is relatively easy to achieve a large-size do- 
simeter, in the Burlin-theory sense (i.e., to achieve CPE or TCPE in the sensitive 
volume). However, it is correspondingly difficult to satisfy the B-G conditions. 
4. Absolute dosimetry is possible, at least for the Fricke ferrous sulfate system. 
5 .  Different chemical dosimeters can be used to cover various dose ranges within 
the limits 10-lO'o rad. 
6. Linear response vs. dose is found in some chemical dosimeters over limited 
but useful ranges. 
7. Liquid dosimeters can be used to measure the energy fluence of relatively 
nonpenetrating beams (e.g., electron beams), as shown in Fig. 14.15. In the ex- 
ample shown, small positive corrections would be needed for energy losses due 
to electron backscattering and x-ray production. If is the average dose (Gy) in 
the m kilograms of dosimeter solution, then the energy spent is a a n d  the electron 
energy fluence 'If = &/A (J/m2) at the collimator of area A (m'). 
8.  Lack of storage stability prevents commercial availability, requiring careful 
wet chemistry in the user's laboratory, a pronounced disadvantage. 
9. Useful dose ranges tend to be too high for personnel monitoring or small- 
source measurements. 
10. Individual systems usually show some degree of dose-rate and LET de- 
pendence, as well as dependence on the temperature of the solution during ir- 
radiation and during the readout procedure. 

G. References 
Shalek et al. (1962), Fricke and Hart (1966), Holm and Zagorski (1970), 
McLaughlin (1970a, b), Sehested (1970), Bjergbakke (1970a, b), Hart (1970), Hart 
and Fielden (1970), Holm (1970), Johnson (1970), Dvornik (1970), Artandi (1970), 
Orton (1970), Whittaker (1970), Goldstein (1970), and Sheldon (1970). 
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FIGURE 14.15. Energy-fluence measurement by a liquid chemical dosimeter. 
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IV. CALORIMETRIC DOSIMETRY 
The measurement of the temperature rise in calorimetric dosimeters comes closest 
of any method to providing a direct measurement of the full energy imparted to 
matter by radiation. Only relatively small corrections for thermal leakage and for 
chemical reactions are necessary. 

A. Temperature Measurement 
In principle any kind of thermometer can be applied in a calorimeter if the tem- 
perature change is large enough to measure with sufficient accuracy and precison. 
In practice only tAmMt0uple.s and t h k t o r s  are sufficiently sensitive and small; 
thermistors are usually preferable because of their greater sensitivity. 

The temperature increase per unit of absorbed dose to the material in the cal- 
orimeter's sensitive volume depends on its thmalcapoCitY, which is usually expressed 
in cal/g OC or J/kg "C.  The exact value of the calorie (i.e., the energy required to 
raise 1 g of water 1 "C)  depends upon the temperature of the water to which it refers. 
Usually thermal-capacity (or specific-heat) tables assume the value of the calorie for 
water at 15OC; hence 1 cal = 4.185 J = 4.185 X lo7 erg, and 1 c d g  O C  = 4185 
J/kg OC. 

For a sensitive volume containing a material of thermal capacity h (J/kg "C), mass 
m (kg), and thermal defect 6, and that absorbs 6 joules of energy, the temperature 
increase is given by 

E(1 - 6) = 5(1 - 6) 
A T  = ("C) hm h 

(14.18) 

where is the average absorbed dose (Gy) in the sensitive volume. Thus a mea- 
surement of 3 does not require explicit knowledge of m if h is known. The thcrmal 
dcfGct 6 is the fraction of E that does not appear as heat, due to competing chemical 
reactions, if any. 6 is negative for exothermic reactions. 

A few typical values of h are given in Table 14.3. 
For example, in A1 a dose of 1 Gy causes a temperature increase of 1.12 X 

OC. To measure this temperature rise with 1 % precision would require a ther- 
mometer capable of detecting temperature changes of the order of 10 p"C. 

TABLE 14.3. 

Matwial (at 2OOC) h (cal g-' "C-')' h (J kg-' O C - l )  

Aluminum .214 896 
Mercury .03325 139.2 

Graphite .17 7 . 1  X 10' 
Gold (at 18OC) .0312 130.6 

Water ,999 4181 

"The calorie is referred to water at 15°C 

Thermal Capacity of Several Calorimetric Media 

Copper .0921 385.4 

Silicon (at 25OC) ,1706 714 
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1. THERMOCOUPLES 
Thermocouples typically have temperature coefficients of 40-70 pV/OC. A tem- 
perature change of 10 p”C would then give a potential change of (4-7) X lo-’’ V. 
This is too small to detect with available instruments, such as the Keithley nano- 
voltmeter.* Increasing the dose to 100 Gy would cause a temperature rise of 
O.l12OC, requiring detection of (4-7) X V for 1 % precision, which can be 
accomplished with a nanovoltmeter. 

Thermocouples are generally found to be most useful in calorimeters where large 
doses (> 10 Gy) are given, usually in a short enough time period for thermal leakage 
to be negligible (i.e., under udiubufic conditions). Thermocouples have been applied, 
for example, to the calorimetry of intense pulsed beams of electrons, where the ther- 
mocouple may be spot-welded to a small metal foil or disc to be placed in the beam 
in vacuum to measure the dose delivered per pulse. 

Thermocouple sensitivity can be multiplied by constructing a t h p i l e ,  consisting 
of a number of thermocouples in series, but this is usually not practical for calor- 
imetric dosimetry because of the increase in perturbation of the medium in the sen- 
sitive volume by the thermocouples, and the number of thermal leakage paths pro- 
vided by the two wires connected to each thermocouple. 

Thdrmocouples are available with lead-wire diameters as small as 0.025 mm and 
an overall diameter of cO.25 mm.t  

2. THERMISTORS 
Thermistors can be obtained in sizes comparable to thermocouples. They are semi- 
conductors made of metallic oxides and other constituents that are usually not spec- 
ified by the manufacturer. They exhibit negative temperature coefficients of the order 
of several percent per O C  at room temperatures, increasing in negative coefficient 
with decreasing temperature, as shown in Fig. 14.16. 

The resistance of a thermistor at room temperature is typically 103-105 62,  which 
can be conveniently measured with great precision and accuracy by a Wheatstone 
bridge as shown in Fig. 14 .17 .  The bridge null detector must be sensitive enough 
so that the power dissipated in the thermistor is negligible compared to the radiation 
heating. A Keithley Model 520 nanowatt-dissipation resistance bridge is convenient 
and adequate for most cases. An example of its thermistor application has been de- 
scribed by Murray and Attix (1973). 

6. Calorimeter Design 
We will consider three general types of radiometric calorimeter designs, depending 
on whether absorbed dose in a reference medium, energy fluence in a radiation beam, 
or power output of a radioactive source is to be measured. Gunn (1964, 1970) also 
lists a fourth type, “in-reactor calorimeters”, which are characterized by com- 

*Keithley Instrument Co., Cleveland. OH, 44139 U.S.A. 
tomega Engineering, Inc., Box 47, Springdale, CT 06879, U.S.A 
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Slope=Tempemture 
Coefficient of Resistance, 

L 

c 0 
u) 

10 20 30 
Thermistor Temperature, “C 

FIGURE 14.16. A typical resistPnce-vs.-temperature curve for a thermistor. The slope is the 
temperature coe5cient of resistance at any temperature. For example, the slope dR/dT at 2OoC, 
shown by the dashed line, is P -120 W°C or -3.7%IoC. 

pactness, ability to operate in a remote, hostile environment, and large temperature 
range. These will not be discussed here. 

1. ABSORBED-DOSE CALORIMETERS 
An absorbed-dose calorimeter must have a sensitive volume that is small compared 
to the penetrating ability of the radiation and is thermally insulated from its sur- 
roundings to the extent necessary to attain acceptably small levels of thermal leakage. 
The sensitive volume (often called the core) is made ofa thermally conductive material 
identical to, or simulating, a medium of dosimetric interest (e.g., graphite, tissue- 
equivalent plastic, or silicon), and contains a temperature sensor of negligible mass, 
usually a thermistor. The core is surrounded by a shell (“jacket” or “mantle”) of 
the same material to provide charged-particle as well as thermal equilibrium. If the 
thermal capacity and thermal defect of the core material are known, if the tem- 
perature sensor is correct, and if the thermal leakage is negligible, then the calo- 
rimeter can be operated adiabatically, without any energy calibration, to measure 
the average absorbed dose in the core by application of Eq. (14.18). The mass of 
the core need not be known in that case. 



IV. CALORIMETRIC DOSIMETRY 429 

CORE 

I- 
3 

I- 
3 
0 

n / 
w 
0 
0 
a 
m 
A 

CELL 
I. 
I* 

FIGURE 14.17. A Wheatstone bridge circuit for measuring the resistance of a thermistor in the 
sensitive volume (or “core”) of a calorimetric dosimeter. R. is the thermistor’s resistance, R, is 
an adjustable known resistor, and R, and RJ arc known fixed resistors. All are chosen to be similar 
in resistance, and large enough so that the electrical power dissipated in R, is negligible. When 
R. is set to produce a null current reading, R,/R= = R,/RJ, from which R. can be determined. 
(Domen and Lamperti, 1974. Reproduced with permission from S. R. Domen.) 

An example of such a calorimetric dosimeter that does not require calibration is 
shown in Fig. 14.18. This was designed to measure the dose deposited in silicon by 
intense single pulses of penetrating x rays. The core was a pea-sized sphere of high- 
purity silicon of known thermal capacity, enclosed in an equilibrium-thickness shell 
of the same material, which was insulated from the surrounding air by a shell of 
Styrofoam. The core, containing a very small calibrated thermistor, was centered 
in a spherical void by four conical points of silicon projecting from the inside of the 
shell. Since the radiation pulse raises the temperature of the shell almost instan- 
taneously ( - s) by the same amount as the core, the heat-loss rate from the core 
was found to be initially negligible even without evacuating the surrounding gap, 
thus permitting the very simple design shown. Note that the spherical shape provides 
isotropic response as well. 

It can be argued that, to avoid the complication of including an ohmic heater in 
the core and the necessity for knowing the mass of the core, one should whenever 
possible build the core and surrounding shell from a material that has an accurately 
known thermal capacity, as was the case for the silicon in the preceding design. Clas- 
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(4 
FIGURE 14.18. An absolute adiabatic silicon calorimetric dosimeter of simple spherical design 
for measuring the absorbed dose to silicon from intense single pulses of penetrating x-rays. (a) 
Cross-sectional diagram; the diameter of the thermistor assembly is exaggerated X3.  (b) Photo- 
graph of the complete dosimeter, with scale in  inches. (Murray and Attix, 1973. Reproduced with 
permission from the Health Physics Society.) 

430 
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sical methods are available for measuring the thermal capacity of any given sample 
of material before it is incorporated into a calorimetric dosimeter. 

However, the conventional practice has been to design an ohmic heater into the 
core, which can then be made of a material (or materials) for which the thermal 
capacity is only approximately known in advance. Again referring to Eq. (14.18), 
electrical energy E results in a temperature rise A T  in the core, thus allowing the 
average value of h for the materials making up the core to be determined if its total 
mass is known. 

Figure 14.19 is a schematic representation of this kind of absorbed dose calo- 
rimeter. The core is surrounded by two or more thermally insulated layers of the 
same material as the core, and the entire assembly is usually surrounded by a con- 
stant-temperature environment. Each layer may contain a thermistor and/or an 
ohmic heater, thus allowing measurement and control of the temperature environ- 
ment of the core. 

Dosimetry by means of such an apparatus is generally complicated and time-con- 
suming. However, some clever simplifications have been devised to shorten the time 
necessary to reach thermal equilibrium before an exposure run (Domen, 1983) and 
automatically correct for heat leakage from the core to the jacket (Domen, 1969; 
Domen and Lamperti, 1974). Figure 14.20 illustrates the simple modification in the 
Wheatstone bridge that results in the measurement of the ATthat would haveoccurred 
in the core due to electrical heating if none of the heat had leaked into the jacket. 
This requires, however, that the jacket have the same mass and be made of the same 
material as the core, and that their two thermistors must be virtually identical with 
respect to dRldT as well as resistance. When the bridge is initially balanced, 

R,R,  = RjR, 

FLOATING SH 

THERMISTORS 

(14.19) 

FIGURE 14.19. Schematic arrangement of a typical absorbed-dose calorimeter containing sev- 
eral concentric thermal bodies. Each may include thermiitors and/or ohmic heaters for temper- 
ature measurement and control. (Domen and Lamperti, 1974. Reproduced with permission from 
S. R. Domen.) 
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FIGURE 14.20. Modified Wheatstone bridge for measuring the core + jacket temperature rise, 
assuming that the two thermistors arc identical in characteristics. and that the jacket has the 
same mass aad in made of the same material as the core. (Domcn and Lamperti, 1974. Reproduced 
with permission from S.R. Domcn.) 

where R; is the resistance of the thermistor in the jacket, and the other resistances 
are identified as in Fig. 14.17. 

After electrical heating of the core and readjusting of R, by the small amount ARx 
necessary to balance the bridge again, Eq. (14.19) becomes 

R,(R, - ARx) = (Rj  - ARj)(Rc - ARC) 

or 

R,R,  - R 1  AR, = RjR, - R, ARj - R j  ARC + AR; ARC 

Using the equality in Eq. (14.19), and assuming that R1 = R, = R j  = R,, we 
have 

AR; ARC AR, = ARj + ARC - 
R ,  

(14.20) 

in which for small changes ARj and ARC, the last term is vanishingly small. 
Equation (14.20) means that ARx has the same value whether all the electrical 

energy stays in the core (ARC = ARx, AR; = 0) or some leaks to the surrounding 
jacket (IAR,I < IAR,(, lAR;I > 0) .  Thus heat leakage out of the core during the 
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electrical calibration is automatically corrected for, provided that thermal leakage 
from the jacket into the shield (see Fig. 14.19) is negligible. That can be assured by 
feedback control of the shield to maintain it at the same temperature as the jacket. 

Before exposing the calorimeter to radiation, the Wheatstone bridge circuit is to 
be switched back to the circuit shown in Fig. 14.17, with RJ = Rj .  If the radiation 
is sufficiently penetrating, the core, jacket, and shield will be heated equally by the 
uniform dose. Supplementary electrical energy can be supplied to the shield to com- 
pensate for its thermal losses. Thus heat losses from the core can again be made 
negligible, so that the ATmeasured in the core can be correctly interpreted in terms 
of the core + jacket A T  that was observed during the electrical calibration. 

Several other absorbed-dose calorimeters deserve mention here: 

1. Domen (1980) has found that it is possible to do calorimetry in a water phan- 
tom by sandwiching a thermistor between thin plastic films positioned horizon- 
tally at the desired measurement depth, thus preventing convection currents in 
the vicinity of the temperature sensor. There is no separate sensitive volume in 
this case; the thermistor simply measures the local temperature change as an in- 
dication of the local absorbed dose. Dose rates must be high enough to provide 
measurable temperature changes before heat can diffuse and radiate away from 
the dosed region. There are substantial thermal-defect problems in the water that 
depend on its purity and absorbed gases. This complication diminishes the con- 
venience of the system, but its direct relevance to radiotherapy dosimetry will 
encourage its further study and development. 
2. Holm (1969) has described the calorimetric dosimetry of an intense electron 
beam by means of a Petri dish full of water, enclosed in a Styrofoam insulating 
box. A thermocouple is immersed in the water with a connector outside of the 
box so that the apparatus can pass through the radiation beam on a conveyor belt 
while disconnected from the voltage-measuring instrument. The thermal-defect 
problem no doubt arises in this case also. 
3. Calorimetric dosimeters operating at liquid-& (Goldstein et al., 1967) or 
liquid-He (Mitacek and Frigerio, 1965) temperatures offer significant advantages 
that offset the inconvenience of cryogenic operation: Thermal capacities and ra- 
diative heat transfer are both greatly reduced, while the sensitivity of a thermistor 
is considerably increased. The design of Goldstein et al. is calibrated by means 
of a 6oCo y-ray beam to eliminate the need for an ohmic heater, and was rne- 
chanically designed to rapidly achieve thermal equilibrium before starting an ex- 
posure. A precision of f 1-276 S.D. was reported at 0.03 Gy/min. 

2. ENERGY-FLUENCE CALORIMETERS 
An energy-fluence calorimeter contains a core, usually consisting of a cylindrical 
piece of dense material such as lead or gold, large enough to stop an incident beam 
of radiation. The geometry is shown schematically in Fig. 14.21. The core is sus- 
pended by nylon strings in an insulated vacuum chamber, sometimes adjacent to 
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++ 
FIGURE 14.21. Schematic arrangement of an energy-5uence calorimeter. 

a twin core that serves as a control to determine thermal leakage. Because of the size 
of the core, more than one thermistor may be necessary to sample the temperature 
adequately, and the heater should be designed to distribute the heat uniformly. The 
high-Z core may require a significant backscattering correction. 

Again referring to Eq. (14.18), A can be determined through electrical calibration 
as discussed before. The energy h e n c e  of the radiation beam passing through the 
aperture of area A is given (neglecting 6) by 

E A T h m  q = - = -  
A A 

(14.21) 

3. CALORIMETERS FOR MEASURING THE POWER OUTPUT OF A 
RADIOACTIVE SOURCE 
A power-output calorimeter has a cup-shaped core into which a radioactive source 
can be inserted for measurement. The walls of the core are made thick enough to 
stop all the radiation to be measured from escaping. The usual method for electrical 
calibration can be used to determine A. Then the power output (W) is given by 

A T  
hrn - p = - =  dE 

dt At 
(14.22) 

where temperature rise AT ("C) occurs in the core of mass m (kg) during the time 
interval At (s), and S has been neglected. 

Mann (1954) has described such a measurement, making use of a novel electrical 
heating and cooling arrangement based on the Peltier effect. 
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C. Advantages and Disadvantages of Calorimetric Dosimetry 
Calorimeters offer several advantages for dosimetry: 

1. They can be made absolute, either intrinsically or by means ofelectrical-heat- 
ing calibration. 
2. The measurement of temperature rise comes closest of any dosimetric tech- 
nique to being a direct measurement of the energy involved in the absorbed dose. 
Only relatively small exothermic or endothermic chemical reactions, and thermal 
leakage, must be corrected for, and these are often negligible. 
3. Almost any absorbing material, solid or  liquid, can be employed in the cal- 
orimeter sensitive volume, so long as it is reasonably conductive thermally and 
has a known thermal defect. 
4. Calorimeters are inherently dose-rate-independent under adiabatic condi- 
tions, and become more convenient to use as the dose-rate increases because ther- 
mal leakage during dose delivery becomes negligible. At high dose rates, where 
other dosimeters show saturation effects, calorimeters are at their best. 
5. Calorimeters add up the energy contributions in the sensitive volume from 
different types of radiations (e.g., neutrons and y rays) with weighting factors of 
unity, neglecting differences in thermal defect. 
6. Calorimeters have no LET dependence (neglecting minor differences in ther- 
mal defect, if any), since ionic recombination is irrelevant to the temperature rise. 
7. Calorimeters are relatively stable against radiation damage at high doses; 
the thermistor (if used as the temperature sensor) is usually the limiting factor 
in this respect. 

The foregoing advantages are offset by certain disadvantages: 

1. Temperature rises to be measured are typically very small, usually only a 
minute fraction of a degree, which limits calorimetry to relatively large doses. 
2. Thermal insulation, and instrumentation for thermal control and measure- 
ment, often make the calorimeter apparatus bulky and difficult to transport and 
set up. This limits the kinds of situations to which calorimetry is usually applied 
to calibration of other dosimeters. 
3. For low dose rates, thermal leakage in and out of the calorimeter sensitive 
volume limits the accuracy and precision achievable. 
4. Some materials (e.g., tissue-equivalent plastic) undergo radiation-induced 
endothermic or exothermic reactions which cause a difference (thermal defect) 
between the integral dose and the energy available to heat the sensitive volume. 
In A150-type T E  plastic about 4% of the absorbed dose goes to an endothermic 
reaction instead of heat. 

D. Conclusions 
The present brief introduction to calorimetric dosimetry deliberately errs on the side 
of simplicity, for two reasons. The first is that, in the simplest applications at high 
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dose or fluence rates, especially for intense single pulses, adiabatic operation is well 
approximated, ATis large, and calorimetry becomes the dosimetry method of choice. 
Its reputation for difficulty is undeserved in those cases. Secondly, in the difficult 
applications of calorimetry (i.e. , at low dose rates), the problems ofheat leakage and 
temperature drift are too complicated to be dealt with adequately in an introductory 
text. The reader should thus be encouraged to consider calorimetry more readily 
than has been customary heretofore, while being wary that more detailed infor- 
mation should be sought in other references if needed. Gunn (1964, 1970) g' ives an 
exhaustive two-part review with hundreds of references; Laughlin and Genna (1966), 
Radak and Markovic (1 970), Domen and Lamperti (1974), and Domen (1 986) are 
also helpful. 

1. 

2. 

3. 

4. 

5 .  

6. 

7. 

What are the dosimeters of choice for 

(a) determining the response saturation ofanother dosimeter at its high-dose- 
rate limit, 

(b) measuring the average absorbed dose in an irregular volume, and 
(c) mapping the relative dose in an electron beam in a steep-gradient region? 
Is the total light output from a T L  dosimeter independent of heating rate? If 
not, what effect limits it? 
A particular T L  phosphor is known to exhibit thermal quenching when its glow 
peak occurs above 200OC. 
(a) Assuminga = 1 X 109/s and E = 0.85 eV, what is the maximum heating 

rate that can be used while obtaining a constant light sum? 

(b) What is the glow-peak temperature for a heating rate of 40°C/min? 
A CaF, : M n  TLD chip is enclosed in a capsule made of CaF, : Mn, 0.5 g/cm2 
thick, and is given a free-space 6oCo y-ray exposure of 2.58 X lo-' C/kg. The 
chip thickness is 0.90 mm in the radiation direction. You may assume that 
6 ( = D/KJ = 1.003. Calculate the average absorbed dose in the TLD chip. 
Redo problem 4 with the CaF, : Mn capsule replaced by an aluminum capsule 
having the same mass wall thickness. (Hint: Use Eq. (14.5) to calculate the 
dose in A1 under TCPE conditions, then Burlin cavity theory to relate the 
average dose in the CaF, : Mn chip to the TCPE A1 dose.) 
If the TLD chip in problem 4 gave a TL reading of 3.49 X C after the 
exposure described, what was the value of the dose calibration factor ko? 
The same TLD chip as in problems 4 and 6 is exposed to a beam of 100-keV 
electrons, resulting in a TL reading of 2.36 X lo-' C .  

(a) 
(b) 

What is the average absorbed dose in the whole chip? 
Assuming that the electrons strike the chip perpendicular to its 3.2 X 
3.2-mm flat surface, what is the average dose within only the surface layer 
of thickness equal to the CSDA range of the electrons? 
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Is this dose still in the linear-response range for CaF, : Mn? 
What was the fluence of electrons that struck the chip, assuming back- 
scattering to be negligible? (Chip mass = 29.3 mg.) 

(c) 

(d) 

8. 

9. 

10. 

y rays of 35 keV from lZ5I are absorbed in Fricke dosimeter solution to produce 
an average dose of 17 Gy. Using the data of Shalek et al. (1962), what increase 
in optical density would result at 304 rnm in a 1-cm cell? What is the easiest 
way to increase A(0D) into a range where the accuracy of this method is op- 
timal? 
One liter of stirred Fricke solution at 25OC is irradiated by a 1-MeV electron 
beam passing through an aperture 2 crn in diameter, for a period of 1 min. 
If A(0D) = 1.20 at 304 nm in a 1-cm cell, what was the energy flux density 
at the aperture? (Neglect backscattering.) 
An absorbed-dose calorimeter contains a 30-g core of graphite with a heater 
of resistance 10 0. A current of 0 .3  A is passed through it for 10 s under adi- 
abatic conditions. A temperature increase of0.42OC is measured. What is the 
value of the thermal capacity of the core material? What absorbed dose would 
cause a A T  of 0.1"C under adiabatic conditions? 

SOLUTIONS TO PROBLEMS 

1. 

2. 
3. 

4. 
5. 
6. 
7. 

8. 

9. 
10. 

(a) Calorimetric dosimeter. 
(b) Liquid chemical dosimeter. 

( c )  
No, thermal quenching limits it. 
(a) q = 2Oo/s. 
(b) 138OC. 
0.840 Gy. 
0.842 Gy. 

Photographic or chemical film dosimeter. 

2.41 x lo7 G ~ / c .  
(a) 5.69 Gy. 
(b) 87.9 Gy. 
( c )  Yes. 
(d) 1.016 x l O I 5  elm2 

(a) 0.058. 
(b) Use a 10-cm cell. 
1.81 x lo4 J/m2 s. 

714 J/kg OC, 71.4 Gy. 
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1. lNTRODUCTlON 
This chapter deals with dosimetry by means of gas proportional counters, Geiger- 
Muller counters, scintillators, and semiconductor detectors. Much has been written 
elsewhere about these devices, more commonly referred to as ‘‘radiation detectors” 
than as dosimeters. Excellent references, notably Knoll’s textbook (1979) have pro- 
vided a wealth of information about their design and operation, circuit electronics, 
and electrical pulse processing. The primary emphasis in those references is on pulse 
counting and radiation spectroscopy. While these techniques are also relevant to the 
use of radiation detectors as dosimeters, it would be needless duplication to cover 
that material in depth here. The reader is referred to Knoll’s text for supplementary 
information. 

The objective of the present chapter is to discuss the characteristics of these devices 
that make them useful for dosimetry, and how their output signals can be interpreted 
in relation to the absorbed dose. Principles of operation will be introduced only to 
the extent necessary to achieve that goal. 

II. GEIGER-MULLER AND PROPORTIONAL COUNTERS 

A. Gas Multiplication 
Any ionization chamber with sufficiently good electrical insulation can in principle 
be operated at an applied potential great enough to cause gas multiplication, also called 

gas amplication” or “gas gain.” This is a condition in which free electrons from 
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ionizing events can derive enough kinetic energy from the applied electric field, within 
a distance equal to the electrons’ mean free path a,, to ionize other gas molecules 
with which they collide. Thus a single electron can give rise to an “avalanche,” as 
the number of free electrons doubles repeatedly in their flight toward the anode. At 
atmospheric pressure the minimum field strength required for the onset of gas mul- 
tiplication is - lo3 V/mm. 

Cylindrical counter geometry, with a thin axial wire serving as the anode and a 
cylindrical shell as the cathode, is often employed. This provides a sheathlike gas 
volume immediately surrounding the wire, in which the electric field strength X is 
much larger than the average value obtained by dividing the applied potential P by 
the cathode-anode separation. Referring to Eq. (12.24), the electrical field strength 
X(7) at radius r from the cylindrical axis is given by X ( r )  = P/r In ( d b ) ,  where b is 
the radius of the wire anode and a that of the coaxial cylindrical cathode. Thus the 
maximum electric field, X(7),,,=, occurs at the surface of the wire, where it reaches 
a value of X ( b )  = P/b In ( d b ) .  For example, ifa = 1 cm and b = cm, then X ( b )  
= 1.4 X lo5 V/cm when P = 1000 V. X ( b )  is approximately proportional to the 
reciprocal of the wire radius for constant a and P. 

The gain factor G for cylindrical geometry is given approximately (Knoll, 1979) 
by : 

0.693P 
A V  In(db) In Kpb ln(db)  

G exp (15.1)  

where G is the number of electrons that arrive at the wire anode per electron released 
by ionizing radiation in the gas volume outside of the gas-multiplication “sheath” 
surrounding the wire; A V  is the average potential difference (eV) through which an 
electron moves between successive ionizing events, which is greater than the ion- 
ization potential V,  because of energy “wasted” in atomic excitations; K is the min- 
imum value of the electric field strength per atmosphere of gas pressure, below which 
multiplication cannot occur in a given gas; p is the gas pressure in atmospheres (1 
atm = 760 torr); and P, a, and b are defined as before. 

Some typical values of K and A Vin gases that are often employed to achieve useful 
gas multiplication in proportional counters are given in Table 15.1. 

For example, a cylindrical proportional counter with a = 1 cm, b = cm, 
P = 1000 V,  and containing P-10 gas at 1 atm would have a gain factor of about 
100, while reducing the gas pressure to 0.5 atm would increase G to 2 2000. Sub- 
stitution of the He-isobutane mixture at 1 atm would provide an even higher G of 
about 4000. 

Although Eq. (15.2) predicts that very large gas gain factors are attainable for 
some combinations of parameters, the upper G limit for proportional gas multiplication 
is - lo4. Above that value, space-charge effects cause G to be less for large groups 
of initiating electrons traveling together (as might result from an a-particle traversing 
the counter) than for the few initial electrons that might result from the passage of 
a low-LET particle. It is important in proportional counters that the gain factor be 
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TABLE 15.1. Characteristics of Typical Proportional-Counting Gases 

K (Vkm AV 

90% Ar + 10% methane (“P-10”) 4.8 x lo4 23.6 
Methane 6.9 x 10’ 36.5 
96% He + 4% isobutane 1.48 x lo4 27.6 

Gas atm) (e”> 

the same for all sizes of primary ionizing events, so that the gas-amplified pulse size 
will properly represent the relative contributions of such events to the absorbed dose 
in the gas. 

To obtain useful levels of gas gain, a nonelectronegative gas or gas mixture must 
be used (see Chapter 12, Section V.C, and Table 15.1), so that the free electrons 
do not become attached to atoms. A few percent of a polyatomic gas such as methane 
or isobutane is added to the noble gases for proportional counting to absorb sec- 
ondary W photons that are emitted from excited gas atoms. The energy of such 
photons is thus dissipated in vibrational and rotational motion, instead of causing 
new ionizing events in the gas or at the cathode. Such events can cause new electron 
avalanches that do not represent dose deposition by the original ionizing radiation. 

In Geiger-Muller (G-M) counters the gaseous W absorber is omitted because 
these photons are essential to the process of propagating the discharge throughout 
the tube. Certain “quenching” gases (the halogens C1 or Br, or organics like ethyl 
alcohol) are added (5-10%) to the filling gas instead, to prevent repeated or con- 
tinuous gas discharge from occurring. When a positive gas ion arrives at the cathode, 
it is neutralized by an electron taken from that surface. If the ionization potential 
of the gas is more than twice the surface work function, there is a chance that two 
electrons instead of one may be released. Since the second electron is then free, it 
will be drawn to the anode and hence will trigger another G-M discharge. A quench- 
ing-gas molecule has a small enough ionization potential that it can serve as the pos- 
itive charge carrier without releasing more than the one electron needed to neutralize 
its own charge. Thus additional spontaneous G-M counts do not occur. Organic 
quenching-gas molecules (not the halogens) are broken apart in dissipating the excess 
energy in this process, however, limiting the lifetime of an organic-quenched G-M 
tube to - lo9 counts. 

It should beobvious that the central wire must serve as the anode(i.e., be connected 
to the + polarity of the voltage source), since otherwise the free electrons produced 
by radiation in the counter filling gas would travel outward, away from the high- 
field sheath around the wire where the gas multiplication occurs. This sheath is very 
thin, as can be seen from the following considerations. At a pressurep (atm) the field 
strength X(r)  must equal or exceed pK for gas multiplication to occur. That is, 

D I 
pK I X(r) = - 

T ln(u/b) 
(15.2) 
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Hence the radius r, of the outer boundary of the amplifying sheath region is 

44 1 

P 
pK In(&) 

r, = (15.3) 

For example in a cylindrical counter containing P-10 gas at 1 atm, with b = 
cm, a = 1 cm, and P = 1000 V, one has r, = 3 X cm. The sheath thickness 
is therefore equal to 2 X crn or 20 Fm, occupying only about 0.001% of the 
chamber’s gas volume. The probability that the radiation field will produce primary 
ion pairs within the sheath volume, thus giving rise to electron avalanches of lesser 
gain, is nil. Electrons originating anywhere else in the gas undergo the same gain 
factor in an ideal cylindrical counter without end effects. 

For a chamber operating with a fixed gain G, the total charge collected at the wire 
during a given exposure to ionizing radiation will be just G times that collected if 
the device had been operated as a saturated ion chamber. An ion chamber operating 
with G > 1 is called an ampla2ing w n  chamber. Its advantages over a simple ion chamber 
are: (a) greater sensitivity, since the charge collected is G-fold larger, and (b) that 
the gas-filled cavity comes closer to satisfying the B-G conditions if reduced pressure 
is employed. 

B. Proportional Counters 

1. OPERATION 
A proportional counter is just an amplifying ion chamber with its output measured 
in terms of numbers and amplitudes of individual pulses, instead of the charge col- 
lected. The electrometer circuit is usually replaced by a preamplifier, a linear am- 
plifier, and a pulse-height analyzer, although specific requirements of an experiment 
may also call for coincidence circuits, pulse-shape discriminators, and other pulse- 
processing electronics, as discussed by Knoll (1979). 

An “ionizing event” in the present context includes all of the ionization that is 
produced in the counter gas by the passage of a single charged particle and its &rays. 
All of the resulting free electrons reach the anode wire within - 1 ps. The measured 
electrical pulse, however, is primarily due to the motion of positive ions away from 
the wire, since they move greater distances within the amplifying sheath than the 
electrons do, on the average. About half of the electrons (and positive ions) originate 
in the innermost mean-free-path layer (typically 1-2 pm) surrounding the wire. 

Although the positive ions are much slower than the electrons, they virtually all 
originate simultaneously within the amplifying sheath and move outward ‘‘in un- 
ison.” Since the electric field near the wire is so strong, the positive-ion motion there 
gives rise to a sharply defined fast-rising electrical pulse that can be clipped elec- 
tronically to eliminate the later slow component contributed as the ions progress 
outward toward the cathode. The cloud of positive ions is small in volume, and does 
not interfere with the ions resulting from other ionizing events taking place elsewhere 
in the counter. The amount of positive charge in a given ion cloud is proportional 
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to the number of electrons in the associated avalanche, which in turn is proportional 
to the number of ion pairs created in the original ionizing event. Thus the size (i.e. , 
height) of the electrical pulse generated by the positive ions is proportional to the 
energy imparted to the gas in the initial event, provided that w/c is constant. In 
fact, as noted in Chapter 12, Section VI, w/c differs by as much as a few percent 
between electrons and a-particles, depending on the gas employed in an ion chamber 
or counter. Although this effect usually has been ignored in the application of pro- 
portional counters because of the unavailability of reliable %?/c values as a function 
of LET, one should be aware of this source of error in correlating pulse height with 
energy imparted. 

Proportional counters can operate with pulse resolving times of about a micro- 
second where only gross pulse counting is required. If pulse heights are to be mea- 
sured also, the average interval between pulses should be greater, approaching the 
transit times for the positive ions (- 100 ps) for greatest accuracy. Reducing the gas 
gain by lowering the applied voltage and replacing that gain by an adjustment of 
the linear amplifier can provide acheck on whether the pulse-height spectrum is being 
distorted by the proportional counter. 

Figure 15.1 shows how the pulse height from a proportional counter (or the charge 
output from an ion chamber) increases as the applied potential Pis raised. Two curves 
are shown, representing initial ionizing events releasing 10 and lo3 electrons. Both 
curves rise steeply at low voltages to reach the ion-chamber region, in which the 
voltage is great enough to closely approach complete collection of charge without 
causing gas multiplication. That is, at saturation all 10 or lo3 electrons, respectively 
(and their corresponding positive ions) would be collected, but no more. A similar 
saturation curve is shown in Fig. 12.21 in Chapter 12, Section V, where ionic re- 
combination is discussed. 

At still higher voltages the gas-multiplication threshold is passed and the pro- 
portional-counting region begins. The factor-of-100 difference between the two 

0 Applied Potential, P 
FIGURE 15.1. Pulse height from a proportional counter as a function of applied potential. The 
upper curve represents an initial event in which 1000 electrons are released; the lower curve one 
in which 10 electrons are released. For an amplifying ion chamber the ordinate would he labeled 
“Relative Charge Collected”. 
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curves in the ion-chamber region extends throughout the proportional-counting re- 
gion as well, while G rises from 1 to - lo4. 

Further increase in the applied potential results in gain factors that are so large 
that space-charge effects limit the growth of the larger pulses, and strict propor- 
tionality of pulse height with the number of original electrons no longer obtains. This 
is called the region of limited proportionality. 

Finally, at still higher voltages the two curves merge, indicating that initiating 
events of different sizes produce equal output pulses. This is the G-M region, to be 
discussed presently. Increasing the voltage beyond the G-M region results in spon- 
taneously repeated or continuous electrical discharge in the gas. 

2. USE WITH PULSE-HEIGHT ANALYSIS 
If the amplified output from a proportional counter is connected to a multichannel 
analyzer, the number of pulses of each height (i.e., in each channel) can be counted 
to obtain a differential distribution of counts per channel vs. channel number, as 
shown in Fig. 15.2. To facilitate the calibration of the pulse height h in terms of 
absorbed dose to the counter gas, some proportional counters are equipped with a 
small a-particle source (see inset) with a gravity-controlled shutter. This source can 
send a narrow beam of a-particles through the counter along a known chord length 
AX. The expectation value of the dose contributed to the gas by each a-particle can 
be written as 

- 
u 
c 
-- I Q colibmtion 

- 
u 
c - Q colibmtion 
2 

c 

kl 

2 0  

(15.4) 

Pulse Height or Channel Number, h 
FIGURE 15.2. Differential distribution of counts per pulse-height channel vs. channel number 
for a proportional counter, as measured by a pulse-height analyzer. A built-in a-particle source 
is used to calibrate the channel number h in terms of absorbed dose to the counter gas. Assuming 
a constant p / e  value for all events, the channel number is proportional to the absorbed dose 
contributed to the gas by each event. Thus the dose to the gas that is represented by a count in 
channel h is D(h) = (h/hu)Bu. 
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where dT/pa!x = 
P =  

A x =  
m =  

DOSIMETRY BY PULSE-MODE DETECTORS 

mass collision stopping power of the gas for the or-particles, 
gas density in the counter, 
chord length, 
mass of the gas, 

and a suitable conversion factor can be applied to give desired dose units. 
This value of dose. is to be associated with the pulse height ha at which the a-particle 

peak appears, as shown in Fig. 15.2. Since the h-scale is linear vs. event size, the 
dose contribution by a pulse of any size is thereby known, assuming ?It to be the 
same for all event sizes. The total dose Dg in the gas, represented by the distribution 
in Fig. 15.2, can then be obtained by summing all the counts, each weighted by its 
pulse height h expressed as dose: 

Amax Am, h -  
Db = c "(h) - D, = c "(h) D(h) 

h = O  ha h = O  
(15.5) 

where "(h) is the distribution of counts per channel vs. channel number h, ha is the 
mean channel number where the a-counts appear, 0, is the mean absorbed dose 
each or-particle deposits in the gas, and a h )  is the dose per count in channel h. 

Evidently such a proportional counter can be used as an absolute dosimeter, by 
virtue of the built-in a-source. DE can of course be related to the dose in the counter 
wall by cavity theory. 

Equation (15.5) can be restated in terms of linear energy transfer if one makes 
the obviously crude assumption that all of the incident particles traverse the counter 
along the same path that is followed by the calibrating a-particles, namely the di- 
ameter. If the particle ranges are also large compared to Ax, and if the ranges of their 
associated &rays are small compared to Ax, it can be seen that the pulse height pro- 
duced by any crossing particle will be proportional to L,, the unrestricted linear 
energy transfer. Under these. restrictive conditions Eq. (15.5) can be written in the 
form 

(15.6) 

where L represents L, and is proportional to channel number h,  "(L) is the number 
of counts in the channel corresponding to the linear energy-transfer value L, L, is 
the L,-value for the a-particles in the calibration, and D(L) is the dose per count 
in channel L. 

Notice that the pulse-height scale can be calibrated in terms of L, at the a-peak 
position by employing the value of (dT/&)p from Eq. (15.4), since 

(15.7) 

where L, is in keV/pm, and (dT/pdr)p is in MeVIcm. 
The most important example of proportiond counters that are used with pulse- 

height analyzers in dosimetry applications is the Rossi counter (Rossi and Rosen- 
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FIGURE 15.3. 13-mm-I.D. tissue-equivalent proportional counter, designed by EGBrG, Santa 
Barbara Operations, now available from Far West Technology, Goleta, CA 93117. The original 
concept was due to Rossi and Rosenzwieg (1955). Figure reproduced with permission from W.M. 
Quam (FWT). 

zweig, 1955; Rossi, 1968), a commercial model of which is illustrated in Fig. 15.3. 
These counters are usually made with spherical walls ofA-150 tissue-equivalent plas- 
tic, and are operated while flowing a tissue-equivalent counting gas through at re- 
duced pressure, typically - lo-’ atm. The most common size is about 13 mm in 
inner diameter of the wall. Proper adjustment of the gas pressure allows simulation 
of biological target objects such as individual cells, in terms of the energy lost by a 
charged particle in crossing it. This is the primary experimental instrument used 
in microdosimetry, especially in characterizing neutron fields, as discussed in Chapter 
16. 

To provide a uniform field and thus uniform gas gain all along the central wire, 
in spite of the spherical shell, that wire is encircled by a helical spring that is typically 
operated at about 20 % of the wire potential relative to the electrically grounded shell. 
Electrons from primary ionizing events occurring anywhere in the spherical volume 
are thus drawn toward the wire by the inhomogeneous electric field outside the helix, 
and they pass through the helical coil into the high-field region where they form uni- 
form avalanches. 
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3. APPLICATIONS WITHOUT PULSE HEIGHT ANALYSIS 
Proportional counters of various designs are also used for many applications in which 
pulse-height analysis is not used. The main advantages of proportional counters over 
G-M counters in this connection are (a) their short pulse length ( - 1 ps) with prac- 
tically no additional dead time, accommodating high count rates, and (b) the ca- 
pability of discriminating by simple means against counting small pulses that might 
result, for example, from background noise, or y-ray interactions in a mixed y + 
neutron field. Some gases with large thermal-neutron interaction cross sections, no- 
tably BF3 and 3He, can be employed in proportional counters for neutron dosimetry, 
as discussed in Chapter 16. Windowless proportional counters through which the 
gas is continuously flowed at 1 atm are employed to determine the activity of thin 
a- or @-ray sources that can be inserted into the counter volume. Flat, multiwire 
position-sensitive proportional counters allow the ( x , ~ )  location ofthe initial ionizing 
event to be determined in a plane. The various types and capabilities of proportional 
counters are described by Knoll (1979) and the other references given in that text. 

C. Geiger-Muller Counters 

1. OPERATION 
In Fig. 15.1 it was shown that as the voltage applied to a gas counting tube is increased 
beyond the upper limit for proportional gain, the pulse height begins to saturate for 
the larger events, gradually reaching the G-M region of operation. For any voltage 
in that region all the gas-amplified pulses come out approximately the same, re- 
gardless of the size of the initiating event. If the resulting pulse size is larger than 
the counter-circuit threshold A,, then the pulses will be counted; if they are too small, 
they will not. As a result, since the pulse size gradually increases as a function of 
applied potential, one would expect to see a step function in the count-rate-vs.-volt- 
age curve where the pulse height begins to exceed ht. 

Figure 15.4 shows that the step is actually S-shaped, due to the Gaussian dis- 

Applied Potential, P 
FIGURE 15.4. The counting plateau in a G-M tube. The solid curve is an “ideal” E M  plateau 
that would be seen for a narrow distribution of pulse heights. The dashed curve has a residual 
slope within the G-M region because of the presence of a low-amplitude “tail” on the pulre- 
height distribution ( r e  inset). 
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tribution of pulse sizes produced in the counter even under ideal G-M conditions. 
At the applied potential P, no counts are obtained. At P2 the pulses in the ideal G- 
M counter are all larger than h,, as shown by the solid curve inset in Fig. 15.4. In 
that case a flat plateau would be observed, as indicated by the solid curve in the graph 
of count rate vs. P. 

In actual G-M tubes there is a residual slope in the plateau region, as shown by 
the dashed curve in the inset of Fig. 15.4. This is caused by a small-pulse “tail” on 
the Gaussian distribution of pulse heights, as indicated by the dashed curve in the 
inset of Fig. 15.4. These small pulses are mostly produced by the ionizing events 
that occur during the period before the G-M tube has fully recovered from the pre- 
ceding discharge. Figure 15.5 illustrates this effect. 

2. DEAD TIME 
Immediately after a discharge the positive space charge so weakens the electric field 
near the wire that gas multiplication cannot occur. Thus the tube does not respond 
to radiation at all until the positive-ion cloud starts arriving at the cathode and the 
electric field strength gradually builds up again. As that takes place, the tube becomes 
capable of responding to an ionizing event with a discharge of less than full size. The 
true &ud tzme is the time from the start of the preceding pulse until the tube recovers 
to the point where a minimum-sized pulse can be generated. The recovery time is the 
time until a full-sized pulse is again possible, as shown in Fig. 15.5. The threshold 
peak size h, necessary for counting by a G-M counter circuit is considerably less than 
the average pulse size that would be generated by a fully recovered G-M tube when 
it is being normally operated at a potential in the middle of the G-M plateau (see 
Fig. 15.4). Thus the minimum time between dGiectablepulses will be less than the recovery 
time. This is the pulse resolving time, but is more commonly referred to as the “dead 
time” in place of the narrower definition above. 

It should be pointed out that if an ionizingevent occurs during the true dead time, 
as defined above, the event causes no electron avalanche and hence has no effect on 
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FIGURE 15.5. 
G .  F. Knoll. 

Dead time and recovery time of a G-M tube. Reproduced with permission from 
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the tube. Thus an event that occurs during the true dead time is simply not counted, 
but does not influence the ability of the tube to respond to later events. This is called 
nonparalyzable dead-time behavior. If, however, an ionizing event occurs after the end 
of the true dead time, but before the resulting pulse is large enough to be counted 
(i.e., > h J ,  not only will that event go uncounted but a new dead-time period will 
begin. Thus the tube will also fail to count any later event that happens before the 
end of the resolving time. This is called paralyzable dead-time behavior. Obviously 
a G-M counter exhibits dead-time behavior that is intermediate, being a mixture 
of the paralyzable and nonparalyzable cases. Reducing the detectable pulse-height 
threshold Q tends to decrease the paralyzable component. 

If m is the observed count rate, n is the true count rate, and 7 is the pulse resolving 
time (commonly called “dead time”), then for the nonparalyzable case the correction 
for dead-time counting losses is 

m 
1 - m7 n = -  (15.8) 

and for the paralyzable case 

(15.9) 

which must be solved for n iteratively. In the limiting case ofsmall dead-time counting 
losses, ( n  << lh), both types of behavior reduce to 

m z n(l  - n7) (15.10) 

At high values of the true count rate n,  the value ofm approaches llr asymptotically 
in a nonparalyzable counter. However, in the paralyzable case m reaches a flat max- 
imum at n = 1/7, then gradually decreases with further increases in n because of over- 
lapping chains of dead-time periods. Thus alow readingofaG-M counter may result 
from a strong radiation field if the dead-time behavior is predominantly paralyzable. 
In that case reducing the field strength will cause the observed count rate to rise. 

The value of 7 in Eq. (15.8) or (15.9) can be measured by methods described by 
Knoll (1979). A very simple scheme for Eq. (15.8) uses a radioactive source that is 
large enough to produce significant dead-time counting losses, giving an observed 
count rate m2 (c/s), and then reduces (e.g., attenuates) the true count rate by exactly 
1 to obtain an observed count rate m,.  The value of 7 (in seconds) is given for the 
nonparalyzable case by 

2 1  

m2 ml 
7 = - - -  (15.11) 

3. G-M COUNTER APPLICATIONS 
Since G-M counters are only triggered by ionizing events, producing discharge pulses 
of more or less the same size regardless of the initiating event, the observed output 
conveys little information about the dose to the counter gas. Nevertheless G-M 
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counters are used in some dosimetry applications because they offer several ad- 
vantages: They require little if any further amplification, since pulses of 1-10 V can 
be obtained directly; they are also inexpensive and versatile in their construction 
and geometry. Thus they are often used in radiation survey meters to measure x- 
and y-ray fields in radiation-protection applications. When equipped with a thin ( - 1 
mg/cm2) window they can also be used to detect @-rays. In some designs the output 
current is measured in place of the pulse counting rate. 

Scale calibrations of G-M counters, if given in terms other than the count rate, 
should always be suspect because of the aforementioned lack of dose response. More- 
over, because most G-M tubes are constructed of materials that are higher in atomic 
number than tissue or air, they exhibit strong photoelectric-effect response below 
- 100 keV. Figure 15.6 shows the typical response of a G-M counter per unit of 
tissue dose, as a function of photon energy. It can be seen from curve a that the counter 
responds about 5 times more strongly to 50-keV x rays producing a given absorbed 
dose (under CPE conditions) in tissue, than to 670-keV photons depositing the same 
tissue dose. Enclosing the G-M tube in a suitable high-Z filter tends to flatten the 
overresponse at low energies, as seen in curve b. Such an energy-compensated G- 
M tube can respond to photons over a limited range of energies in a way that is rea- 
sonably proportional to tissue dose, or to exposure. Thus with proper calibration 
it can be used as an approximate dose-rate or exposure-rate meter in spite of its in- 
herent shortcomings as a dosimeter. 

G-M counters respond to y-rays by the action of the secondary electrons that are 
produced in the cathode wall and enter the gas. Thus a high-sensitivity counter can 
be designed for the energy region where the photoelectric effect is strong ( 5 100 keV) 
by using high-2 material for the cathode. The wall thickness should approximate 
the maximum projected range of the secondary electrons for maximum sensitivity. 

'"F a 

.- Y 
c 
Q 

t O f  
I I I l l 1 1 1 1  1 I I I 1 1 1 1 1  I 

10 100 1000 KeV 
-Photon energy 

FIGURE 15.6. Typical energy-dependence curves of the response relative to tissue dose for 
survey meters containing G-M tubes of the following types: (a) uncompensated, and (6) compen- 
sated with metallic filters to produce flatter response. (Kiefer et al., 1969. Reproduced with per- 
mission from R.  Maushart and Academic Press.) 
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The energy dependence of such a counter, in terms of exposure or tissue dose, would 
of course be more pronounced than that shown by curve a in Fig. 15.6. 

Another dosimetry application of G-M counters is in measuring the y-ray dose 
component in a mixed neutroni-y-ray field. Because the large ionizing events pro- 
duced in the tube by the heavy secondary charged particles from neutron interactions 
give rise to the same-sized pulses as the smaller y-ray secondary-electron events, the 
response per unit dose is much less for the neutrons than for the y-rays. Thus the 
neutron dose is discriminated against. Further discussion of this application is given 
in Chapter 16. 

111. SCINTILLATION DOSIMETRY 

A Introduction 
Many transparent substances, including certain solids, liquids, and gases, scintillate 
(i.e., emit flashes ofvisible light) as aresult ofthe action ofionizingradiation. Through 
the application of a sensitive light detector such as a photomultiplier (PM) tube, the 
light emitted can be converted into an electrical signal. A light photon incident on 
the photocathode of a PM tube may release an electron, which is then numerically 
amplified as much as X lo7 in passing through the dynode chain in the tube. Either 
the output electrical pulses from numerous such events can be counted (with or with- 
out pulse-height analysis), or the output current can be measured. Figure 15.7 shows 
the schematic design of such a device. 

Scintillators have been widely applied as detectors of ionizing radiation, especially 
in nuclear physics. Very fast decay times, down to - lo-’ s, make organic liquid 
and plastic scintillators excellent choices for coincidence measurements with good 
time-resolution, and they can occupy whatever volume shape and size one wishes. 

DC opcmtion 

f ------- 

Light rhield.refhrct 

-\r-----J 
Pulse opamt~on 

FIGURE 15.7. General schematic design for a scintillation detector for dosimetry applications. 
A light pipe optically couples the scintillator to the photomultiplier tube. The scintillator is oth- 
erwise enclosed in an optidly opaque and internally reilective envelope that may also filter out 
short-range radiation and may additionally serve as a CPE buildup layer for indirectly ionizing 
radiation. 
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Scintillators, especially NaI(TI), also have been used extensively for x- and y- 
ray energy spectrometry but have been largely replaced by Si(Li) and Ge(Li) semi- 
conductor detectors for best energy resolution. However, scintillators continue to 
be widely used for those y-ray Spectrometry applications in which resolution is less 
critical, because of lower cost and the greater convenience of operating the detector 
at room temperature instead of inside a cryostat. 

In the present context we will focus on the dosimetry characteristics of scintillators. 

B. Light Output Efficiency 
Only a very small part of the energy imparted to a scintillator appears as light; the 
rest is dissipated as heat. In typical situations - 1 keV of energy is spent in the scin- 
tillator for the release of one electron from the PM tube’s photocathode. However, 
the large gain available in the PM tube and external amplifiers still provides an ad- 
equate output signal. The light generated in a scintillator by a given imparted energy 
depends on the linear energy transfer (LET) of the charged particles delivering the 
energy. In typical organic scintillators such as the commercially available plastic NE- 
102, increasing the particle LET decreases the light output for a given energy im- 
parted, as can be seen in Fig. 15.8. The light response from electrons that spend their 
full track length in the scintillator is found to be proportional to their starting energy 

NE-102 
I I 

ONE PARAMETER ..-- 
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DATA POINTS I 
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PARTICLE ENERGY ( M e V )  

FIGURE 15.8. Light output vs. particle energy for electrons and protons stopped in the plastic 
scintillator NE-102. The light output is proportional to electron energy, hut not to proton energy. 
Curves are based on Bitks’s theory (1964) that dense ionization tracks create damaged molecules, 
which lower the scintillation efficiency. (Craun and Smith, 1970. Reproduced with permission 
from North-Holland Physics Publishing.) 
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above about 125 keV. For protons, the light output is only about 15% as great as 
for electrons at 1 MeV, rising to about 40% as great at 10 MeV. That LET de- 
pendence must be taken into account and corrected for, in relating pulse-height dis- 
tributions to distributions of dose per pulse, in cases where both low- and high-LET 
radiations are present. It does not affect the use of an organic scintillator for photon 
or electron dosimetry above about 125 keV, assuming that the signal output is cor- 
rectly calibrated in terms of absorbed dose. Proportional counters (and, as we shall 
see, semiconductor detectors) do not require an LET correction even for heavy par- 
ticles, which is one advantage they have over scintillators. 

The technique ofpuise-shapediscliminatwn allows the separation of dose components 
on the basis of particle LET, so different calibration factors can be applied. This will 
be discussed in Section 1II.F. 

It should be apparent that for dosimetry of y-rays or electrons, either the PM- 
tube output should be measured as an electric current or the pulse-heights must be 
analyzed and calibrated in terms of dose, as discussed for proportional counters. 
Simple counting of pulses without regard to their size is not a measure of the dose 
in a scintillator. 

C. Scintillator Types 
For most dosimetry applications where soft tissue is the dose-relevant material, or- 
ganic plastic scintillators such as NE-102,* organic liquids such as NE-213,* and 
the organic crystals stilbene and anthracene are the most useful because they are 
made mostly of the low-atomic-number elements C and H. Thus they do not 
overrespond to photons through the photoelectric effect, and the hydrogen content 
makes the (n, p )  elastic-scattering interaction the main process for fast-neutron dose 
deposition, as it is in tissue. 

Table 15.2 lists the principle characteristics of a few representative types of scin- 
tillators. Knoll (1979) gives a more comprehensive list. Notice that the liquid scin- 
tillator NE-226 contains no hydrogen, making it insensitive to fast neutrons, while 
NE-228 is rich in hydrogen, and thus is sensitive to neutrons. 

D. Light Collection and Measurement 

1. SCINTILLATOR ENCLOSURE 
A light reflector, optimally a thin layer of MgO powder, is useful to maximize light- 
collection efficiency from a scintillator. If the scintillator has polished surfaces, all 
the light incident from the inside is reflected if the angle of incidence is greater than 
the critical angle. The MgO reflector will recapture most of the light that escapes 
at smaller angles. 

For small or thin scintillators (plastic ones may be as thin as - 20 pm) one should 
keep in mind cavity-theory considerations. Simplest dosimetric interpretation for 
indirectly ionizing radiation calls for surrounding the scintillator by a nonscintil- 

*Nuclear Enterprises, Ltd., Bath Rd, Beenham, Reading. Berkshire, RG7 5PR, U . K .  
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lating layer of the same composition, thick enough to provide CPE (e. g., see Lawson 
and Watt, 1964). In the case ofplastic scintillators a shell of Lucite will usually suffice, 
surrounding the thin reflector. Outside of this an opaque covering such as aluminum 
foil is required to exclude ambient light. NaI and CsI scintillators require hermetic 
seals, as they are hygroscopic. 

The use of large-volume scintillators for dosimetry requires attention to the light- 
collection efficiency from different interior regions. Attenuation within the scintil- 
lator itself is not usually a problem; rather, the surface-reflection geometry differs 
from place to place. Improvement in uniformity may be obtained through varying 
the effectiveness of the surface reflector from one part of the surface to another, or 
by subdividing a large scintillator into a number of smaller volumes, each with its 
own PM tube. 

2. LIGHT PIPE AND PM TUBE 
The exit surface of a scintillator is optically coupled to the PM-tube photocathode 
through a light pipe, usually consisting of a solid cylinder of polished Lucite. The 
interfaces (scintillator, light pipe, tube face) are filled with an optical coupling agent 
such as high-viscosity silicone oil or transparent epoxy cement. Ideally all materials 
along the optical path should have nearly the same refractive index as the glass face 
of the PM tube, 1.5. To the extent that this is not true, light is lost by reflection. 
For energy-spectrometry applications the spectral resolution may suffer on this ac- 
count, but for dosimetry the penalty is simply a loss of radiation sensitivity. Except 
for very low-dose-rate applications this is usually not a serious problem. 

The main purpose of the light pipe in dosimetry is to remove the PM tube from 
the radiation field that the scintillator is measuring. PM tubes are of course capable 
of responding to ionizing events occurring within their structure. This direct ra- 
diation response is undesirable because the interactions occur in different media than 
the scintillator, at different locations, and with variable gain factors. Moreover, large 
doses can so damage a PM tube (e.g., by discoloring the photocathode glass face) 
that its light sensitivity is permanently decreased. 

A wide variety of PM tubes is available to satisfy many types of applications. 
Dosimetry does not place unusual demands on such tubes; relatively inexpensive 
models can be chosen. The main relevant characteristics of PM tubes are these: 

1. SpectrulSensitzvity. This should be adequately matched to the scintillator out- 
put spectrum, which is usually in the blue region (see Table 15.2). 
2. Size. The photocathode diameter should be large enough to allow the light 
pipe to be optically coupled to it. Reducing the light pipe’s cross-sectional area, 
however gradually, in going from the scintillator to the PM tube, loses light. On 
the other hand, minimizing the PM-tube size allows more compact and rugged 
instrument design. 
3. Voltuge Requirements. Different models require operating potentials from P 
= 900 to 24-00 V. Great stability is required of the power supply, as the gain varies 
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in proportion to P6-P9 for a 10-dynode tube. A PM tube requiring only 1000 V 
may be satisfied by a high-quality supply that is relatively inexpensive and can 
be used alternatively for ion chambers. 
4. The average gain of the dynode chain in a PM tube is in- 
dependent of how many electrons are simultaneously ejected from the photo- 
cathode, from one to many thousands. The size of an electrical output pulse is 
thus proportional to the number of electrons in the originating pulse leaving the 
photocathode. Likewise the average current from the PM-tube anode is pro- 
portional to that ejected from the photocathode. The ultimate output limit occurs 
at the last gain step between the final dynode and the anode. This is either due 
to space-charge effect, or because the last dynode draws too much current from 
the resistor string that supplies its voltage, which consequently decreases and low- 
ers the gain. Manufacturers' recommendations should be followed in limiting the 
PM-tube output. 
5 .  Photocathode Fdi'ue. This results from exposing the tube to light while the 
HV is applied, or delivering too bright a scintillation signal to it. Until it recovers, 
which may take some time, the light sensitivity is reduced, and the dosimetric 
calibration changed accordingly. 
6 .  Magnetic Efects. PM tubes are sensitive to magnetic fields, which deflect the 
electrons during their flight between dynodes and thereby affect the gain. Prox- 
imity to magnets (e.g., at linacs) or electrical conductors carrying large currents 
may require such remedial action as use of a Mu-metal magnetic shield or re- 
location of the PM tube by use of a longer light pipe. 
7. The gain of a PM tube may depend on its operating 
temperature by as much as p 1 % OC. Temperature-controlled housings that op- 
erate at reduced temperatures not only stabilize the gain, but also lower the tube's 
background current and random noise signal. 
8. 'Tiansit Tim. For high-dose-rate applications a short-decay-time scintil- 
lator may be used with a short-transit-time PM tube if the shape of a brief pulse 
of radiation is to be preserved. The fastest organic scintillators have decay con- 
stants around 1 ns. Continuous-channel-type PM tubes, or microchannel plates 
made of many such adjacent channels, offer the shortest electron transit times, 
a few nanoseconds. More importantly, the statistical spread in transit times, which 
would distort a measured pulse, is only - 0.1 ns. Thus the scintillator decay time 
is the limiting factor in such a measurement. 

Gain Linearily. 

Temperature Dependence. 

E. Comparison with an Ionization Chamber 
Scintillators are often used as a more sensitive substitute for an ionization chamber 
in a y-ray survey meter for health-physics applications. It is instructive to consider 
what factors are involved in estimating the difference in current output from a scin- 
tillator and an ion chamber of the same volume. 

The analogue in a scintillator of w in a gas is the average energy spent by an 
electron per light photon produced. For plastic scintillators this is around 60 eV, or 
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about twice w for gases, for low-LET radiation. For good optical coupling 4 of 
the photons reach the PM-tube photocathode. Typical photocathode efficiency is 
about 1595, and tube gain about lo6. Thus for equd masses of chamber gas and 
plastic scintillator, the output current for the latter is s 3  X lo4 greater. Assuming 
1 g/cm3 for the scintillator and 0.001 g/cm3 for the gas in the ion chamber, equal 
volumes would favor the scintillator by a factor of ~3 X lo7. This is comparable 
in sensitivity to a G-M tube of the same size. However, the plastic scintillator has 
an output current for electrons with energies over 125 keV that is proportional to 
the absorbed dose in the plastic medium, which approximates tissue. 

F. Pulse-Shape Discrimination 
In most scintillators, the promptly emitted light comprises nearly all of the observed 
scintillation. In some materials, notably stilbene and NE-2 13 liquid scintillator, a 
sizable longer-time-constant component exists that is LET-dependent. Particles with 
denser tracks thus have a more pronounced component of longer decay time con- 
stant, as shown in Fig. 15.9. 

Suitable electronic discrimination can be provided to count pulses of differing 
lengths separately, correlated with the LET of the particles that produced them. Thus 
it becomes possible to apply different dose calibrations to the pulse heights for ra- 
diations having different LETS. As noted before, the efficiency of scintillators de- 
creases with increasing LET, and this technique allows that defect to be compensated 
for. This feature is especially useful for dosimetry in combined neutron-y-ray fields. 

Combinations of two different scintillators coupled to the same PM tube, called 
“phoswiches, ” are useful for some dosimetry situations. The scintillators are chosen 
to have different decay times so pulse-shape discrimination can be applied to separate 

104r-----7 

Time 

FIGURE 15.9. Time dependence of scintillation pulses in stilbene, normalized to equal heights 
at time zero, when excited by radiations of different LET. The curve labeled “neutrons” rep- 
resents the protons generated by (n, p) interactions. (Bolliager and Thomas, 1961. Reproduced 
with permission from L. M. Bollingcr and The American Institute of Physics.) 
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the signals. For example, one thin scintillator can be used to stop a relatively non- 
penetrating component of radiation, say &rays, while a thicker scintillator behind 
the first interacts more strongly with more penetrating y-rays. 

G. Beta-Ray Dosimetry 
A plastic scintillator covered by a thin opaque window and coupled to the PM tube 
face can be used to measure the planar energy-flux density due to incident &rays, 
assuming that the scintillator is thick enough to stop them, and that the light output 
is proportional to @-ray energy. In other words, the light signal brightness (and PM- 
tube output current) will be proportional to the radiant energy carried into the scin- 
tillator by &rays per unit time, irrespective of their angle of incidence, except for 
those that enter and then escape from the edge of the scintillator. That loss can be 
minimized by using a high-Z electron backscattering foil around the scintillator sides, 
andlor by making the scintillator in the shape of a truncated cone with the base against 
the PM tube. The distribution of dose vs. depth in tissue can be gotten from the 
reductions in light output observed when a series of tissue-equivalent plastic ab- 
sorbing layers are placed over the front of the scintillator. 

IV. SEMICONDUCTOR DETECTORS FOR DOSIMETRY 

A. Introduction 
Silicon and germanium detectors have been used mainly for energy spectrometry, 
and have largely replaced scintillators in this application where highest energy res- 
olution is required. 

However, semiconductor detectors have characteristics that also make them very 
attractive as dosimeters, for measuring either dose or dose rate, as a substitute for 
an ion chamber. Moreover, they can also serve as a solid-state analogue of a pro- 
portional counter, since the ionization produced by a charged particle in traversing 
the sensitive volume of the detector is proportional to the energy spent, irrespective 
of LET, for particles lighter than a ’ s .  Some internal amplification is even possible 
in the “avalanche detector” mode of operation, but external amplification is usually 
preferred. This broad lack of LET-dependence is an advantage over scintillation 
detectors, allowing simpler interpretation of pulse heights in terms of energy im- 
parted. 

In a totally different method of application, semiconductor detectors may be em- 
ployed as neutron dosimeters by measuring the resulting radiation damage done by 
the neutrons. 

In the following sections the various methods of dosimetry application will be 
outlined. 

B. Basic Operation of Reverse-Biased Semiconductor Junction 
Detectors 
Figure 15.10 illustrates the operation of a typical reverse-biased semiconductor de- 
tector, the silicon p - n  junction. 
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7 +Ve bias vc#oge(typicoIly 10 to 500 V) 

R Thickness in ronge 
-lop to -5mm 

To siqnal 0 Depleted region 
amplifier - 

I 
Direction of 

electric field 
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(typically - 0. lp thick) 

’i 

FIGURE 15.10. Beversebiased p n  junction detector (Miller, 1961. Reproduced with permis- 
sion from the Brookhaven Nation?) Laboratory. Drawing made available by courteay of J. F. 
Fowler, 1966.) 

We need not discuss here how such a device is prepared by “doping” an initially 
very pure silicon crystal. Suffice it to say that the bulk of the crystal consists of a ‘‘p” 
region having an excess of “holes”, while a thin layer at the surface is an “n” region 
having an excess of electrons. Electrical conduction in each region occurs through 
motion of these majority charge carriers (holes or electrons). 

When a positive potential (- 10-103 V) is applied to the n-terminal relative to 
the opposite evaporated-metal surface contact, electrons and holes are pulled out of 
an intermediate region called the dcplciwn hym, and current cannot then flow across 
the junction except for some leakage current. The thickness of the depletion layer 
is proportional to the square root of the applied potential, and usually ranges from 
micrometers to n 5  mm in thickness. 

If a charged particle passes through the depletion layer while the junction is in 
this reverse-biased condition, it forms electron-hole pairs by the usual collision pro- 
cesses. The mean energy spent per electron-hole pair in Si at 300 K is 3.62 eV for 
a ’ s  and 3.68 for electrons, and in Ge at 77 K it is 2.97 eV for both. These figures 
are only about one-tenth of the analogous W-values for gas ion chambers; hence - 10 
times as much ionization is formed in semiconductor detectors as in ion chambers 
for the same energy expenditure. This also helps account for the good energy res- 
olution of Si and Ge detectors. 

Electrons have mobilities of 1350 cm/s per V/cm in Si and 3900 in Ge, at 300 K. 
Hole mobilities are 480 cm/s per V/cm in Si and 1900 in Ge, at 300 K. Thus typically 
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they can reach the boundary of the depletion layer in 10-7-10-6 s, producing a com- 
parable voltage-pulse rise time. 

A charge-sensitive linear preamplifier and linear voltage amplifier comparable 
to those used for proportional counters, but with suitably shorter time constants, 
are used to amplify the charge pulses far charge measurement or pulse-height analysis 
and counting. 

C. Silicon Diodes without Bias 
Although the sensitivity is greater and the response time is less for Si diode detectors 
with reverse bias applied, for DC operation there is an advantage in operating with- 
out any external bias: As the bias voltage is reduced to zero, the DC leakage current 
decreases more rapidly than the radiation-induced current. Since this leakage cur- 
rent is strongly temperature-dependent, minimizing its magnitude is advantageous. 
The residual zero-bias radiation-induced current results from alteration of charge- 
carrier concentrations, and in turn gives rise to a potential difference between the 
electrodes. The measurement of the radiocurrent is done with a low-impedance cir- 
cuit such as an operational amplifier as in Fig. 15.116. 

The ranges of dose rate that are measured in radiotherapy applications (0.03-3 
Gy/min) produce adequate output currents from an unbiased silicon diode detector 
with a typical sensitivity of 2 X lo-" A per R/min. A commercial device of this 
type is marketed by Nuclear Associates, with a sensitive volume of 0.2 mm3 (Model 
30-490 with probe only; Model 05-595 including readout circuit). 

Gager et al. (1977), designed a high-Zfilter to surround the silicon detector shown 
in Fig. 15.1 la ,  to flatten the energy dependence per roentgen or per tissue rad. Wright 
and Gager (1977) compared depth-dose measurements of linac x-ray beams taken 
with this detector and with a Farmer ion chamber. They found that the shielded Si 
detector agrees well with the ion chamber, but gives a better signal-to-noise ratio, 
allowing more rapid measurements to be made with equal precision. 

D. Lithium-Drifted Si and Ge Detectors 
The most common types of semiconductor detectors are the lithium-drifted type. 
These are prepared by diffusing Li+ ions into high-purity (but slightly p-type) Si or 
Ge crystals. The Li+ ions lodge at interstitial positions next to the electron-acceptor 
sites (trivalent impurity atoms), then capture electrons to become electron donor 
sites, which thereby neutralize the acceptor sites. The crystal is then said to be com- 
pensated, by having the same number of electrons in the conduction band as it has 
holes in the valence band. In this condition it acts like an intrinsic material, that is, 
one that is free of all donor and acceptor sites, being almost completely pure. Drifted 
regions up to almost 2 cm in thickness can be achieved in this way, and the entire 
intrinsic volume acts as the dosimeter's sensitive volume. Changing the applied po- 
tential varies the electric field strength across this volume, but doesn't change its 
depth. If the Li-drifted region extends completely through the crystal, it is said to 
be jidb depleted. 
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THIN COAXIAL CABLE COPPER CONTACT 

MATERIAL 
FIGURE 15.110. 
permission from L. D. Gager and the American Institute of Physics.) 

Design of unbiased silicon p n  junction (Gager et d., 1977. Reproduced with 

I I  
I I  

i 

- -  - - YUT - 
FIGURE 15.11b. 
with permiision from L. D. Gager and The American Institute of Physics.) 

Operation of unbiased siliconpn junction (Gager et al., 1977. Reproduced 

Si(Li) and Ge(Li) detectors can be made as thin as 10 pm to serve as “dE/dx” 
measuring devices for charged particles passing through, by which is meant that they 
respond proportionally to the collision stopping power of the material (ignoring 6- 
ray production). Likewise they can serve as thin dosimeters, or to measure LET 
distributions of charged-particle fields. 

Ge(Li) detectors are preferred over Si(Li) for x- or y-ray spectrometry above 50 
keV, or for energy-fluence measurements, because the higher Z ( 3 2 )  of Ge gives it 
a greater photoelectric cross section than Si (2 = 14), so that Ge stops the beam more 
efficiently. Si(Li) detectors are preferred for lower-energy x rays and for &ray do- 
simetry because their backscattering is much less. Detectors with areas as great as 
15 cm2 are available. Geometries of detectors available are not only planar, but also 
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cylindrical and annular for special applications (e.g., “well” counting of radioactive 
sources). 

One disadvantage of Ge(Li) and Si(Li) detectors is that, to maintain their energy 
resolution for spectrometry, they must be maintained and operated at liquid-N2 tem- 
perature. Allowing Ge(Li) detectors ever to warm up to room temperature dete- 
riorates them by allowing the Li ions to migrate, thus disturbing donor-acceptor 
compensation. Si(Li) detectors usually may be allowed to reach room temperature 
without damage, because of lower Li-ion mobility. The manufacturer’s advice should 
be followed however. 

Another type of germanium detector, intrinsic germanium (IG), has been de- 
veloped in comparable sizes and other characteristics to Ge(Li), but may be stored 
at room temperature and only cooled to make measurements. It achieves donor- 
acceptor compensation through purity of manufacture instead of lithium drifting. 

E. Use of Si(Li) as an Ion-Chamber Substitute 
The density of Si is about 2.3 g/cm3, or about 1800 times that of air. Thus, con- 
sidering also the w difference, a Si(Li) detector will produce about 18,000 times 
as much charge as an ion chamber of the same volume, in the same x-ray field, at 
energies (> 100 keV) where the photoelectric effect is unimportant. 

F. Use of Si(Li) Junctions with Reverse Bias as Counting Dose-Rate 
Meters 
Raju et al. (1969, 1971) have used Si(Li) detectors (e.g., 1 mm thick) as probes for 
measuring the depth dose due to heavy charged particles, including pions. The pulse 
height was found to be proportional to the energy spent by the particle in the sensitive 
volume of the detector. Pulses were stored in a computer and analyzed later. Scin- 
tillators were used in a time-of-flight method to separate the doses due to pions and 
electrons, which are faster than the pions. 

Richman et al., (1978) extended the method for pion dosimetry to provide sep- 
aration of dose components on the basis of the LET of the contributing radiation 
components. They used Si(Li) detectors from 10 pm to 5 mm thick to emphasize 
components of different penetrating power, and to study the perturbing effect of the 
detector on the radiation field. They were able to get results on dose vs. LET which 
were consistent with those of a Rossi proportional counter. 

G. Fast-Neutron Dosimetry 
Silicon detectors are damaged by very high doses (> lo4 Gy) of electrons or x rays, 
but are much more sensitive to damage by fast neutrons. Doses ofO. 1 to 10 Gy (tissue) 
cause permanent defects in the Si crystal lattice, which act as traps for charge carriers. 
As a result the resistance of the detector is effectively increased. The voltage drop 
across the detector when a constant test current (I 25 mA) is passed through it in 
a forward direction increases gradually vs. dose from an initial value of about 1 V 
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to 4 V. The damage is dose-rate-independent, and is influenced only very slightly 
by electron or y-ray dose (McCall et al., 1978). 

The response. of these detectors per gray of neutron tissue kerma or (CPE) dose 
in free space is constant (f20%) from a300 keV to 14 MeV. Below 200 keV the 
response decreases rapidly. 

PROBLEMS 

1. 

2. 

3. 
4. 

5 .  

6. 

Calculate the gain factor for a cylindrical proportional counter having a central 
wire diameter of 2.54 x cm and a cathode diameter of 1.50 cm, filled with 
methane at 76 torr, with 800 V applied potential. 
Without changing the counter geometry or the gas in problem 1, give two pa- 
rameter changes, each of which would raise the gain factor to l X lo'. 
How thick is the amplifying sheath surrounding the anode in problem l ?  
What pressure of methane-based tissue-equivalent gas in a Rossi spherical pro- 
portional counter 13 mm in diameter would be used to simulate a water-density 
biological object 1 pm in diameter? You may assume that the density of the TE 
gas is 1.057 g/liter at 22OC, 760 torr. 
A gas counter gives an observed count rate of 3.94 X lo4 min-' when the true 
count rate is 4.15 X lo4 min-'. What is the dead time if assumed to be (a) non- 
paralyzable, (b) paralyzable? (c) Why are these values so nearly equal? (d) What 
type of counter is this, assuming that the dead time is characteristic of the counter 
itself? 
The counter in problem 5 is used to measure a y-ray field in which the true count 
rate is 2 X lo4 d s .  What would be the observed count-rate on the assumption 
of (a) nonparalyzability and (b) paralyzability? (c) What would you conclude 
about using a G-M counter where dead-time losses are large? 

SOLUTIONS TO PROBLEMS 

1. 560. 
2. 
3. 0.17 mm. 
4. 55.3 torr. 
5. (a) 77 ps. 

(b) 75 ps. 

(c) n << 1/7. 

(d) G-M counter. 
6. (a) 7.87 X lo3 CIS. 

(b) 4.46 X lo3 CIS. 

(c) 

Apply P = 1054 V, or reduce pressure to 0.0298 atm. 

Not advisable because of uncertainty about paralyzability vs. nonpara- 
lyzability in G-M counters. 
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1. INTRODUCTION 
This chapter is intended to provide an introduction to neutron dosimetry that is 
relevant to the human body, from the viewpoint of either radiation hazard or neu- 
tron-beam radiotherapy. We will avoid the topic of neutron shielding, which more 
properly belongs in a health-physics or nuclear-engineering course. The reader may 
consult Profio (1979) and Lewis and Miller (1984) as useful references on that subject. 

Dosimetry that is explicitly relevant to neutron damage in solid-state media is also 
avoided here. Such damage is only poorly correlated with absorbed dose, because 
of the existence of kinetic-energy thresholds below which the damage does not occur 
if it is associated with atomic displacements, for example. Thus the observed damage 
per unit of absorbed dose may be strongly dependent on neutron energy. The prob- 
lem of dosimetry in such cases then becomes primarily a neutron spectrometry prob- 
lem. The use of radioactivation threshold detectors (usually metal foils) has proved 
valuable in this application, as described by Moteff (1969). 

In the present context we will be primarily concerned about neutron interactions 
with the majority tissue elements H, 0, C, and N, and the resulting absorbed dose. 
Because of the short ranges of the heavy secondary charged particles that are pro- 
duced in such interactions, CPE is usually well approximated. Thus, since no 
bremsstrahlung x-rays are generated, the absorbed dose can be assumed to be equal 
to the kerma at any point in neutron fields at least up to an energy E 3 20 MeV. 

463 
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II. NEUTRON KINETIC ENERGY 
For dosimetry purposes it is convenient to divide neutron fields into the following 
energy categories. 

A. Thermal Neutrons 
Thermal neutrons have only the Maxwellian distribution of thermal motion that is 
characteristic ofthe temperature of the medium in which they exist. Their most prob- 
able kinetic energy at 2OoC is E = 0.025 eV. However, all neutrons with energies 
below 0.5 eV are usually referred to as thermal because of a simple experimental 

FIGURE 16.1. Kerma per unit fiuence contributed by various interactions in a small mass of 
tissue in free space, as a function of incident neutron energy. Note that curves g and /I are dis- 
placed downward by the factor (Auxier et al., 1968. Reproduced with permission from J. 
A. Auxier and Academic Press.) 
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test that can be applied to a neutron field to measure how completely it has been 
“thermalized” by passage through a moderator. A cadmium filter 1 mm thick ab- 
sorbs practically all incident neutrons below about 0.5 eV, but readily passes those 
above that energy. A thermal-neutron detecting foil such as gold can be radioac- 
tivated by neutrons through the ‘”Au(n, y)198A~ interaction, with a cross section 
that is inversely dependent on the neutron velocity or &. Exposing two such foils 
in the neutron field, one foil bare and the other enclosed in 1 mm of Cd, provides 
two activation readings. The ratio of the bare to the Cd reading is called the cadmium 
ratio; it is unity if no thermal neutrons are present, and rises toward infinity as the 
thermal-neutron component approaches 100%. 

B. Intermediate-Energy Neutrons 
Neutrons with energies above the thermal cutoff of 0.5 eV but below 10 keV are called 
intermediate-energy neutrons. Above 10 keV, the dose in the human body is dom- 
inated by the contribution of recoil protons resulting from elastic scattering of hy- 
drogen nuclei. Below that energy the dose is mainly due to y-rays resulting from 
thermal-neutron capture in hydrogen. Thus the neutron quality factor rises steeply 
above 10 keV, as will be seen in Fig. 16.6, because of the greater biological effec- 
tiveness of heavy charged particles. 

C. Fast Neutrons 
These neutrons cover the energy range from 10 keV upward. 

111. NEUTRON INTERACTIONS IN TISSUE 

A. Tissue Composition 
Table 16.1 gives the atomic composition, in percentage by weight, of human muscle 
tissue and the whole body. The ICRU composition for muscle has been assumed 
in most cases for neutron-dose calculations (see ICRU, 1977), lumping the 1.1 % 
of “other” minor elements together with oxygen to make a simple four-element 
(H,O,C,N) composition. Table 16.1 shows that the ICRP (1975) skeletal-muscle 

TABLE 16.1. Human Tissue Composition“ 

ICRU (1977) ICRP Skeletal 
Element Muscle Muscle Whole Body 

H 
0 
C 
N 
Other 
Total 

10.2 
72.9 
12.3 
3.5 
1.1 

100.0 

10.06 
75.48 
10.78 
2.77 
0.91 

100.00 

10.5 
67.7 
18.7 
3.1 

100.0 

“Data are given in percent by weight. 
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composition (see also Appendix B.3) differs somewhat from the ICRU composition, 
and both are substantially different from the average whole-body composition in the 
last column, used by Auxier et al. (1968) in computing the data tabulated in Section 
V. 

8. KermaCalculations 
For a single neutron energy, type of target atom, and kind of interaction, the kerma 
that results from a neutron fluence @ (cm-') at a point in a medium is given by 

K = 1.602 X lo-* +uN,m-' E,, (16.1) 

where u is the interaction cross section in cm'/(target atom), N, is the number of target 
atoms in the irradiated sample [see Eq. (6.38)], m is the sample mass in grams, and 
EI, is the total kinetic energy (MeV) given to charged particles per interaction. K 
is thus given in rad (or centigrays), and its value is equal to the absorbed dose D 
at the same point under the usual CPE conditions. The product of (1.602 X lo-' 
uN,rn-' EIr) is equal to the kerma factor F,, in rad cm'h, as discussed in Chapter 2, 
Section 1I.C. Thus Eq. (16.1) reduces to 

CPE 

D = K =  @F,, (16.2) 

Tables of F,-values from Caswell et al., (1980) will be found in Appendix F for 
several elements, compounds, and mixtures. F,, is not generally a smooth function 
of 2 and E, unlike the case of photon interaction coefficients. Thus interpolation vs. 
Zcannot be employed to obtain values of F, for elements for which data are not listed, 
and interpolation vs. E is feasible only within energy regions where resonance peaks 
are absent. Figure 16.1 illustrates this lack of regularity of F,-values for neutrons 
in muscle tissue (Auxier et al., 1968). 

For a continuous neutron spectrum with a differential fluence distribution *' (E)  
(nlcm' MeV), the kerma contribution byj-type interactions with i-type target atoms 
is 

Em, 

Kij = 1.602 X 10-8N.m-' j @'W u@) [E,XE)I,,. dE (16.3) 
0 

where Nim-' is the number of target atoms of type iper gram of the medium, uij(E) 
is the cross section for j-type interactions with i-type atoms by neutrons of energy 
E, and [Et,.(E)Jij is the total kinetic energy given to charged particles per type-j in- 
teraction with type-i atoms by neutrons of energy E. For the same units as in Eq. 
(16. l), Ki, is given in rads or centigrays. It can be summed over all i andj  to obtain 
the kerma (or dose) due to all types of interactions and target atoms: 

CPE 

D = K=CCKij 
i j  

(16.4) 
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C. ThermaCNeutron Interactions in Tissue 
There are two important interctions ofthermal neutrons with tissue: neutron capture 
by nitrogen, "N(n, p)*%, and neutron capture by hydrogen, IH(n, y)'H. 

The nitrogen interaction releases a kinetic energy of& = 0.62 MeV that is shared 
by the proton (0.58 MeV) and the recoiling nucleus (0.04 MeV). The interaction 
cross section in this case is u = 1.84 X lo-'' cm2/atom, and the number of nitrogen 
atoms per gram of muscle tissue is NJm = 1.50 X lo2'. Thus the kerma deposited 
in muscle per unit fluence of thermal neutrons is given by Eq. (16.1) as 

Fn = 1.602 X lo-* X 1.84 X 

= 2.74 X lo-" rad cm'/n. 

X 1.50 X lo2' X 0.62 

Since the range of the secondary proton is - 10 pm in tissue, CPE exists and K 
= D even in very small tissue samples. 

Thermal neutrons have alarger probability of capture by hydrogen atoms in mus- 
cle, even though uH = 3.32 X cm'/atom, 
because there are 41 times more H atoms than N atoms in tissue. The energy given 
to y-rays per unit mass of tissue and per unit fluence of thermal neutrons can be 
obtained from an equation similar to Eq. (16. l) ,  but replacing E,, by E7 = 2.2 MeV 
(the y-ray photon energy released in each neutron capture): 

cm2/atom < uN = 1.84 X 

R 
ern = 1.602 X uN,m-' E7 

= (1.602 X erg/MeV) X (3.32 X cm2/atom) 

X (6.09 X atoms/g) X (2.2 y-MeV/n) 

= 7.13 x lo-' erg/g n 

= 7.13 X J/kg n m-* (16.5) 

This of course does not contribute directly to the kerma, since the y-rays must 
interact and transfer energy to charged particles to produce kerma. For that reason 
the result of Eq. (16.5) is expressed in terms of the radiant energy of y-rays produced 
per unit mass and per neutron fluence. If the irradiated tissue mass is small enough 
to allow the y-rays to escape, the kerma due to thermal neutrons is only that resulting 
from the nitrogen (n, p) interactions. In larger masses of tissue the y-rays are in- 
creasingly reabsorbed before escaping, thus contributing to the kerma. In the center 

*One gram of muscle contains approximately 0.102 g of H, 0.123 g of C, 0.740 g of 0, and 0.035 g of 
N .  Avogadro'sconstant(6.022 X IO*'atoms)iscontainedin I mole, or 1.008gofH, 12.01 gofC, 16.00 
g of 0, or 14.01 g of N .  Hence the number of H atoms per gram of muscle is 6.022 X 10"' (0.102/1.008) 
= 6.09 X 10" atomdg, and likewise there are 6.17 X 10" (C atoms)/g, 2.79 X 10" (0 atoms)/g, and 
1.50 X 10" (N atorns)/g, totaling 9.65 X 102* atomslg. 
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of a 1-cm-diameter sphere of tissue the kerma contributions from the (n, p )  and (n, 
y) processes (the latter indirectly) are comparable in size. In alarge tissue mass (radius 
> 5 times the y-ray mean free path) where radiation equilibrium is approximated, 
the kerma due indirectly to the (n, y) process is 26 times that of the nitrogen (n, p )  
interaction. The human body is intermediate in size, but large enough so the H(n, 
y) ‘H process dominates in kerma (and dose) production, not only for thermal neu- 
trons but for intermediate neutrons as well, as they become thermalized in the body. 

D. Interaction by Intermediate and Fast Neutrons 
Figure 16.1 summarizes the processes that contribute directly to kerma in a small 
mass of tissue in free space. The ordinate is the kerma factor in units of erg/g per 
n/cm’, plotted vs. neutron energy from thermal (2.5 X MeV) to 14 MeV. The 
dashed curve a is the sum of all the others. It is dominated below MeV (100 
eV) by curve g, which represents (n, p )  reactions, mostly in nitrogen. Above lo-* 
MeV elastic scattering of hydrogen nuclei (curve b) contributes nearly all of the kerma. 

The average energy transferred by elastic scattering to a nucleus is closely ap- 
proximated (i.e., assuming isotropic scattering in the center-of-mass system) by 

(16.6) 

where E = neutron energy, 
Ma = mass of target nucleus, 
M, = neutron mass. 

For hydrogen recoils E,, = El2 with E,,-values ranging from 0 (for protons recoiling 
at 90°) to E,, = E - for protons recoiling straight ahead. For other tissue atoms, elastic 
scattering gives E,, = 0.142E for C atoms, 0.124E for N atoms, and 0.083E for 0 
atoms. 

IV. NEUTRON SOURCES 
The most widely available neutron sources are nuclear fission reactors, accelerators, 
and radioactive sources. Useful descriptive references have been provided by 
DePangher and Tochilin (1969), Moteff (1969), Tochilin and Shumway (1969), and 
ICRU (1977). 

Fissionlike spectra have average neutron energies around 2 MeV, and are avail- 
able from nuclear reactors (beam ports, not thermal columns, which moderate the 
neutrons to a thermal distribution), 252Cf radioactive (spontaneous fission) sources, 
critical assemblies, and other ‘‘mock” fission sources such as that produced by 12- 
MeV cyclotron-accelerated protons on a thick Be target. Figure 16.2 shows several 
such spectra, the Watt spectrum being an idealized shape for unmoderated reactor 
neutrons. 

By filtering a reactor spectrum, the National Bureau of Standards makes available 
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FIGURE 16.2. Fission-neutron spectra from reactors (Watt spectrum), the Godiva critical as- 
sembly, and the Argonne Biological Facility, as well as a “mock” fission spectrum generated by 
12-MeV protons on a thick Be target. (Tochilin and Kohler, 1958. Reproduced with permission 
from E. Tochilin and the Health Physics Society.) 

for calibration purposes neutron beams with narrow spectra having intermediate 
energies around 2 ,  24, and 144 keV (Schwartz and Grundl, 1978). 

Several types of Be(a, n) radioactive sources are in common use, employing 210Po, 
, 24’Am, or 226Ra as the emitter. Neutron yields are of the order of 1 neutron 

per lo4 a-particles. Figure 16.3 exemplifies the neutron spectra emitted, which have 
average energies s 4 MeV. 

The y-ray background emitted by Be(a, n) sources depends on the a-source, being 
highest for 226Ra in equilibrium with its daughter products (835 mR/h at 1 m from 
1 Ci). A l-Ci 239Pu-Be neutron source was recently measured by Yang Yin et al. 
(1984) to have a y-ray output of mostly 4.4-MeV y rays that gave an exposure rate 
of 0.062 mR/h at 1 m, or about of the total n + y tissue dose rate there. For 252Cf 
sources in free space, filtered by 0.7 mm of Pt-Ir, the y-ray dose rate in tissue is about 
f of the total dose rate (ICRU, 1977). 

Low-energy neutron generators accelerate deuterium to 0.1-0.4 MeV and im- 
pinge them on targets containing either deuterium or tritium. The output neutrons, 

239pu 
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Neutron energy (MeV) 

FIGURE 16.3. Neutron spectra for three Be(a, n) sources: “‘Am, *‘OPo, and 239Pu. (From 
DePangher and Tochilin, 1969. Sources of the data arc given in that reference. Reproduced with 
permission from E. Tochilin and Academic Press.) 

due to high-Qreactions, are in the range of 1.9-3.4 MeV for the D(d, n) 3He reaction, 
and 12.9-15.6 MeV for T(d, n) 4He, depending on the angle of neutron emission, 
incoming particle energy, and target thickness, as shown in Figs. 1 6 . 4 ~  and 16.46. 
Outputs of the order of 10” and lOI3 n/s, respectively, can be achieved in this way. 

Cyclotrons can be used to produce neutron beams by accelerating protons or deu- 
terons into various targets, most commonly beryllium. Figure 16.5 shows the typical 
bell-shaped neutron spectra that result from deuteron bombardment. The neutron 
energies extend from zero to somewhat above the deuteron energy, and have an 
average of about 0.4 times that energy. The neutron outputs from this “stripping” 
reaction have been discussed by August et al. (1976). The neutron beam becomes 
narrower and more forward-directed as the deuteron energy is increased. Tissue dose 
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Neutron energy vs. angle for the D(d, n) 3He reaction. (Seagrave, 1958. Re- 
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Neutron energy VI. angle for the T(d, n) 'He reaction. (Seagrave, 1958. Repro- 
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FIGURE 16.5. Neutron spectra on the beam axis generated by 15-, 20-, and 24-MeV deuterons 
striking a thick Be target. (Tochilin and Kohler, 1958. Reproduced with permission from E. 
Tochilin and the Health Physics Society.) 
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rates of tens of rads per minute on the beam axis are readily achievable at 1 m from 
the target, with y-ray backgrounds of a few percent or less of the dose in tissue. 

V. NEUTRON QUALITY FACTOR 
For purposes of neutron radiation protection the dose equivalent His equal to DQ, 
where Qis the quality factor, which depends on neutron energy according to the curve 
in Fig. 16.6 (ICRP, 1971). The quality factor for all y-rays is taken to be unity for 
purposes of combining neutron and y-ray dose equivalents. 

ICRP quality factors are intended to apply to long-term occupational exposure 
situations, not to radiation accidents (e.g., reactor criticality) in which acute bio- 
logical damage to blood cells, bone marrow, and gastrointestinal tract are predom- 
inant. In such cases the quality factor for neutrons lies between 1 and 2, and it has 
been common practice to simply sum the R and y absorbed doses in such acute ex- 
posures (Kiefer et al., 1969). 

VI. CALCULATION OF THE ABSORBED DOSE IN A CYLINDRICAL 
PHANTOM REQRESENTINNG THE HUMAN BODY 
Auxier et al. (1968) have carried out a Monte Carlo calculation of the absorbed dose 
and dose equivalent in each of the volume segments of a cylindrical phantom 30 cm 
in diameter by 60 cm in height, as shown in Fig. 16.7. Monoenergetic neutrons of 
various energies from thermal to 14 MeV were incident perpendicularly to the cy- 
lindrical axis, covering the whole phantom homogeneously. Table 16.2 gives the 
values of quality factor that were assumed for evaluating the dose equivalent on the 

neutron energy. MeV 

FIGURE 16.6. Quality factors for neutrons, that is, the maximum dose equivalent divided by 
the absorbed dose at the same depth in the body. The curve represents the recommendation of 
the ICRP. (ICRP, 1971. References in the figure are given in that report. Reproduced with per- 
mission from Pergamon Press, Ltd.) 
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FIGURE 16.7. Cylindrical phantom employed for Monte Carlo calculation of D and H by Aux- 
ier et al. (1968). The black area indicates volume element 57, to which Table 16.3 refers. (Re- 
produced with permission from J. A. Auxier and Academic Press.) 

basis of the secondary-charged-particle spectrum in each volume segment. Sec- 
ondary electrons from the absorption of the 2.2-MeV capture y-rays from the 
*H(n, y)*H reaction were included. 

The resulting tables of Auxier et al. (1968) contain a wealth of information on 
the penetration of neutrons into the body and the resulting spatial distributions of 
D and H. Volume number 57, the front segment halfway up the phantom, is of special 
interest. It is 12 cm high, 3 cm thick, and about 15 cm wide. The data for that segment 
have been excerpted from the tables of Auxier et al. and are reproduced in Table 
16.3. It should be noted that the absorbed doses in column 2 include the capture 
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TABLE 16.2. Quality Factor vs. 
Linear Energy Transfer Umd by Auxier 
et al. (1968) in Monte Carlo Calculation" 

L ,  (keV/pm) Q 
0 - 3.5 
3.5- 7.0 
7.0- 15.0 
15.0- 25.0 
25.0- 35.0 
35.0- 50.0 
50.0- 62.5 
62.5- 75.0 
75.0- 87.5 
87.5- 100 
100 - 200 
200 -1000 

1 .oo 
1.50 
2.82 
4.47 
6.18 
8.28 
10.3 
11.8 
13.6 
14.9 
17.5 
20.0 

'Reproduced with permission from J. A. Auxier 
and Academic Press. 

y-ray contributions in the last column, and that the dose equivalent is based on the 
total dose including the y-ray contribution. 

Figure 16.8, based on the data in Table 16.3, clearly shows that the y-rays deposit 
about 85% of the absorbed dose for neutrons below 10 keV. Above that energy the 
relative importance of the y-rays decreases steadily, to become negligible for neu- 

TABLE 16.3. Monte Carlo Calculation Results for Volume Segment 57" 

Absorbed Dose 
Neutron Absorbed Dose Dose Equivalent from 'H(n, y)'H 
Energy [lo-'' rad/(n/cm2)] [lo-'' rem/(n/cm2)] [lo-'' radl(nlcm2)] 

0.025 
1 
10 
100 

1 
10 
100 
500 

1 
2.5 
5 
7 
10 
14 

eV 
eV 
eV 
eV 
keV 
keV 
keV 
keV 
MeV 
MeV 
MeV 
MeV 
MeV 
MeV 

4.68 
5.89 
5.18 
4.45 
4.32 
4.34 
8.02 
18.11 
30.1 
39.9 
57.2 
57.0 
72.5 
83.1 

11.53 
13.42 
12.10 
10.05 
8.85 
9.92 
48.6 
188 
326 
349 
441 
403 
43 1 
615 

4.00 
5.14 
4.49 
3.89 
3.83 
3.42 
3.31 
2.80 
2.23 
1.84 
1.48 
1.68 
3.79 
7.21 

"Reproduced with permission from J .  A. Auxier and Academic Press. 
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Ratio of capturc y-ray tissue dose to the total n + y dose in volume element 57. 

trons above about 1 MeV. It is evident in Table 16.3 that both the absorbed dose 
(column 2) and dose equivalent rise abruptly above 10 keV, as the elastic scattering 
reaction with hydrogen takes over from the (n, y) reaction as the principal dose con- 
tributor. 

VII. n + y MIXED-FIELD DOSIMETRY 

A. Occurrence of n + 7 Mixed Fields 
Neutrons and y-rays are both indirectly ionizing radiations that are attenuated more 
or less exponentially in passing through matter. Each is capable of generating sec- 
ondary fields of the other radiation, by (n, y )  and (y, n) reactions, respectively. (y, 
n) reactions are only significant for high-energy y-rays (a 10 MeV), but (n, y) re- 
actions can proceed at all neutron energies and are especially important in the case 
of thermal-neutron capture, as discussed for IH(n, y)*H. As a result neutron fields 
are normally found to be “contaminated” by secondary y-rays. 

Since neutrons generally have more biological effectiveness per unit of absorbed 
dose than y-rays, especially at low dose rates, it is usually desirable to perform do- 
simetry in a way that provides separate dose accounting of the y and n components. 
Naturally this makes the measurement procedures more complicated. 

It will be convenient to discuss three general categories of dosimeters for n f y 
applications: 

a. 

b. 
c. 

Neutron dosimeters that are relatively insensitive to y rays. 
y-ray dosimeters that are relatively insensitive to neutrons. 
Dosimeters that are comparably sensitive to both radiations. 

It is especially important in the case of neutron dosimeters to specify the reference 
material to which the dose reading is supposed to refer. For example, item c above 
is meaningless unless one specifies how the y-ray and neutron fields are to be mea- 
sured. Usually, because of the universal interest in radiation effects on the human 
body, kerma or absorbed dose in muscle tissue provides the reference basis for spec- 
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ifying dosimeter performance. That is, a dosimeter is said to be equally sensitive 
to a y-ray field and a neutron field if the dosimeter gives identical readings when 
exposed to the two fields for times that would result in equal free-space tissue kermas 
(or doses under CPE conditions) in a small mass of muscle tissue at the dosimeter 
location. 

It should be noted that water is not as close a substitute for muscle tissue for neu- 
trons as it is for photons. Water is 6 hydrogen by weight; muscle is & hydrogen. Also, 
water contains no nitrogen, and hence can have no I4N(n, p)I4C reactions by thermal 
neutrons. While (pen/p)muK,e is 99 '31 of(pcn/p),atcr for 1-MeV y-rays, (Fn)murle is only 
91 % of (F,Jwate, for 1-MeV neutrons, for example. This difference emphasizes the 
importance of the elastic scattering of hydrogen as the principal kerma-producing 
interaction by fast neutrons in tissue. 

B. Equation for n + y Dosimeter Response 
The general equation for the response of a dosimeter to a mixed field of neutrons 
and y-rays can be most simply written in the form 

or alternatively as 

B 
A +-On A 

(16.7) 

(16.8) 

where a,, = total response (i.e., reading-for example, the charge produced in 
an ion chamber or the light output measured from a TLD) due to the 
combined effects of the y-rays and neutrons, 

A = response per unit of absorbed dose in tissue for y-rays, 
B = response per unit of absorbed dose in tissue for neutrons, 
D7 = y-ray absorbed dose in tissue, and 
D,, = neutron absorbed dose in tissue. 

By convention the absorbed dose referred to in these terms is assumed to be that under 
CPE conditions in a small imaginary sphere of muscle tissue, centered at the do- 
simeter midpoint with the dosimeter absent. Most commonly this tissue sphere is 
taken to be just large enough (0.52-g/cm2 radius) to produce CPE at its center in 
a '%o y-ray beam, the radiation usually employed in calibrating such dosimeters. 

In protocols for neutron radiotherapy such as that given by the AAPM (1980) 
the foregoing convention is expressed somewhat differently for tissue-equivalent (TE) 
plastic ion chambers: The TE plastic wall, usually also 0.52 g/cm2 in thickness for 
dosimetry of neutrons up to 20 MeV, is substituted for the imaginary tissue sphere, 
and the absorbed dose in tissue under CPE conditions is taken to be that at the center 
of the chamber. The amount of radiation attenuation in penetrating the chamber 
wall is practically the same as would occur in the radial distance to the center of the 
tissue sphere. Thus these two approaches to specifying the absorbed dose in tissue 
for purposes of Eqs. (16.7) and (16.8) are equivalent where the dosimeter is a TE 
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ion chamber having an equilibrium-thickness wall. However, for a non-tissue-equiv- 
alent dosimeter type, such as a TLD or a miniature G-M tube, the dosimeter itself 
evidently can no longer serve as a proxy for the imaginary equilibrium tissue sphere. 
One must then recognize the necessity for this convenient fiction in order to be able 
to state the neutron dose under consistent conditions, independent of the kind of 
dosimeter to be employed. 

Equation (16.8) is more commonly found in the literature written in terms ofother 
symbols (e.g., ICRU, 1977): 

R;,y  = kD, + hD, (16.9) 

where RA,, is the total response R,,,  of a dosimeter exposed to a mixed n + y field, 
divided by its sensitivity to the y-rays (usually 6oCo) used for dosimeter calibration; 
D, and Dy are defined to be the absorbed doses in tissue (i.e., muscle) from the neu- 
trons and the photons, respectively, in the mixed field; k is the ratio of the dosimeter 
sensitivity for the neutrons in the mixed field to that for the y-rays used in calibration; 
and h is the ratio of dosimeter sensitivity for the photons in the mixed field to that 
for the y-rays used in the calibration. h = 1 is often assumed and is usually well 
approximated, especially for low-2 dosimeters where the photoelectric effect is un- 
important. 

The sensitivity (l/cr) of a dosimeter, in the sense in which it is employed here, 
is defined by the same reference to be the quotient of the dosimeter response R to 
the absorbed dose in the material of interest (tissue). Multiplying Eq. (16.9) by the 
y-ray sensitivity l /a ,  gives 

R' k h 
3 = Rn*,  = - D, + 
a, "7 

and letting 

( 1 6.1 0 )  

(16.11) 

allows Eq. (16.10) to be simplified to the more intuitively obvious forms (16.7) and 
(16.8), where thesymbol R,,,isdefined thesameasourQn,Y. Equation(l6.ll)relates 
the present A and B symbols to the more conventional h and k, respectively. For 
present purposes it will be preferable to use the simpler Equations (16.7) and (1 6.8). 

C. Separate Measurement of Neutron and y-Ray Dose Components by 
Paired Dosimeters 
If a mixed R + y field is measured by means of two dosimeters having different values 
of B/A (i.e., neutron-to-y-ray sensitivity ratio), Eq. (16.8) can then be applied to 

each one and solved simultaneously to obtain Dy and D,, so long as B and A have 
known values. 

IfA is zero (i.e., no  y-ray sensitivity) for either dosimeter, then its response equa- 
tion (16.7) reduces to 
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4n.r = B Dn (16.12) 

which can be directly solved forD,. That can be substituted into the other dosimeter’s 
response equation to solve for Dy. 

Consider the more general case where neither A nor B is zero. For example, let 
the first dosimeter be a tissue-equivalent ion chamber and the second one be a non- 
hydrogenous TLD with a relatively low value of B/A. We will consider later how 
to determine the A and B values for these dosimeters. Let a,: and be the read- 
ings (charge produced in the ion chamber, light-output reading in arbitrary units 
for the TLD) obtained for equal irradiation times at the same location in a constant 
R + y field. The two response equations, which must be solved simultaneously for 
Dr and On, are 

Iy QnTE = Dy + ($) D, 
ATE TE 

and 

(16.13) 

(16.14) 

Ex8mple 76.7. To illustrate the procedure, we will assume the value (B/A)TE = 
0.960, ATE = 3.00 X lo-’ C/Gy (tissue) for the y-ray calibration of the ion chamber, 
(B/A)TLD = 0.110, and A i L D  = 6.20 X C/Gy (tissue). I f  the readings due to 
the (identical) mixed-field irradiations are Q:: = 2.12 X lo-’ C and Q:? = 9.73 
X C, then Eqs. (16.13) and (16.14) become, respectively, 

2.12 x lo-’ c 
3.00 X C/Gy 

9.73 x c 
6.20 X lOP5C/Gy 

the solution to which is 

= 0.707 Gy = D, + 0.960 Dn 

= 0.157 Gy = D, + 0.110 D, 

D-, = 0.086 Gy 

and 

D,, = 0.647 Gy 

The total R + y dose in tissue is thus 0.733 Gy, of which about 88% is contributed 
by neutrons and the remainder by y-rays. 

Various combinations ofdosimeters have been tried in this method to characterize 
mixed R + y fields, especially neutron beams that contain a y-ray component capable 
of delivering a few percent of the dose in tissue. For this purpose the best dosimeter 
pair is a TE-plastic ion chamber containing TE gas (for which B/A 1) to measure 
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the total n + y dose, and a nonhydrogenous dosimeter having as little neutron sen- 
sitivity as possible (i.e., minimal BIA) to measure the y-ray dose. Ideally this do- 
simeter should measure on& y-rays. The miniature G-M, counter comes closest to 
this ideal, having BIA values that increase gradually from 0.001 to 0.03 for neutron 
energies from 0.1 to 20 MeV (Mijnheer et al., 1982). Magnesium ion chambers with 
argon gas, 7LiF TLDs, and CaF, : Mn TLDs all show fast-neutron BIA values roughly 
7-fold greater, and graphite ion chambers with CO, filling have a BIA that is roughly 
15 times greater than the miniature G-M counter. 

The closer together the BIA values are for the dosimeter pair, the poorer becomes 
the accuracy with which y-ray and neutron doses can be separately determined in 
a mixed field. Obviously, when the two values of BIA are the same, all ability of the 
pair to discriminate Dy from D, is lost. The use of a dosimeter pair in which the TE 
ion chamber is replaced by a neutron-only detector such as an activation foil 
(A = 0) suggests itself as a means of obtaining even stronger discrimination. How- 
ever, the TE ion chamber is usually preferable because of the energy independence 
of its response per unit tissue dose for neutrons as well as y-rays. That is, BIA 3 
1 over a wide range of neutron energies, while activation foils exhibit energy thresh- 
olds below which B decreases rapidly. Thus having the T E  ion chamber or calo- 
rimeter as one member of the dosimeter pair provides more accurate and reliable 
dosimetry in terms of dose to tissue. 

D. Relative n vs. y Sensitivity of Dosimeters 

1. DOSIMETERS WITH COMPARABLE NEUTRON AND y-RAY 
SENSITIVITIES @/A 9 1) 

a. A-150 TE Plastic Ion Chambers (5IA G 1) 
Any hydrogenous dosimeter that responds to the absorbed dose deposited by the 
protons set in motion by neutron elastic-scattering events will have comparable neu- 
tron and y-ray sensitivities, that is, BIA - 1. However, the premier instrument of 
this type is the tissue-equivalent plastic ion chamber made of A-150 TE  plastic. This 
plastic and several other tissue- and air-equivalent plastics were first devised by 
Shonka et al. (1959). 

A- 150 plastic is used to manufacture ion chambers of several sizes commercially 
by at least two companies. * It has a composition that closely matches muscle tissue 
in content ofhydrogen (10.2% by weight) and nitrogen (3 .5%),  but the carbon con- 
tent is 76.1 % in place of 12.3 %, and there is only 5.2 % oxygen in the plastic instead 
of 72.9%. Fortunately, the kerma factors for C and 0 are sufficiently similar, and 
that of H is so much larger, that the kerma factor for A- 150 plastic is only a few percent 
greater than that for muscle at most neutron energies (see Appendix F), in spite of 

*Far West Technologies, Inc., 330 So. Kellogg Ave., Goleta, CA 931 17: Exradin, Inc., Box Q War- 
renville, IL 60555. 
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this gross difference in composition. A correction is made for the resulting error, as 
will be shown presently. 

5 cm3/min) 
sufficient to flush out de-adsorbed gases and maintain flow-gas purity, while avoiding 
any significant pressure increase over ambient atmospheric pressure. An initial flush- 
ing at a much higher flow rate will hasten removal of air. The most common TE 
gas is a premixed, commercially available mixture of64.4% CHI (methane), 32.4% 
GO2, and 3.2% N by partial pressure, or 10.2% H, 45.6% C, 40.7% 0, and 3.5% 
N by weight. Thus it has C and 0 proportions that are intermediate between muscle 
tissue and A-150 plastic. 

The plastic wall is electrically conducting volumetrically by virtue of its graphite 
content, and thus need not be coated with a conducting layer. As mentioned before, 
a wall thickness of 0.52 g/cm2 is usually employed, being adequate to provide TCPE 
for “Co y rays and CPE for neutrons up to 20 MeV. The density of this plastic is 
typically 1.127 g/cm3. 

The y-ray sensitivity value A is determined for a TE plastic chamber, and for other 
mixed-field dosimeters also, through a %o y-ray calibration. The ratio BIA is de- 
rived from that calibration by application of B-G theory in a method to be described 
in Section VILE. 

The cavity gas is flowed through the chamber at a rate (typically 

b. Rossi TE Proportional Counter ( H A  e 1) 
In principle this device, as usually constructed with tissue-equivalent plastic walls, 
can be operated as an ion chamber at full atmospheric or reduced pressure. However, 
it is usually operated as a proportional counter, as discussed in Chapter 15, Section 
1I.B. The meaning of B in that usage is the value of Eq. (15.5) per unit of neutron 
absorbed dose in tissue, while A is the same quantity for y-rays. 

Weaver et al. (1977) and others have used Rossi proportional counters made of 
TE plastic to separate neutron and y-ray doses on the basis of pulse-height analysis. 
August et al. (1978), and DeLuca et al. (1980) have shown that nonhydrogenous 
Rossi proportional counters with graphite or Mg walls respond very little to neutrons 
in comparison with y-rays. The remaining neutron response, due to secondary 
charged particles heavier than protons, can be clearly separated from the small-pulse 
y-ray response on the basis of pulse-height analysis. Such a counter can effectively 
achieve BIA values comparable to those of miniature G-M counters (see Section 
VII .D. 3 .d below). 

c. Tissue-Equivalent Plastic Calorimeters ( H A  f 1) 
Calorimeters of A-150 TE plastic have been designed for neutron dosimetry, for 
example by McDonald et al. (1976). The thermal defect of A-150 plastic is about 
4% for neutrons (Goodman and McDonald, 1980), which is about the same as its 
y-ray value. The low dose rate in most neutron beams makes calorimetric dosimetry 
especially challenging. Nevertheless McDonald, et al. (1981) have reported calor- 
imetric measurements of the neutron dose to A-150 plastic in cyclotron neutron beams 
with uncertainties of about 1.5 % , considerably better than the 4.7 ’3% reported for 
TE ion chambers (AAPM, 1980). Both of these figures are increased substantially 
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(a few percent) by the further uncertainty in the ratio (Fn)muJclel(Fn)A-lJO that enters 
when the neutron dose in muscle is determined from its measured value in the plastic. 

Figure 16.9 shows how this ratio of kerma factors varies with neutron energy, 
according to ICRU (1977) for the dashed curve and Caswell et al. (1980) for the solid 
curve. Uncertainties stem partly from the structured nature of the energy depen- 
dence itself, which calls for accurate knowledge of the incident neutron spectrum. 
Additional uncertainty results from lack of definitive data, as evidenced by the dif- 
ferences between the two curves in Fig. 16.9, both of which were calculated by 
Caswell et al. at different times. It is not clear at the time of this writing which of 
the curves is the more nearly correct (Awschalom et al., 1983; Mijnheer et al., 1986). 
The kerma factor for carbon is believed to be the most questionable among the tissue 
elements, especially at the higher energies where inelastic reactions (such as the 
breakup of the “C nucleus into three a-particles) become important. 

VII. n + y MIXED-FIELD DOSIMETRY 

d. Aqueous Chemical Dosimeters (B < A) 
Aqueous chemical dosimeters, such as the Fricke system described in Chapter 14, 
are generally LET-dependent in their G value. The higher-LET secondary charged 
particles that result from neutron interactions in matter thus produce a smaller ra- 
diochemical response per unit of absorbed dose than is the case for y-ray secondaries. 
Hence B is usually less than A in Eqs. (16.7) and (16.8) for aqueous chemical do- 
simeters. 

e. Organic or Plastic Scintillators (B c A) 
Although such scintillators can have a hydrogen content that is comparable to that 
in tissue, the value of B is LET-dependent. Moreover, BIA is a function of the size 

1 oo 101 

neutron energy ( M e V  ) 

FIGURE 16.9. Ratio of kerma factors in ICRU muscle tissue to A-150 plastic, according to 
ICRU (1977, dashed curve) and Caswell et al. (1980, solid curve). (Broerse et al. 1985. Repro- 
duced with permission from J. J.  Broerse and Academic Press.) 
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of the scintillator relative to the charged-particle ranges. Thin scintillators favor CPE 
for neutron secondary charged particles, but let electrons from y interactions escape, 
thus maximizing BIA. Larger scintillators allow the electrons also to produce light 
output, thus increasing A and reducing BIA. 

Only a moderate degree of n-y discrimination is possible in this way, but pulse- 
shape discrimination allows much stronger separation of neutron and y-ray dose 
components, by a factor of up to - 1000. 

2. NEUTRON DOSIMETERS INSENSITIVE TO ?-RAYS (A << B) 

a. Activation of Metal Foils (A = 0) 
Since significant levels of radioactivation by photonuclear reactions can occur only 
above the energy range of y radiation (hv 2 10 MeV), metal foils are only activated 
by the neutrons in a mixed n + y field. The resulting activity of the foil is usually 
measured by counting the y-rays emitted, using a G-M counter for example. A dis- 
cussion of foil activation in relation to the half-life of the activation produced will 
be found in Chapter 6, Section VIII, and a general treatment of neutron-flux-density 
measurements by foil activation methods, focused primarily on reactor applications, 
has been given by Moteff (1969). 

The observed y-ray counting rate is related to the foil activity and the differential 
neutron flux density by 

m W  

C(T, t )  = d ' ( T ,  t )  = dV;(1 - e-') e-XT 1 O(E) q'(E) dE (16.15) 
0 

where C(T,  t )  = measured value of the specific y-ray counting rate (c/s per gram 

E = overall counting efficiency (counts per disintegration) including 

A'( T, t )  = specific activity of the target atoms in the foil (disintegrations s-' 

of foil), 

geometric effects, 

per gram of foil), 
t = duration of the neutron irradiation (s), 

A = decay constant (s-'), 
T = delay after irradiation before counting (s), 

N; = number of target atoms per gram of foil, 
u(E) = activation cross section of target atoms for neutrons of energy E 

(cm'latom), and 
( p ' ( E )  = differential neutron flux density (cm-* s-'  MeV-'). 

For thermal neutrons u(E) has a fixed value c, and can be thus moved outside of 
the integral sign. Its value can be obtained from tables such as those found in the 
Handbook of Chemistry nnd Physics (CRC Press, Boca Raton, FL). Equation (16.15) 
can then be solved for the integral thermal neutron flux density (p. 

Fast-neutron activation detectors exhibit energy thresholds below which their cross 
sections decrease to zero more or less steeply. The sulfur "S(n, p) 32P reaction has 
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such a threshold at 3.0 MeV, above which its average cross section ii is about 
6.5 x un2/atom (Moteff, 1969). (The 32Patoms emit 1.71-MeV @ rays instead 
of y-rays for counting.) Equation (16.15) can then be solved with 3 outside the in- 
tegral for obtaining the value of the integral flux density Q of the neutrons above 
3 MeV. 

A set of foils with different thresholds allows determination of the spectrum of 
neutron flux density by an iterative computer program such as SAND XI, as discussed 
by Moteff (1969). 

b. Fission Foils (A = 0) 
Fissionable activation foils were proposed by Hurst et al. (1956) for personnel mon- 
itoring in fission neutron fields, because of the low threshold energies of these foils, 
shown in Figs. 16.10~~ and 16.106. This method makes use of foils of 239Pu, 237Np, 
and '"U. The '''Pu foil must be enclosed in a boron spherical shell 1-2 g/cm2 thick 
to stop neutrons below about 10 keV, thus creating an artificial threshold. Mea- 
surements of y-ray activity of the Pu, Np, and U foils, respectively, give a deter- 
mination of the neutron fluence above threshold energies of approximately 10 keV, 
0.6 MeV, and 1.5 MeV. 8-ray counting of a sulfur pellet irradiated also (outside 
of the boron shell) provides yet another threshold, at 3 MeV. Thus, by taking dif- 
ferences, neutron fluences in the regions 10 keV-0.6 MeV, 0.6-1.5 MeV, 1.5-3 
MeV, and above 3 MeV can be determined. 

This method is seriously handicapped by requiring gram quantities of fissionable 

v) 

0 
v) 0.t 

0.01 
0.01 0.t 4 40 

NEUTRON ENERGY ( MeV 1 
FIGURE 16.10~. 
of neutron energy. (Becker, 1973. Reproduced with permission from CRC Prcar, Inc.) 

Fission cross section of different fast-neutron threshold detectors as a function 
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FIGURE 16.10b. Effective fission cross section of a3sU and asgPu, encapsulated in 1.65 glcm‘ of 
“B, as a function of neutron energy. (Rago et al., 1970. Reproduced with permission from E. 
Tochilin and the American Nuclear Society.) 

materials that require licensing and careful control, in addition to the activity mea- 
surements requiring decay corrections. When this system is coupled with the track- 
etch method to be described next, however, the handicaps are greatly reduced. 

c. Etchable Plastic Foils (A = 0) 
During the 1960s investigators in several laboratories became aware that dielectric 
materials (e.g., glass, mica, plastics) were rendered more chemically etchable by 
ionizing radiation. An avalanche of applications of this technique was triggered by 
Fleischer and Price (1963). There are several good reviews of different areas of in- 
terest. One by Becker (1973) focuses on dosimetry applications, and includes an 
extensive bibliography. 

Although very high doses (> lo5 Gy) by electrons or y rays can produce bulk 
etchability in plastics, this has not been exploited in dosimetry applications and is 
probably not practically useful for that purpose. The important feature of the ra- 
diation induction of etchability is that the local imparting of comparably high levels 
of energy per unit mass along the tracks of densely ionizing(high-LET) heavy charged 
particles makes the dielectric chemically etchable within the volume where the 
“dose”* is sufficiently high. Later action by an etchant (e.g., HF, NaOH, etc.) 

*Actually specific energy imparted, a stochastic quantity to be defined in Section VIII. 
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causes removal of the radiation-damaged volume, leaving a conical or cylindrical 
pit or hole large enough to see with low magnification, and to count and interpret 
dosimetrically . 

Theories of nuclear-track registration differ for different kinds of dielectric ma- 
terials (organic plastics vs. other media). However, it will suffice for present purposes 
to consider them all as being damaged to the point of etchability when the specific 
energy imparted in the particle track exceeds some threshold level that is charac- 
teristic of each dielectric (and of its ambient conditions to some extent). The threshold 
(minimum) specific energy, which is usually characterized simply in terms of the 
dT/pdr or L, of the charged particle for a given material, means that the kinetic 
energy of a given heavy charged particle should not be too high (see Fig. 8.2). Less- 
aggressive etching generally requires a higher specific energy threshold to produce 
a visible etch pit. 

Inorganic materials have a threshold L, mostly exceeding 15 MeV cm2/mg, cor- 
responding to 500 keV/pm in unit-density tissue. Plastics tend to have lower thresh- 
olds. One of the most radiation-vulnerable plastics commonly in use is cellulose ni- 
trate, some samples of which have thresholds as low as l MeV cm2/mg, or L, = 
100 keV/pm in tissue. Since protons have L ,  around 10 keV/pm or less, they cannot 
be detected with cellulose nitrate. However, a plastic called CR-39 has been reported 
to have a low enough LET threshold to detect protons. This will be discussed pres- 
ently. 

A second limitation on detectability is imposed at the low-energy end. Even though 
a charged particle may be low enough in energy to have an L, value exceeding the 
threshold of detectability, its kinetic energy may be too low for the particle to have 
sufficient range in the material to produce a recognizable track after chemical etch- 
ing. This creates an energy “window” of detectability for each combination of 
charged particle, material, irradiation conditions, and etch processing. In many cases 
this window is closed and no detection is possible. 

It should be noted that except for CR-39 plastic, the lowest threshold L, in tissue 
(= 100 keV/pm for cellulose nitrate) occurs around where the RBE reaches a max- 
imum in many mammalian biological systems. The RBE range of greatest interest 
occurs from L, I 0.2 keV/pm (minimum ionizing radiation) to L, 3 100 keVI 
pm, above which energy is wasted in the track of the charged particle due to 
“overkill” of cells. 

The latent-damage track in plastics is reasonably stable against spontaneous re- 
pair at storage temperatures below 50OC. Approaching the softening temperature 
of a plastic results in rapid annealing and repair, thus removing etchability. U1- 
traviolet light also may have a similar effect. In general lower-L, tracks tend to anneal 
first, higher-L, tracks later, so that heat can be employed to remove lower-l, events 
preferentially, if desired, to clear the field for viewing the denser tracks. 

Becker has reviewed many details of various etching procedures, which can be 
quite complicated, and will not be dealt with here. The combination of an etchant 
with high-voltage AC across the film has been found to improve etching speed and 
reproducibility in some cases. 
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Two distinctly different approaches have been used in neutron dosimetry by the 
track-etch method: (1) with fission-foil converters, and (2) by direct interaction of 
neutrons in the etchable film and overlying plastic layer. These will be described 
separately. 

When a foil of fissionable material 
is struck by neutrons of energies above its fission threshold energy, very heavy en- 
ergetic charged particles are generated. If the foil is adjacent to a plastic fdm, etchable 
damage tracks are efficiently produced. 

The number of such etchable tracks has been found to be 1.16 X lou5 per neutron 
barn (Becker, 1973). Here the fission cross section is expressed in barns (1 barn = 

cm'), and it is assumed that the thickness of the fission foil exceeds the max- 
imum range ( 10 mg/cm2) of the fission fragments. This simple relationship arises 
from the nearly constant detection efficiency of plastics for fission fragments, and 
the fact that the common fissile materials yield similar distributions of fragment spe- 
cies. 

Figures 16.10~~ and 16.106 give the fission cross sections of several fissile foils hav- 
ing different energy thresholds. 235U or 239Pu foils, when used, are enclosed within 
a sphere of 'OB (1-2 g/cm2 wall) to eliminate the effect of the large thermal-neutron 
cross section, and thus to create a synthetic threshold GE lo-' MeV, as mentioned 
in the preceding section. The fission-foil neutron dosimeter of Hurst et al. (1956), 
also mentioned there, is improved in every way by being operated in conjunction 
with the track-etch method. The advantages of the track-etch procedure over the y- 
counting method are overwhelming: 

(1) Nactron dosimety withfission-jioil converters. 

Tracks are permanent and can be processed at any later time. y-ray counting 
requires decay corrections. 

Latent tracks can be accumulated over practically limitless exposure times. 

1 mg or less of fissionable materials is required, vs. 1 g or more for y-ray count- 
ing. 
Moreover the track-etch method is at least 10 times as sensitive in neutron 
detection. 

Although the energy thresholds for fission foils are not simple step functions, and 
the fission cross sections are not strictly constant above the thresholds, their average 
values a above the nominal thresholds for a fission spectrum are taken to be 1.7 barns 
for 239Pu, 1.6 barns for 237Np, and 0.55 barn for 238U. The (n, p) cross section for 
32S can be taken as 0.30 barns. Using these figures, the individual detector counts 
can be interpreted in terms of nlcm' above the threshold energy. 

Subtracting the Qr (nlcm') obtained with a lower-threshold detector from that ob- 
tained with the next higher threshold detector, one can obtain the neutron fluence 
in the energy bins shown in Table 16.4. The average coefficients for converting these 
fluences of neutrons to tissue kerma are given in the last column, again assuming 
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TABLE 16.4 

Neutron Neutron 
Energy Bins Kerma Factors 
(Me") QF (Tissue) (Cy cm2/(10" n)] 
0.01-0.6 n9 0.63  
0.6 - 1 . 5  10.5 2 .23  
1.5 -3.0 9.5 3.07 
> 3  7 4.04 

a fissionlike spectrum. The total tissue kerma (or absorbed dose under the usual CPE 
conditions) is then obtained in grays from the neutron fluence in each energy bin: 

(16.16) 

where the neutron fluences are to be given in units of 10" nlcm'. 
A typical chemical etching scheme, used with polycarbonate films, consists of a 

bath in 30% KOH solution at 60°C for times from 5 to 50 min, for track concen- 
trations ranging from lo6 to lo3 tracks/cm2 respectively, to optimize optical counting 
convenience. Many schemes for counting the etch pits have been devised, including 
an ingenious electrical-sparking method due to Cross and Tommasino (1970), which 
has been fully described by Becker (1973). 

The remaining drawback of the fission-foil neutron dosimetry technique, even 
in conjunction with the track-etch method, is the use of controlled nuclear materials, 
which require special licensing and careful accounting, even though the quantities 
are small. In practice this prohibits their use in many personnel-monitoring situ- 
ations outside of restricted government laboratories. 

Fast neu- 
trons striking cellulose nitrate films cause recoiling C ,  0, and N atoms, which make 
etchable tracks, 0.5 X to 3 X tracks/neutron. The tracks are incon- 
veniently small under ordinary etching procedures. Their size can be greatly en- 
hanced by the application of an AC voltage ( = 2000 V at 1 kHz) across the film in 
the etching bath, between Pt electrodes to avoid corrosion. This results in large enough 
pits for ready viewing with an ordinary microfiche projector and visual counting. 
At present neutrons with energies less than about 1 MeV cannot be detected by this 
method; in that respect it is not quite as good as the personnel neutron photographic 
emulsion, which goes down to s O . 7  MeV in neutron energy. 

A commercial plastic called CR-39* (Cartwright et al., 1978) has a low enough 
L ,  threshold to detect the protons resulting from elastic collisions with hydrogen 
nuclei either in the CR-39 itself or in an overlying polyethylene layer. Because the 

(2) Neutron dosimetry by neutron interactions in plasticjlms: cellulose nitrate. 

*American Acrylics and Plastics, Inc., 25 Charles S t . ,  Stratford, CT 06497 
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fast-neutron dose in tissue is mostly delivered through this interaction, such a do- 
simeter might be expected to be inherently capable of close correlation with dose in 
tissue as a function of neutron energy. However, this is not the case, because the 
recoiling protons cannot be detected if their energy is above a few MeV. The L ,  
threshold, below which the proton tracks are not dense enough to cause etchable 
damage, is reported to be Q lo2 MeV cm2/g, or 10 keV/km in tissue (as compared 
to 100 keV/pm for cellulose nitrate). 10 keV/km is approximately the L,  for a 4- 
MeV proton; hence protons of greater energy (that is, lesser L,) are not detected 
until they slow down to 4 MeV. Although an 8-MeV proton contributes twice as 
much energy to the absorbed dose as does a 4-MeV proton, they are each capable 
of producing only one etchable damage site. Thus the CR-39 film response per unit 
tissue dose decreases above a few MeV. The response instead tends to be constant 
per unit neutron fluence, provided that the overlying polyethylene layer in which 
the recoiling protons mostly originate is thick enough for CPE. Using several dif- 
ferent polyethylene thicknesses over different areas of the CR-39 film will allow some 
neutron-energy spectrometry information to be obtained, which can assist in in- 
terpreting the readings of etch pits per unit area in terms of tissue dose or dose equiv- 
alent. 

The lowest detectable neutron energy appears to be about 30 keV; below this the 
recoiling protons do not have enough range to make a visible track when optimally 
etched (Cross et al., 1985; Hankins et al., 1985). 

The neutron-detecting sensitivity of CR-39 with a 1-mrn-thick polyethylene 
overlayer is z 8.6 x tracksln or 4 2.3 tracks/pSv for the AmBe source neutron 
spectrum [En = 4.4 MeV; (sJtiSs = 3.8 X lo-" Gy/(n/cm*)]. This is 40 times greater 
than the corresponding sensitivity for cellulose nitrate. 

d. Damage to Silicon Diodes (A P 0) 
Neutron damage causes a permanent increase in the forward resistance of a Si p n  
junction, asdiscussed inchapter 15, SectionIV.G, and in ICRU(1977, p. 36). Thus 
it can serve as an integrating dosimeter for fast neutrons. 

e. Hurst Proportional Counter (A = 0) 
This counter (Hurst, 1954; Wagner and Hurst, 1959) has polyethylene walls and 
contains ethylene or cyclopropane gas at 1 atm. These gases have the same atomic 
composition as polyethylene, and since the polarization effect is negligible for pro- 
tons, the Fano theorem applies and the neutron dose is the same in the wall and gas. 
Gamma-ray secondary electrons make much smaller charge pulses than do the den- 
ser tracks of recoiling protons, and can be discriminated against by a pulse-height 
threshold. This allows neutron tissue dose rates of about Gy/h to be measured 
in the presence of 1 Gy/h of y rays. This is a large (4 cm diam., 10 cm long) and 
sensitive counter and thus is only useful at low neutron dose rates. The pulse height 
is calibrated by a built-in a-particle source similar to that used in the Rossi counter. 
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f. Rem Meters 
\ Nachtigall and Burger (1972) and Patterson and Thomas (1973) have provided thor- 

ough treatments of this subject, which requires much more space than can be devoted 
to it here. 

An ideal r m  counter' or r m  mctcr' is an instrument that is designed to measure the 
neutron dose equivalent, H ,  evaluated at the depth in the body where it reaches a 
maximum for each incident neutron energy. The ICRP (197 1) has provided the 
curve in Fig. 16.11 that relates the fluence-to-maximum dose-equivalent conversion 
factor d(E) (mrem per n ern-') to the neutron energy incident on the body. The 
ordinate in the figure is equal to [3600d(E)]-'. In terms of 4 E )  the dose equivalent 
can be written as 

Em, 

H = 1 'P'(E)d(E) dE (16.17) 

in which cP'(E) is the energy spectrum of the incident neutron fluence (nlcm' MeV). 
This equation can be modified as follows to take into account the response function 
c ( E )  of the measuring instrument (i.e., the reading per n cm-'): 

E = O  

H = j E  e(E)'P'(E) dE (16.18) 

If the response function is proportional to d(E) ,  that is, if 

d(E)  = k,€(E)  (16.19) 

where k, is an energy-independent constant, then Eq. (16.18) becomes 

H = k, e(E)'P'(E) dE = k, Qn s, (16.20) 

Q,, is the reading that results from irradiating the instrument identically in free space 
with the same neutron field as strikes the body (or representative phantom). k, is 
the instrument calibration factor, in units of mrem (or Sv) per unit reading. 
That can be determined for this ideal rem counter through any neutron irradiation 
for which the dose equivalent is known, and can be thus related to the instrument 
reading. 

Practical rem meters are typically not ideal in their neutron-energy dependence. 
They generally consist of a massive cylinder or sphere of polyethylene that serves 
as a neutron moderator, surrounding a BF, thermal-neutron counter or other type 
of thermal-neutron detector. The Anderson-Braun counter shown in Fig. 16.12 
exemplifies this type of device. The cylindrical mass of polyethylene (weighing 8.5 

'It would be more appropriate to call them "dose-equivalent meters" or simply " H  meters", to avoid 
the connection with the rem unit. 
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FIGURE 16.12 Sectional view through the axis of the cylindrical Andersson-Braun rem counter. 
(Andersson and Braun, 1964.) Reproduced with permission from J. 0. Andersson, Studsvik, 
Sweden.) 

kg) is interrupted by a 5-mm layer of perforated boron-loaded plastic to reduce the 
overresponse to intermediate-energy neutrons. The response to neutrons arriving 
perpendicularly to the cylindrical axis was reported to be with.in k25 9% of ideal rem- 
meter response from about 20 keV to 10 MeV. 

Another approach to dose-equivalent measurements is the Bonner multisphere spec- 
trometer, also discussed in detail by Nachitgall and Burger (1972) and by Patterson 
and Thomas (1973). This requires measurement of the neutron field with thermal- 
neutron dosimeters (LiI scintillators or LiF TLDs) centered in polyethylene spheres 
of different diameters (5 through 30 cm). Each size produces a different dosimeter 
response function, and if those functions are known, the dose equivalent can be de- 
rived from the set of dosimeter readings. The group of response functions is called 
the response matrix; examples are given in the above references. 

g. Long Counters 
The long counter is a special type of moderating counter that approximates a constant 
E ( E ) ,  or response per unit fluence, over a wide range of fast-neutron energies. Thus 
its reading Qn may be divided by E to obtain the total incident neutron fluence @ 
within that energy range. The dose equivalent is then given by 

H = & (16.21) 

where 2 is the average value of d(E),  defined as 

- 
d = s d(E)  @ ' ( E )  dE 

@ E  
(16.22) 

Thus the evaluation of2requires a knowledge or assumption about the neutron spec- 
tral shape. 

The first shielded-type long counter was designed by Hanson and McKibben 
(1947). Many variations followed in attempts to further flatten the fluence response 
and extend the energy range. The precision long counter of DePangher and Nichols 
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Rrar Cadmum Shr ld  
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Precirion long counter of DePangher and Nichols (1966). (Nachtigall and FIGURE 16.13. 
Burger, 1972. Reproduced with permission from G. Burger and Academic Press.) 

(1966) is shown in Fig. 16.13. Such devices are to be irradiated along the cylindrical 
axis, from the right as shown in the figure. 

3. GAMMA-RAY DOSIMETERS WITH RELATIVELY LOW NEUTRON 

There are no known dosimeters for which B = 0 while A # 0. The primary means 
available for minimizing the value of B is the avoidance of hydrogen in a dosimeter, 
including its CPE buildup layer, since elastic scattering ofHnuclei accounts for most 
of the absorbed dose in the interaction of fast neutrons in tissue and other hydro- 
genous media. BIA is usually found to increase with fast-neutron energy for neutron- 
insensitive (low-BIA) dosimeters. 

The paired-dosimeter method discussed in Section VII .C usually employs one 
of the dosimeters described in this section together with a TE-plastic ion chamber. 

SENSITIVITY (B < A) 

a. Non-hydrogenous ton Chambers 
Graphite-walled ion chambers through which C 0 2  gas is flowed at 1 atm have the 
advantage of being low in atomic number, thus avoiding overresponse for low-energy 
y rays due to photoelectric effect. However, the discrimination against neutrons is 
only moderate, with BIA approximately equal to 0.30 at I5 MeV for a 0.3 cms 
cylindrical chamber, decreasing gradually as the neutron energy is decreased (ICRU, 
1977). The porosity of graphite allows air to leak into the chamber and dilute the CO, 
unless the chamber is enclosed in an impermeable barrier (karson et al., 1980). 

Somewhat better neutron discrimination (i.e., lower B/A) can be achieved with 
a magnesium chamber containing argon, because of the decrease in the energy trans- 
ferred to the heavier nuclei by neutron elastic scattering, as predicted by Eq. (16.6). 
For a 2.4-cm3 spherical Mg-Ar chamber the B/A value for 14.8-MeV neutrons is 
about 0.17 (Attix et al., 1979). 
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b. Thermoluminescent Dosimeters 
7LiF (TLD-700) and CaF2 : Mn thermoluminescent dosimeters both have BIA val- 
ues comparable to that of the Mg-Ar ion chamber. Thus either of these TLDs can 
be employed as the neutron-insensitive member in the paired-dosimeter method. 
’LiF, at least, has been shown to have a BIA value that is nearly proportional to the 
energy of the fast neutrons below 15 MeV (McGinley, 1972; ICRU, 1977). As a 
rule of thumb, for fast neutrons up to 15 MeV the numerical value of BIA for 7LiF 
TLDs is comparable to the neutron energy divided by 100 MeV. 

A LiF (TLD-100) or 6LiF (TLD-600) TLD can be employed as an indirect fast- 
neutron dosimeter by coupling it with a large moderating mass, for example, by 
wearing it in a personnel badge on the body. The incident fast neutrons become 
thermalized by multiple elastic collisions in the body and some of them diffuse back 
out to the dosimeter. There they undergo 6Li(n, CX)~H reactions, for which the cross 
section is 945 X cm2/atom. This is called an albedo dosimeter because its reading 
depends on the ability of the body to “reflect” the thermalized neutrons. (Albedo 
is a synonym for reflectance.) 

Figure 16.14 shows the ratio of the number of thermal neutrons diffusing back 
out of the body to the number of fast neutrons of various incident energies. This is 
a gradually decreasing function, opposite to the trend of d(E)  in Fig. 16.1 1, especially 
for fast neutrons (E > lo-‘ MeV). Thus albedo dosimeters must be calibrated for 
the neutron spectrum to which they will be subjected, if a valid dose-equivalent mea- 
surement is to be obtained. In practice the calibration is often done with a fission 
spectrum (e.g., from 252Cf), which means that the dose equivalent due to more de- 
graded unknown neutron spectra will be overestimated by as much as severalfold. 
This disadvantage is accepted in many health-physics operations, however, in pref- 
erence to photographic nuclear track emulsions which are blind to neutrons below 
about 0.7 MeV. Hoy (1972) and many other investigators (see Becker, 1973) have 
designed multiple-TLD albedo dosimeter packages which are intended to provide 
improved neutron-energy dependence. 

0 

3 W 

c 
c 

o t  I I I I I I I I 
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ENERGY OF INCIDENT NEUTRONS 
MeV 

FIGURE 16.14. Thermal-neutron albedo from the human body, as a function of the energy of 
perpendicularly incident neutrons. (Harvey, 1967. Reproduced with permission from J. R. 
Harvey, Berkeley Nuclear Laboratories, U.K.) 
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Since 6LiF and LiF (containing natural lithium with 7 %  6Li content) both are 
sensitive to y rays also, it is usually necessary to provide a second TLD in the do- 
simeter package that is insensitive to thermal neutrons. 7LiF is the common choice, 
as the thermal-neutron cross section for 7Li(n, y)*Li is only 3.3 X cm2. Note 
that both dosimeters in the pair require y-ray calibration, as their y-ray sensitivities 
are seldom identical. 

An alternative to using 7LiF as a separate y-ray dosimeter in the albedo package 
is offered by the fact that LiF and 6LiF show an extra TLD glow peak at about 250- 
3OO0C, produced by the thermal-neutron dose deposited by the secondary a-particle 
and the triton. This peak is shown in Fig. 16.15. Nash and Johnson (1977) have 
exploited this feature of the glow curve to separate the y-ray and neutron dose com- 
ponents, and have applied this method in personnel dosimetry at the Naval Research 
Laboratory. Johnson and Luerson (1980) found, however, that the high-temper- 
ature thermal-neutron glow peak fades more rapidly after irradiation than the 2OOOC 
glow peak, requiring a time-dependent correction. 

6LiF powder or hot-pressed solid material can serve a very useful purpose as a 
shield against thermal neutrons. Unlike other thermal-neutron shields such as a cad- 
mium, 6Li absorbs thermal neutrons by an (n, a), rather than an (n, y) reaction. 
Thus it can be used to shield a y-ray-sensitive dosimeter against thermal neutrons 
without generating a y-ray response. 6LiF powder can be packed between the walls 
of a double-walled vessel, or solid 6LiF cups and lids can be obtained from TLD- 
phosphor manufacturers. This solid, having a density of about 2.6 g/cm3 and being 
about 25.6% 6Li, contains more 6Li ( ~ 0 . 6 6  g/cm’) than does pure metallic 6Li 
( r0 .53 g/cm3), per unit volume. Metallic lithium is too unstable to be used for this 
purpose anyway. 

c. X-Ray Film 
Nuclear-track emulsions are thick enough to allow fast neutrons to scatter protons 
elastically, and to allow them to spend their energy internally in producing chem- 
ically developable tracks. An x-ray film has an emulsion thickness of 2-5 mg/cm2, 
which is comparable to the range of a 1-MeV proton. Thus, if the film is sandwiched 

I- 
I 

-I 
!2 

I I I I I I I 

HEATING TIME,SEC 
FIGURE 16.15. Glow curves for LiF (TLD-100) irradiated by thermal neutrons and by 6oCo 
y-rays. The thermal-neutron irradiation waa adjusted to give approximately the same glow-curve 
area. (Wingate et al., 1967. Reproduced with permission from E. Tochilin.) 
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between Pb foils to keep out protons from the film's surroundings, BIA can be reduced 
to even lower levels than those exhibited by 'LiF (Tochilin and Shumway, 1969; 
ICRU, 1977). The fast-neutron sensitivity of x-ray film can of course be enhanced 
if desired for neutron radiography by placing a sheet of polyethylene against the film 
on the neutron-source side. 

Thermal neutrons interact with film either by the '*N(n, p)14C reaction with ni- 
trogen in the gelatin, or by radioactivating the silver to lo8Ag ( B - ,  T ~ , ~  = 2.4 min) 
and "'Ag (o-,  T ~ , ~  = 24 s). 

d. Miniature G-M Counters 
A miniature stainless-steel G-M counter with a high-2 filter to flatten the energy 
dependence of the y-ray response has been found to have the lowest BIA ratio of any 
known y-ray dosimeter: approximately 0.02 for 15-MeV neutrons, decreasing grad- 
ually with decreasing neutron energy. This low value is due in part to the absence 
of hydrogen and the low efficiency for elastic scattering of iron nuclei. Another im- 
portant factor is that only a single count is registered by the counter, either for a large 
primary ionizing event by a neutron secondary charged particle or for a small event 
by a y-ray secondary electron. Thus the neutrons make fewer counts for a given 
amount of tissue dose deposited. 

Counters of this type can be made small enough (e.g., the Philips No. 18529, z 
1 cm3) to operate in a phantom with minimal perturbation of the radiation field. Units 
complete with shielding and waterproof housing can be obtained commercially. * 

The miniature G-M counter was first designed to be applied for this purpose by 
Wagner and Hurst (1961). Operational details are well described in ICRU (1977). 
Thermal-neutron response is suppressed by a shield of 6LiF in the Far West model. 

E. Calibration of a Tissue-Equivalent Ion Chamber for n + 7 
Dosimetry 
Tissue-equivalent ion chambers were described in Section VII. D. 1 .a. In the present 
section a method for calibrating such chambers will be outlined. 

The y-ray calibration factor A is first obtained from a 6oCo y-ray beam for which 
the free-space exposure rate is known. The absorbed dose at the center of an equi- 
librium sphere of tissue, 0.52 g/cm2 in radius, for a timed run that produces a free- 
space exposure X (Clkg) at the same location, is given (in grays) by 

(16.23) 

where 1.003, 
A,, = (attenuation of photons in penetrating to the center of the tissue sphere) 

= 0.988, 
(wle), = 33.97 J/C, and 

0.0266 = 1.102 
(p , , Ip ) r  = the ratio of mass energy absorption coefficients for tissue/air, 0.0293/ 

*Far Wst Technologies, Inc., 330 S. Kellogg Aw., Goleta, CA 931 17. 



496 NEUTRON INTERACTIONS AND DOSIMETRY 

Equation (16.23) thus reduces to 

DY = 37.1XGy (16.24) 

If ( Q r h - E  is the charge (C) produced in the TE ion chamber when it is given the 
same y-irradiation that deposits Or (Gy) in the tissue sphere, then 

(16.25) 

The absorbed dose D7 in muscle tissue can be related to the dose (D,)TE in the TE 
plastic chamber wall under TCPE conditions by the following expansion of Eq. 
(16.25): 

The B-G relation, assumed to be valid here, allows one to write 

(16.27) 

where V =, chamber sensitive volume (m3), 
p = density of the filling gas g (kg/m3), usually methane-based TE  gas, for 

(w,/c>, = value of w/c for y rays and gas g [for methane-based TE  gas it has the 

(SJp),' = mass collision stopping power ratio of TE  plastic to TE gas for electrons. 

Substituting Eq. (16.27) into (16.26) gives 

which p = 1.046 g/l or kg/m3 at 25OC, 

value 29.3 J/C (Goodman and Coyne, 1980)], and 

(16.28) 

The neutron calibration factor kE for the TE ion chamber can next be expressed 
in a form similar to Eq. (16.26): 

where ( Qn)TE = charge produced in the TE chamber when it is given the same neu- 
tron irradiation that would deposit an absorbed dose D, in the tissue 
sphere, 

( D , ) T E  = corresponding neutron absorbed dose in the TE chamber wall, and 
( FK)z: = relevant neutron kerma factor ratio of Fn for T E  plastic to F, for 

muscle tissue. 

Applying the B-G relation to the neutron case, an equation corresponding to Eq. 
(16.27) can be obtained: 
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Now substituting Eq. (16.30) into (16.29) gives 

(B/A)TE for the TE  chamber is gotten as a ratio of Eq. (16.31) to (16.28): 

(16.30) 

(16.31) 

(16.32) 

The compositions of the TE gas and TE-plastic wall are sufficiently similar that 
(S , /p)F  and (SJp)? are both close to unity, as is their ratio (Mijnheer et al., 1986). 
The ratio (pen/p)$E is also nearly unity, since differences in the carbon and oxygen 
content in the gas and wall have no effect. These elements have practically identical 
pen/p values over the wide range of y-ray energies where the Compton effect dom- 
inates. Equation (16.32) therefore can be simplified to the following approximation 
for the TE-gas-filled TE-plastic chamber: 

(16.33) 

The value of the ratio (F,,):: is obtained from tables such as those in Appendix 
F, entered at the appropriate neutron energy for A-150 plastic and ICRU muscle. 
For example, at a neutron energy of 14.5 MeV Appendix F gives a value ( Fn)i: = 
1.028. If a neutron Auence spectrum 9 ' ( E )  is present, the average kerma factors 
for TE plastic and for muscle tissue are each calculated from Appendix F, using an 
integration similar to that used to obtain 2 in Eq. (16.22). Then the ratio of these 
average values is taken to obtain (<)E. 

The reciprocal of the W-ratio in Eq. (16.33) has been computed as a function 
of neutron energy by Goodman and Coyne (1980) for methane-based TE  gas. Their 
curve is shown in Fig. 16.16. Its value is about 1.062 at 14-15 MeV. 

Putting these values into Eq. (16.33) gives the following value for ( B/A)TE at 14- 
15 MeV, for example: 

1.028 
TE 1.062 

(16.34) 

At about 2 MeV this ratio has the value 1.04l1.07 = 0.97, and at 0.2 MeV it is 
1.02/1.10 = 0.93. Evidently it stays in the neighborhood of unity, rolling off only 
very slowly as the neutron energy is decreased. For broad continuous spectra of neu- 
trons the effect of the discontinuities due to interaction resonances (see Fig. 16.16) 
is smoothed out. 
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FIGURE 16.16. W, (cV per ion pair) for mah.nc-bad TE gas as a . L t i o n  of neuaron epergy 
(left ordinate). Th right-lund ruk giver tbc cornrspndhg ratios WJW,, when W, = W, = 
29.5 eV per ion pak. The triangular points arc evaluated at point energies of prominent reso- 
nanrm or midma. The step curve indiutu values avcrrged over the indicated energy bins. 
(Gooaman pnd Cope,  1980. Reprodncd with permiasion from L. J. Goodnun and Academic 
Press.) 

F. Calibration of the Low-NeutronSensitivity Dosimeter for Use in the 
Paired-DorimacH Method 
In principle one could use Eq. (16.32) to calculate B/A for a graphite-C02 or Mg- 
Ar ion chamber to be employed in the paired-dosimeter method. However the re- 
sulting B/A value so obtained is seldom accurate enough to be useful, especially where 
the y-ray content is fairly low, say contributing only a few percent of the tissue dose. 

The most practical approach to determining B/A is an experimental one em- 
ploying a narrow neutron beam of the desired spectrum. Basically, the method makes 
use of a Pb filter to remove the y-ray contamination from the beam, while passing 
most of the neutrons, which have a smaller attenuation coefficient. Secondary ra- 
diation produced in the a te r  escapes from the narrow beam, which is thus main- 
tained purely primary. A previously calibrated TE chamber is used to calibrate the 
beam in terms of neutron tissue dose D,,. The low-neutron-sensitivity dosimeter ( x )  
for which the value of (BIA), is to be determined is given an identical irradiation 
(i.e., the same value of D.), yielding the reading Q,. B, is simplyequal to QJD,,, 
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assuming Dy to be zero. A, for that dosimeter is obtained from a %o y-ray exposure, 
thus completing the determination of (B/A), .  

The foregoing method is somewhat oversimplified. In practice one does not know 
the degree to which the beam is initially contaminated with y radiation, how much 
Pb filtration is needed to purify the beam adequately, or how much of the y-ray 
contamination may come from elsewhere than the beam port. Gamma rays emitted 
from the face of the shield would, for example, not be removed by a beam filter. 

A solution to this problem was first devised and applied by Attix et al. (1973, 1974) 
at the Naval Research Laboratory. That experiment illustrates the narrow-beam Pb- 
filtration method for determining (BIA),, as follows: The neutron beam was gen- 
erated by 35-MeV deuterons on Be; its average energy was 15 MeV. It was col- 
limated by a 2-cm hole through a large Benelex (pressed wood) shield, as shown in 
Fig. 16.17. The dosimeters in that measurement were a TE-plastic-TE-gas chamber 
and an air-filled graphite chamber. The three beam filtrations chosen were open 
beam, 7.6-cm Pb, and a steel plug 66 cm long filling the entire bore hole to block 
the y-rays almost entirely. 

The six measurements and response equations are listed in Table 16.5. ( (?/AhE 
is the ratio of the charge aE produced in the T E  chamber by a given irradiation 
time in the open beam, divided by the chamber's Tray  calibration factor ATE. 
( Q'/A)TE and (Q"/A),, are the corresponding values obtained when the neutron 
beam is filtered or plugged, respectively. (QIAk;, ( Q'/A)C, and (Q"/A)G are the 
corresponding graphite-chamber data for the same situations. All irradiations are 
the same. The A-values for both chambers were measured in a %o y-ray beam. 
Uy was the absorbed dose at the measurement location in the open beam due to 

y rays coming out of the beam port. 7.6 cm of Pb in narrow-beam geometry at- 
tenuates this to 0.02760", assuming the minimum attenuation coefficient for lead. 
The steel plug reduces it practically to zero. 

0; is the dose contributed by y rays from elsewhere-mostly H-capture y rays 
emitted from the face of the Benelex shield. 0; is unaffected by the filter or plug. 

n beam 

FIGURE 16.17. Experimental arrangement for measuring BIA for a low-neutron-sensitivity 
dosimeter by comparison with a TE chamber in a narrow beam of neutrons. (Attix et al., 1974.) 
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TABLE 16.5. 
(B/A)G for a Graphite-Air Chamber in a Cyclotron Neutron Beama 

Six Simultaneous Response Equations Applicable in Determining 

lon 
Beam Chamber Response Equation 

Open TE (Q/A)TE = + D! + (WAhEDn 
Open Graphite (Q/')c = 4 + D!! + (B/A)GD, 
7.6 cm Pb TE (Q'/A)TE = 0.0276 + 4 + (B/A)TEDi 
7.6 cm Pb Graphite 
Plug TE (4"IAh.E = 0 + D!? + (B/A)I.ED; 
Plug Graphite ( P / A ) G  = 0 + D!! + (B/A)GDi 

(Q'/A)c = 0.0276 ff! + ff7 + (WA)GDi 

"Attix et al. (1974). 

On is the open-beam neutron dose, D: is that with the Pb filter, and D: that with 
the plug in place. 

The six equations in Table 16.5 can be solved simultaneously for the six unknowns 
On, Di, D l ,  DT, DT, and ( B / A b .  Table 16.6 gives the numerical results that were 
obtained, normalized to a total n+-y tissue-dose value of 100 units in the open beam. 
(BIA)G was simultaneously found to have a value of 0.3 18. (BIA be had been taken 
as 0.99 1, based on the %o calibration and the application of B-G theory as described 
approximately in &tion VILE. 

Later developments of this method made use of a number of graded-thickness Pb 
filters, simultaneous solutions being found for different combinations of three of them. 
This allows testing to see which of several assumptions about the aperture-photon 
energy gives the most consistent solutions for different sets of three filter thicknesses 
(Attix et al., 1977; Hough, 1979). 

It can be seen that this experimental approach to determining (B/A),  for a low- 
neutron-sensitivity dosimeter provides a value that is consistent with the ( B/A)TE 
of the tissue-equibalent chamber with which it is compared, and is relevant to the 
neutron spectrum of the beam used. The method works as well with TLDs, G-M 
counters or other nonhydrogenous dosimeters as it does with ion chambers. 

Narrow-beam geometry is required for this calibration procedure. The beam must 

TABLE 16.6 
Cyclotron Neutron Beam8 

Solutions Found for Equations in Table 16.5 When Applied to NRL 

Aperture Other Total Total 
Beam y-Rays y-Rays ?-Rays Neutrons Dose 

Open 0.75 0.32 1.07 98.92 100.00 
7.6 ern Pb 0.02 0.32 0.34 25.21 25.55 
Plug 0 0.32 0.32 0.40 0.72 

'Attix et al. (1974). B/A value for graphite-air chamber, (WA), = 0.318. 
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be narrow enough, and the measurement location distant enough from the filters, 
so that significant amounts of secondary radiation from the filters cannot reach the 
dosimeters. The method therefore requires a collimatable beam of neutrons. 

VIII. MICRODOSIMETRY 
Microdosimetry most generally means determination of absorbed dose on a mi- 
croscopic scale of spatial distribution. More specifically, it is the science that deals 
with the spatial, temporal, and energy-spectral distributions of energy imparted in 
cellular and subcellular biological structures, and the relationship of such distri- 
butions to biological effects. Microdosimetry seeks to express the “quality” of ra- 
diation in terms of sufficiently subtle physical parameters to allow quantitative pre- 
diction of biological effects for different types of ionizing radiations. It has made 

As might be expected in dealing with this interface between dosimetry and ra- 
diobiology, a great deal more needs to be said than can be included in an introductory 
text on dosimetry. Only a brief outline of the subject will be given here. It is appended 
to the neutron-dosimetry chapter because practical interest in microdosimetry stems 
primarily from the differences in relative biological effectiveness (RBE) observed for 
neutrons vs. photons. There are excellent referenceson microdosimetry that, amongst 
them, provide the needed coverage (Rossi, 1968; Katz et al., 1972; ICRU, 1970, 
1979a, 1983; Kellerer, 1985, Goodhead, 1987). 

considerable progress toward that goal. 1 ,  t 

A. Track-Descriptive Approach: Linear Energy Transfer 
The earliest approaches to microdosimetry focused on the rate of energy loss of the 
charged particles that deliver the absorbed dose in a medium. Initially the linear 
energy transfer (L,) was defined (Lea, 1946; Zirkle et al., 1952) and applied in var- 
ious attempts at developing radiobiological target theories. Since a medium under 
irradiation contains a spectrum of charged-particle energies, and since L ,  is energy- 
dependent, there is likewise a distribution of L,-values characterizing the radiation 
field. Thus even this simplest approach results in a very complex descriptive pa- 
rameter. Attempts to compress this information into meaningful average values (Em) 
depend strongly on the method of averaging employed (track-weighted averaging 
vs. dose-weighted averaging; see ICRU, 1970). Neither method is satisfactory or 
clearly preferable. 

There are several serious limitations on L,  as a means of specifying biologically 
relevant differences in radiations. 

1. L, says nothing about the range of the particle or whether it 
can traverse a given biological target volume. If the particle stops in it, L, is ob- 
viously irrelevant. If the particle spends an appreciable part of its range in crossing 
the target volume, the value of L ,  upon entering will change as it passes through. 
Obviously the range vs. target size is important. 

Range Eject. 
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2. L, does not describe the diameter of a charged-particle 
track, only the rate of energy loss along the track. Delta rays generated in a track 
can carry energy radially outward, thus distributing the dose laterally out to their 
maximum range. Different types and energies of charged particles can have dif- 
ferent &ray energies and thus different track diameters, yet have the same value 
of L,. For example, a 10-MeV proton and a 167-MeV a-particle have the same 
L,, but the velocity (@ = d c )  of the a-particle is twice that (0.145) of the proton. 
Thus, according to Eq. (8.4), the maximum energy of 6-rays generated by the 
a particle is 92 keV, while that for the proton is 21 keV. In water these 6-rays 
would have ranges of about 120 and 9 pm, respectively. The diameter of the a- 
track would therefore be 13 times as large as that of the proton track in this case, 
and the average energy density per unit volume in the a! track would be less than 
1% of that in the proton track. 

Katz et al. (1972) developed a 6-ray theory of track structure that addressed 
itself to this specific problem. In that model, sensitive elements of the detector 
are grouped into sets that lie in volumes between cylindrical y-ray isodose shells 
having the principal particle track as their common axis. By calibrating various 
types ofdosimeters with '%oy-rays and evaluating necessary parameters in Katz' 
theory, one can show that it has considerable capability of predicting the dosimeter 
response to other radiations. It is a marked improvement over the L, approach 
for characterizing a radiation field. 
3. Random Variations (Energy-Loss Strag&@. L, describes the expectation value 
of the rate of energy loss by a charged particle of a given type and energy. It does 
not address the random nature of energy losses along a track, which may leave 
zero energy in a small target volume or give it orders of magnitude more energy 
than would be predicted on the basis of L,. In other words, the stochastic nature 
of the energy deposition process becomes important and cannot be ignored for 
small target objects, e.g., of the order of a micrometer or less in diameter. Even 
the absorbed dose itself, being nonstochastic, fails as a quantity for describing 
energy imparted per unit mass, and must be replaced by a stochastic quantity 
(to be discussed later). 

Figure 16.18, due to Kellerer and Chmelevsky (1975), shows the combinations 
of site diameter and particle energy for which energy delivery by protons (u)  and 
electrons (6) is strongly influenced by the range effect, straggling, and/or the 6-ray 
effect. It can be seen in Fig. 16.18~~ that in region I1 the proton enjoys relative freedom 
from all three, and L, adequately describes energy deposition. In region I range- 
effect errors are excessive (> 15%) because the range is less than 6 times the site 
diameter. In regions I11 and IV energy-loss straggling can cause variations in energy 
deposition that exceed the track-length distribution due to different chord lengths 
through the site. In region IV more than 10% of the energy is dissipated by &-rays 
at distances exceeding the site radius. 

In Fig. 16.186 it will be seen that the range- and straggling-effect regions overlap 
for electrons, so that L,  has no region of validity for those particles. 

Delta-Ray Production 
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FIGURE 16.18. Regions of site diameter d and particle energy in which the energy deposition 
of individual events is influenced strongly by range (R), energy-loss straggling (S), and delta-ray 
(6) effects for protons (a) and electrons (6). In the white region (I1 for protons) energy deposition 
is approximately proportional to L,. (Kellerer and Chmelevsky, 1975. Reproduced with per- 
mission from A. M. Kellerer and Academic Press.) 

B. Site-Relevant Approach 
In order to take into account all at once the range, 6-ray, and stochastic effects just 
described, a different approach was needed in which the energy spent by radiation 
in a defined site volume could be accounted for. Such an innovation was supplied 
by Rossi (1959), who defined new stochastic quantities in terms of which the energy 
dissipated in microscopic sites by individual ionizing events could be stated. Rossi 
and Rosenzweig ( 1955) also devised a spherical tissue-equivalent proportional 
counter (discussed in Chapter 15, Section II.B.2) that could measure the distribution 
of ionizing-event sizes that occur in the target site, simulated by the gas volume. 

Although the name microdosimetry is most commonly associated with the Rossi ap- 
proach, the review by Goodhead (19&7) discusses others as well, emphasizing the 
importance of Monte Carlo simulation of track structure and spatial distributions 
of energy depositions. 

C. Stochastic Quantities 
ICRU (1983) defined the following stochastic quantities for use in microdosimetry: 

1. Energy Deposif e;. This is the energy deposited in a single interaction i: 

(16.35) 

where Ti,., = energy of the incident ionizing particle (exclusive of rest mass), 
Tdur = sum of the energies of all ionizing particles leaving the interaction 

(exclusive of rest mass), and 
Qam = changes of the rest mass energy of the atom and all partides involved 

in the interaction (Qm > 0:  decrease of rest mass; Qm < 0: in- 
crease of rest mass). 
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ei may be considered as the energy deposited at the point of interaction, if quan- 
tum-mechanical unertainties and collective effects (e.g., plasmons and phonons) 
are neglected. ei is to be expressed in joules or eV. 

2. 
tated in terms of ci as 

Energy Impankde. This quantity, defined already in Eq. (2.17), may be res- 

E = zei 
i 

(16.36) 

E is to be expressed in joules or eV. The ei may be due to more than one energy- 
deposition event, that is, statistically independent particle track. 
3. This is the quotient of c by m, where e is the energy 
imparted by ionizing radiation to matter of mass m: 

Specijc Ewgy  Zmpartcdz. 

E * = -  
m 

(16.37) 

z is to be expressed in Jlkg or grays. 
4. Lined Ewgyy .  This is the quotient of e by 1, where E is the energy imparted 
to the matter in a volume by a sing& energy-dcposition event, and is the mean chord 
length in that volume: 

e 
y = 7  (16.38) 

Note the special definition applied to e in this case, limiting it to single events. 
y is to be expressed in J/m or keV/pm. is the mean length of randomly oriented 
chords in the volume. For a convex body of volume V and surface area S, 

I = 4VlS (16.39) 

It is evident that the specific energy imparted functions as the stochastic replace- 
ment for absorbed dose in microdosimetry, and the lineal energy conceptually re- 
places L,. 

PROBLEMS 

1. 

2. 

A fluence of thermal neutrons is 6.5 X 10" dcm2 in a layer of muscle-equivalent 
tissue 0.1 gkm4 thick. What is the absorbed dose at the middle of the layer? 
Assume that the above neutron fluence is approximately uniform throughout 
a tissue sphere 5 cm in radius, due to thermalization of a field of intermediate- 
energy neutrons penetrating the sphere. What is the absorbed dose at the center 
resulting from thermal-neutron-capture y rays? How does it compare with the 
total absorbed dose that results (directly or indirectly) from the thermal neu- 
trons? (Assume unit-density tissue). 
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3. You have an Ay150 tissue-equivalent plastic ion chamber with 0.52-g/cm2 wall 
thickness and an NxAi, value of 4.60 X lo9 R/C for ‘%o y-rays. Calculate A 
for use in the mixed-field response equation. 
Calculate B/A for this chamber, assuming it contains TE gas and is irradiated 
by 4.2-MeV neutrons. 
Pairing this chamber with a Mg-Ar chamber having A = 3.60 X loe8 C/Gy 
and B = 1.67 X lo-’ C/Gy, a saturated charge of 4.23 X C is measured 
with the TE  plastic chamber and 6.79 X lo-’ C from the Mg-Ar chamber. 
Calculate the y-ray and neutron doses. 

4. 

5. 

SOLUTIONS TO PROBLEMS 

1. 1.80Gy. 
2. 
3. 2.27 X lO-*C/Gy. 
4. 0.97. 
5 .  0, = 0.10 Gy (5%); 0, 1.81 Gy (95%). 

5.46 Gy, 75% of total. 
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APPENDIXES 

APPENDIX A. 1. Physical Constants 

Quantity 

Speed of light in vacuum 
Elementary charge 

Planck constant 
Avogadro constant 
Atomic mass unit 
Electron rest mass 
Proton rest mass 
Neutron rest mass 

Symbol 

C 

C 

Value 

2.9979 X 10' m s-l  

1.6022 X IO-"C 
= 4.8032 X 10-'oesu 

6.6262 X J Hz-' 
6.0220 X loz3 mole-' 
1.6606 X kg 
0.91095 X kg 
1.6726 X kg 
1.6750 X lo-'' kg 

Ratio, proton mass to 

Classical electron radius rt 2.8179 X m 
Molar gas constant R 8.3144 J mole-' K- '  
Molar volume, ideal gas 

electron mass (MO) p/% 1836 

(To = 273.15 K,  
Po = 1 atm) V,,, = RTdPo 0.022414 m' mole-' 

Boltzmann constant k = R/NA 1.3807 X 1 0 - 2 3 . ~  K-l 
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APPENDIX A.2. Conversion Factors 

1 kg = 5.6095 X loz9 MeV 
1 amu = 931.50 MeV 

Electron rest mass = 0.51100 MeV 
Proton rest mass = 938.26 MeV 

Neutron rest mass = 939.55 MeV 
1 electron volt (eV) = 1.6022 X l O - ” J  

1 joule u) = 10’ erg 
= 1.6022 X lO-*’erg 

1 coulomb (C) = 2.9979 X lo9 esu 
1 gray (Gy) = 1 J/kg = 10’ rad = lo‘ erg/g 

1 sievert (Sv) = 1 J/kg 
Energy-wavelength conversion: 

1.23985 X eV m 
12.3985 keV A 

1 roentgen (R) = 2.58 X 
1 C/kg = 3876 R 

Exposure conversion: 
C/kg 
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Appendix B.2. Data Table for Compound8 and Mixtures" 

Density Electron density I 
Material (g/cmJy (10" e/g) CWd 
A-1 50 plasticb 
Adipose tissue 

Airb 
Bone, cortical (ICRP)b 
Calcium fluoride, CaF, 
Carbon dioxide, CO,  
Cesium iodide, CsI 
Lithium fluoride, LiF 
Lucite, (C5H802), 
Muscle, skeletal (ICRP)* 

Nylon, type 6 

Polycarbonate 

Polyethylene (C,H,), 
Polyimide (CZ2HION2O5) 
Polypropylene (C,H,), 
Polystyrene (C8H8), 
Polyvinyl Chloride 

Pyrex (borosilicate glass)' 
Silicon dioxide, S i02  
Silver bromide, AgBr 
Sodium iodide, NaI 

TE gas (methane-based)' 
TE gas (propane-based)b 
TE liquid (no sucrose)' 
Water, H,O 

(Fat, ICRP)b 

My1ar, (C10H804)m 

(C6HlIN0)n 

(c 16H l+03)n 

(C2H3C1)n 

Teflon, (C,F+), 

1.127 

0.92 
1.205 X 

1.85 
3.18 
1.842 X 

4.51 
2.64 
1.19 
1.04 
1.40 

1.14 

1.20 
0.94 
1.42 
0.90 
1.06 

1.30 
2.23 
2.32 
6.47 
3.67 
2.20 
1.064 X 
1.826 X 

1.070 
0.9982 

3.306 

3.363 
3.006 
3.139 
2.931 
3.010 
2.503 
2.786 
3.248 
3.308 
3.134 

3.299 

3.173 
3.435 
3.087 
3.372 
3.238 

3.083 
2.993 
3.007 
2.629 
2.571 
2.890 
3.312 
3.314 
3.313 
3.343 

65.1 

63.2 
85.7 

106.4 
166 
85.0 

553 
94.0 
74.0 
75.3 
78.7 

63.9 

73.1 
57.4 
79.6 
59.2 
68.7 

108.2 
134 
139.2 
487 
452 
99.1 
61.2 
59.5 
74.2 
75.0 

"Data from Berger and Seltzer (1983) 
bSee compositions in Appendix B.3 
'Assuming T = 20°C., P = 1 atm., and Charles' Law for gases applies. 
dZis the mean excitation potential for stopping power, see Chapter 8. 
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Appendix B.3 Compositions of Mixtures" 

A-150 plastic: 10.13 H, 77.55 C, 3.51 N, 5.23 0, 1.74 F, 1.84Ca 
Muscle, skeletal (ICRP): 10.06 H, 10.78 C, 2.77 N, 75.48 0, 0.08 Na, 0.02 Mg, 0.18 P, 

Adipose tissue (ICRP): 11.95 H, 63.72 C ,  0.80 N, 23.23 0, 0.05 Na, 0.02 P, 0.07 S, 

Bone, cortical (ICRP): 4.72 H, 14.43 C, 4.20 N, 44.61 0, 0.22 Mg, 10.50 P, 0.32 S, 

Tissue-equivalent gas (methane-based): 10.19 H, 45.61 C, 3.52 N, 40.68 0 
Tissue-equivalent gas (propane-based): 10.27 H, 56.89 C, 3.50 N, 29.34 0 
Tissue-equivalent liquid (without sucrose): 10.20 H, 12.01 C, 3.54 N, 74.25 0 
Air, dry: 0.0124 C, 75.5267 N, 23.1781 0, 1.2827 Ar 
Borosilicate glass (Pyrex): 4.01 B, 53.96 0, 2.82 Na, 1.16 At, 37.72 Si, 0.33 K 

0.24 S, 0.08 C1, 0.30 K, 0.01 (Ca + Fe + Zn) 

0.12 C1, 0.03 K, 0.01 (Mg + Ca + Fe + Zn) 

20.99 Ca, 0.01 Zn 

'After Berger and Seltzer (1983). Table 5.5. In percent by weight. 
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APPENDIX C Radionuclide OutDut Data" 

"i I1 'i 
l*.V1 11-rod/ 

rCi-b) 

., ri 6 ,  

I W V I  I e - r d l  
u C i - h l  

8fIa l l W I  2 0.UW 0 . 1 l b I  1.110) 
C U .  I O . . M  1 . Y )  I..l.. 
c.m. 2 o . m 1  2.151. 3 . U l O  
CamA 3 0.000. Y.11.5 0.0845 
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APPENDIX C. (Continued) 

.. . . . 
U? Wum l L l C l  
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APPENDIX C. (Continued) 

"I a, .i 
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o . m a  
0.0086 
0.OOOI 
0.0002 0.0.01 

O.WII 
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APPENDIX C. (Continued) 

0.0010 
O . U . 2  
0.0071 
0.0.1. 
0 . U )  
tA22. 
0.0131 
0.0021 
0.0.11 
O..OL8 0.0033 
O . M M  
0.- . . m 3  

.-. 
I 1.2618 

0.1w1 
0.010. 
0.- 
0.0.1b 
0.0.1s 
0.OO.1 
0.w.1 
0.0.01 
0.OO.l 
O.OO.1 
0.0u1 
0.- 

.---- 
I 
1 
3 
I 

I 

3 

"After Dillman and Von der Lage, 1975. Reproduced with permission from L. T. Dillman and the Society 
of Nudear Medicine. 
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APPENDIX D. 1 Klein-Nishina Interaction Cross Sections for Free Electronsa 

hv P P S c  P 1 r  

(keV) (crn2/e) (crnZ/e) (crn2/e) 

1 .o 0.6627 -24 0.6614 -24 0.1291 -26 
1.5 0.6614 -24 0.6594 -24 0.1929 -26 
2.0 0.6601 -24 0.6575 -24 0.2561 -26 
3.0 0.6576 -24 0.6537 -24 0.3811 -26 
4.0 0.6550 -24 0.6500 -24 0.5041 -26 
5.0 0.6525 -24 0.6463 -24 0.6251 -26 
6.0 0.6501 -24 0.6426 -24 0.7441 -26 
8.0 0.6452 -24 0.6355 -24 0.9766 -26 

10.0 
15.0 
20.0 
30.0 
40.0 
50.0 
60.0 
80.0 

100.0 
150.0 
200.0 
300.0 
400.0 
500.0 
600.0 
662.0 
800.0 

(MeV) 
1 .o 
1.25 
1.5 
2.0 
3.0 
4.0 
5.0 
6.0 
8.0 

0.6405 -24 
0.6290 -24 
0.6180 -24 
0.5975 -24 
0.5787 -24 
0.5615 -24 
0.5456 -24 
0.5173 -24 

0.4927 -24 
0.4436 -24 
0.4065 -24 
0.3535 -24 
0.3167 -24 
0.2892 -24 
0.2675 -24 
0.2561 -24 
0.2350 -24 

0.2112 -24 
0.1888 -24 
0.1716 -24 
0.1464 -24 
0.1151 -24 
0.9597 -25 
0.8287 -25 
0.7323 -25 
0.5988 -25 

0.6285 -24 
0.6116 -24 
0.5957 -24 
0.5664 -24 
0.5400 -24 
0.5162 -24 
0.4945 -24 
0.4567 -24 

0.4247 -24 
0.3631 -24 
0.3185 -24 
0.2581 -24 
0.2186 -24 
0.1905 -24 
0.1692 -24 
0.1584 -24 
0.1389 -24 

0.1183 -24 
0.9997 -25 
0.8670 -25 
0.6867 -25 
0.4865 -25 
0.3772 -25 
0.3083 -25 
0.2607 -25 
0.1993 -25 

10.0 0.5099 -25 0.1613 -25 
15.0 0.3771 -25 0.1094 -25 
20.0 0.3025 -25 0.8271 -26 
30.0 0.2200 -25 0.5563 -26 
40.0 0.1746 -25 0.4191 -26 
50.0 0.1457 -25 0.3362 -26 
60.0 0.1254 -25 0.2807 -26 
80.0 0.9882 -26 0.2110 -26 

100.0 0.8199 -26 0.1690 -26 

"Table provided by Patrick D. Higgins, personal communication, 1986. 

0.1202 -25 
0.1735 -25 
0.2228 -25 
0.3109 -25 
0.3871 -25 
0.4532 -25 
0.5109 -25 
0.6059 -25 

0.6800 -25 
0.8054 -25 
0.8794 -25 
0.9531 -25 
0.9805 -25 
0.9871 -25 
0.9831 -25 
0.9775 -25 
0.9602 -25 

0.9294 -25 
0.8885 -25 
0.8488 -25 
0.7769 -25 
0.6644 -25 
0.5825 -25 
0.5204 -25 
0.4716 -25 
0.3995 -25 

0.3485 -25 
0.2678 -25 
0.2198 -25 
0.1644 -25 
0.1327 -25 
0.1121 -25 
0.9736 -26 
0.7772 -26 
0.6508 -26 
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APPENDIX E. 
Density Corrections" 

Electron Mass Stopping Powers, Ranges, Radiation Yields, and 

ENERGY 

*V 

0.0100 
0.0125 
0.0150 
0.0175 
0.0200 
0.0250 
0.0300 
0.0350 

0 .0400 
0.0450 - . -  
0.0500 
0.0550 
0.0600 
0.0700 
0 .  oaoo 
0.0900 

0.1000 
0.1250 
0.1500 
0.1750 
0.2000 
0 .2500 
0 . 3 0 0 0  
0.3500 

0 .  4000 
0.L500 
0.5000 
0.5500 
a do00 
0 . 7 0 0 0  
0.8000 
0 . 9 0 0 0  

I .oooo 
1 .2500 
1 , 5 0 0 0  
1 .7500 
2.0000 
2.5000 
3.0000 
3.5000 
4 . 0 0 0 0  
5 .5000 
5.0000 
5 . 5 0 0 0  
6.0000 
I .  0000 

9.0000 

10.0050 

a.oooo 

12.5000 
15.0000 
17.5000 
20 .oooo 
25.0000 
3 0 . 0 0 0 0  
35.0000 

* o .  0000 
L5.0000 
50.0000 
55.0000 
60.0000 
70.0000 
80.0000 
90.0000 

STOPPING POUER CSDA RAOIATION DMS.EFF. 
COLLISION RADIATIVE TOTAL RANGE YIELD CORR . 

(DELTA > 
b v  CD2/0  Ikv Cm2/g I h v  CD2/# g/C.' 

5.1259*01 9.702E-04 5.125C+01 1.076E-04 1.0299-05 0.0 
+.271E+01 9.793E-04 4.27lC+Ol 1.613C-04 1.2429-05 0.0 
S.b821+0l 9-88lE-04 3.68tC+.l 2-245C-04 l-bSOI?!-05 0 . 0  . . . - - - . . . . - - . - . - . - - _ _  . . - - - . - - - . . . . - - - - - - . - 
3.249E+Ol 9.964E-04 3.249C+Ol 2.9701-04 1.654E-05 0.0 
2.917L+O1 1.004E-01 2.917C+Ol 3.78SC-04 1.854C-05 0.0 
2.4399+01 1.019C-03 2.439CtOl 5.667C-04 2.2411-05 0.0 
Z.llOE+O1 1.014E-01 2.11OC+Ol 7.878C-04 2.628E-05 0.0 
1.870E+01 1.048E-01 1.870C+01 1.OIOE-03 3.OOSE-05 0.0 

1.687E+Ol 1.06lE-01 1.687C+Ol 1.322C-03 S.37lE-05 0.0 
1.542E+Ol 1.074E-03 1.542C+01 1.632C-03 3.733s-05 0.0 

l.S27E+Ol l.lOl€-Of l.S27C+Ol 2.3S4E-03 4.+43C:-OJ 0.0 
I.245E+Ol 1.113E-03 1.245C+01 2.724E-03 4.7919-05 0.0 
1.114E+Ol l.lS8C-03 l.ll4C+Ol 3.57SC-03 5.475E-05 0.0 
l.O15E+Ol 1.164E-03 1.015C+Ol 4.Sl7E-03 6.146E-05 0.0 
9.367E400 1.1909-03 9.368C+OO 5.543E-01 6.806E-05 0.0 

7.59OE+00 1.285C-03 7.5926+00 9.732E-03 9.OSOE-05 0.0 
6.819EtOO 1.357E-01 6.82OE+OO 1.322E-02 1.0619-04 0.0 
6.266E+OO 1.43SE-03 6.267C+OO l.7OSE-02 1.21%-04 0.0 

5.275E*OO 1.677C-03 5.276C+00 3.02lE-02 1.67OE-04 0.0 
4.898EiOO 1.8520-01 4.8999+00 4.007E-02 1.9711-01 0.0 
4.635E+OO 2.038E-03 4.637CtOO 5.057E-02 2.27SE-04 0.0 

i . w ~ + o i  i.oaae-os 1.424~401 i.woc-os 4.090~-05 0 .0  

8.737~+00 i.216c-03 a.7~ac+oo 6.650~-03 7.457~-05 0 . 0  

s.asic+oo i.siic-03 S.~S~C+OO 2.iiac-02 i.367~-01 0.0 

4.445C*OO 2.232E-03 4.447C+OO 6.159E-02 2.577E-04 0.0 
4.302E*OO 2.436E-03 4.3OSC+OO 7.3019-02 2.8849-04 0.0 
4.19SE*OO 2.648E-03 4.196CtOO 8.48OE-02 3.194E-04 0.0 
4.109EtOO 2.869E-03 4.lllC+OO 9.68IE-02 3.508E-04 0.0 

5.ai6~ioo s.152e-o~ 3.821~400 z.ii7c-oi 6.501~-04 0 .0  
S . ~ ~ ~ E * O O  6.61~~-03 S . ~ ~ ~ C + O O  2.774t-01 8.289E-04 0 . 0  
3.788E*OO 8.19OE-03 3.796C+OO 3.433C-Ol l.Ol6E-03 0.0 
3.802E+OO 9.8629-03 3.812S+OO 4.09OE-01 1.209E-03 0.0 
J.823E+OO 1.162E-02 3.835W00 4.7449-01 1.+09E-93 0.0 
3.8739+00 1.53+C-O2 3.888C+OO 6.039C-01 1.82II-03 0.0 
3.9ZIE400 1.9SlE-02 3.943E+00 7.316E-01 2.257E-03 0.0 
3.9739*00 2.3489-02 3.997C+OO 8.57%-01 2.703E-03 0.0 
6.02OE*OO 2.782E-02 4.047C+00 9.818E-01 3.1629-03 0.0 
+.Ob3E*OO 3.2309-02 4.0959+00 l.I05E+OO 3.63lE-03 0.0 
4.103E*00 J.693E-02 4.14OC+OO l.Z26E+OO 4.108C-01 0 . 0  

+.239E*OO 5.647E-02 4.295C+O@ 1.70OE+OO 6.0839-03 9.0 
4.295E+00 6.675E-02 4.S6lttOO \.931C+OO 7.101E-03 0.0 
4.345E*OO 7.1319-02 4.422CtOO 2.159C+OO 8.133E-03 0 . 9  

5.P109*00 
5.OS5E*OO 
5.091E*00 
S.l20E*00 
5.144E*OO 
5.16JE+00 
5 .21 SE*OO 
5 .238E*OO 

1.159E-01 
1 .L2IC-Ol 
1.744E-01 
2.046E-01 
2.667E-01 
3.305E-01 
3.955E-01 

- 6 15E-0 1 . - . - - . . 
' - 2mE-0 1 
.9599-01 
.64Oh-O1 
.326E-01 
.713E-01 . 0 1 1 E+OO 
.1539iOO 

7. +32E+OO 

5 .  +71 9400 
5.583E+QO 
5.686E+00 
5.7S4C+OO 
5.876E+00 
5 .OS4E+OO 
6.225C+OO 
6.391lPOO 

. . . . . - - - 
1.183C-02 
1 .lSlE-02 
1.722E-02 
1.994L-02 
2.54OE-02 

3. b25C-02 
3.084~-02 

4.161 b-02 

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

1 .250E-02 
6 .87ZE-O2 
1.506E-01 
2.45ZE-01 
3.459E-01 
5 .Sl 4c-01 
7 .Sl SE-01 
9. 4OSE-0 1 

"Berger and Seltzer, 1983. Reproduced with permission from M. J. Berger. 
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APPENDIX E. (Continued) 

Helium 

CMERGY 

RoV 

0.0100 
0.0125 
0.0150 
0.0175 
0.0200 
0.0250 
0.0300 o.osso 
0.0108 ..- .._ 
0.0150 
0.0500 
0 . 0 5 5 0  
0.0600 
0.0700 
0.0800 
0.0900 

0.1000 
0.1250 
0.1500 
0.1750 
0.2000 
0.2500 
0 .  so00 
0.3500 
o.oooa .. 
0. 4500 
0.5000 
0.5500 
0.6000 
0.7000 
0.8000 
0.9000 

1.0000 
1 .t500 
1 .so00 
1 .750il 
2.0000 
2.5000 
s. 0000 
3.5000 
6 .  ooao 
4.5000 
5.0000 
5.5000 
6.000 
7.000 
8 . 0 0 0  
9.000 

10.0000 
12.5000 
15.0000 
17.5000 
t o .  0000 
2 5 . 0 0 0 0  so. 0000 
s5.0000 

40.0000 
4 5 . 0 0 8 0  . - . - - - - 
50.0000 
55.0000 
60.0000 
70.0000 
~ 0 . 0 0 0 0  
90 .OOOO 

STOPPING POUCR 
COLLISIOW RAOIATIVE TOTAL 

1.097CtOl 
9.52lEtOO 
I.457E*OO 

7.b42St00 
b .  99bEtOO 
b .*I1 CtOO 
b .03SEtQO 
5.669CtOO 
5.08~EtOO 
4. 638EtOO 
4.  287Et00 

4.003Et00 
S. 686EtOO 
3. 1 SlEtOO 
2.887EtOO 
2.7ooc*oo 
2.439EtOO 
2. t b 9 E t O O  
2.1 SOLtOO 

. OOOE*OO 

.952Et00 

.914EtOO 

.884E*QO 

.842Et00 . 81 5EtOO 

.798Et00 

.787Et00 

.777Et00 

.78OEt00 

.789E+00 

.a01 EtOO 

.827E+00 

.8S4Et00 . 88OE+OO 

1 .POSE*OO 
1.925EtOO 
1.94bEtOO 
1 .9b5EtOO 
1 .98SEtOO 
2.015E*QO 

2.069Et00 
2.043~t00 

2.092EtOO 
2.141EtOO 
2.182E*00 
2.216E*OO 
2.247EtOO 
2.297EtOO 
2. S39E+OO 
2.574EtOO 

2. 4OSEtOO 
2.432&+00 
2. +SbC*OO 
2. 478C*OO 
2.498CtOO 
2.53SEt00 
2.564EtOO 
2.589E+OO 

1.005C-03 
1.0106-03 
1.020~-0s 
1 .O29E-O3 
1 .OS9E-03 

l.OI8E-0s 
1.057C-03 
1 .ObbE-O3 
1.07bE-03 
1 . OMC-03 
1.lOlC-03 
1.119E-0S 
1 .138E-OS 

1. 157s-0s 
1.207E-03 
1 .ZbOE-OS 
1 .S1 bE-03 
1. S I X - 0 3  
1.499C-03 
1. b32E-03 
1.774E-03 

1.924E-OS 
2.081 E-0s 
2.245C-OS 
2.4lbE-OS 
2.592E-03 
2.9bl E-03 
5.SSOE-03 
3.757E-03 

4.18OC-0s 
5.506E-03 
6 .51 SE-03 
7.7wP.-03 . . . . - - . - 
9.1 S2E-03 
1.196E-02 
1 .495C-02 
1.809C-02 

2.1 ME-02 
2. qb9E-02 
2.81 SE-02 
3.1 bSE-02 
S. 52SE-02 
4 .26OE-02 
5 .018E-02 
5.79SE-02 

b .586E-02 
8 .  b17E-02 
1 .07lE-01 
1.28bE-01 
1.505E-01 
1.952E-01 
2-41 OE-01 
2.875E-01 

3.346E-01 s .822E-O 1 
4.305E-0 1 
4.786E-01 
5.2729-01 
6.252E-01 
7 .2S9C-O1 
8.231E-01 

l l rv  ervq 

2.267Et01 
1.89IE*Ql 
1 . b42C+O 1 
1. 45SEtOl 
1. 307EtOl 
1 .097EtOl 
9.522EtOO 
I. 458EtOO 

7. b4SEtOO 
b .  997Et00 
b .472Ct00 
b.037StOO 
5.67OC*OO 
5..85ttOO 
4. b39Ct.O 
4.2889*00 

4.004Ct.O 
3.487Ct.O 
3. 1 39EtO. 
2.889E*OO 
2.701E*OO 
2.441EtO. 
2.270 CtOO 
2.152E*00 

- 0  bbE+OO 
.OO2EtOO 

.91 bEtOO 

.887CtOO 

.8~5E+OO 

.8 18EtOO 

.8OlE*OO 

.782Et00 

.787Et00 

.797EtOO 

.810E+OO 

.8S9C+OO 

.8b9C*OO 

.898EtOO 

1 .92SE+OO 
1.95OEtOO 
1.97~CtOO 
1.997CtOO 
2.018E+OO 
2.057EtOO 
2.09SEtOO 
2.12bEtOO 

. 9 ~ e t 0 0  

.79iet00 

2.157EtOO 
2.227Et00 
2.289EtOO 
2. S45EtOO 
2. S97Et00 
2.29SEtOO 
2.580Et00 
2.662EtOO 

2.739EtOO 
2.814E*00 
2.88bCtOO 
2.95bEtOO 

3 - 158EtOO 
3.2MEt00 
5 .  41 2EtOO 

3.oasctoo 

CSDA 
RANGE 
* / e m 2  

2.467E-04 
3. b78E-04 
5.098c-04 
b - 7201-04 
8 i SSIC-04 
1.27SE-0s 
1.7b4E-03 
2.322C-03 

2.945E-OS 
3. bSOE-03 
6.371C-OS 
5.171C-03 
b .  029C-OS 
7.89bC-03 
9.958C-0s 
1.22oc-02 

1 .4b2C-02 
2.1 ME-02 
2.89lC-02 
S.723E-02 
4.61 9C-02 
6.57SE-02 
8.702t-02 
1.097E-01 
1 -334C-01 . - - . - . . 
1.580E-01 
1.8SSE-01 
2.092c-01 
2. SSSC-01 
2.8911-01 
1.4SfE-01 
sii9oc-01 

4.547E-01 
5.947C-0 1 
7. S49C-01 
8 - 741E-01 
1:013itOO . . . . - - . . 
t .287Et00 
1.557C*00 
1.822C~OO 
2 - O84EtOO - - - - . - . . 
2.342C+OO 
2.S97C*QO 
2.848E*O. 
S. 098CtOO 
S.S88E*OO 
~.070E+OO 
4 . 544EtOO 
5 . 0  1 1 W O O  
b - 1  5 I E*OO 
7. 258E*OO 
8.337E*OO 
9.191 moo 
1.144EtOl 
1 .S*lE*Ol 
1.531EtOl 

1.717EtOl 
1.897EtOl 
2.07tEtOl 
2.243EtOl 
2.41 OE*01 
2.734€+01 
5.  O44EtO1 
3.34SE*Ol 

RAOIATION DMJ.EFF. 
YIELD CORR . 

(DELTA) 

2.412E-05 0.0 
2.89OE-05 0.0 
3.552E-05 0.0 
3.802C-05 0 . 0  
4.212E-05 0.0 
5.096C-05 0.0 
5.92SC-05 0.0 
b .727E-O5 0 . 0  

7.510E-05 0.0 
8.277E-05 0.0 
9.029E-05 0.0 
9.766C-05 0.0 
1.049C-04 0.0 
1-191C-04 0.0 
1.328C-04 0.0 
1.4b2C-04 0.0 

1.59SE-06 0.0 
1.9lOC-04 0 . 0  
2.21%-04 0.0 
2.51lE-04 0.0 
2-naec-04 0 . 0  
3.3b3E-Oi 0.0 
3.914E-04 0.0 
4.457E-04 0.0 

4.997s-04 0.0 
5.5SbE-04 0.0 
6.07bE-04 0.0 
b.bl9E-04 0.0 
7.lb5C-01 0.0 
8.269E-04 0.0 
9. S89C-04 0.0 
1 . OSSE-03 0.0 

1.168E-OS 0.0 
1. US&-03 0 . 0  
1 .77sc-os 0.0 
2.089C-03 0.0 
2.414C-03 0.0 
3.0051-03 0.0 
3.779C-03 0.0 
4.49lC-03 0.0 

5.218C-0S 0.0 
1.957003 0.0 
6.7ObE-OS 0.0 
7.46SC-OS 0.0 
8.2SlE-03 0.0 
9.78lE-03 0.0 
l.lS5E-02 0.0 
l.293C-02 0.0 

1 -45SE-02 0 . 0  

b.187E-02 0.0 
b .9SSE-02 0.0 
7 - U S E - 0 2  0 . 0  . - - - - . - 
8.382E-02 0.0 
9.085E-02 0.0 
1.045E-01 0.0 
1.17bE-01 0.0 
1.301E-01 2.142E-02 
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APPENDIX E. (Continued) 

Carbon (Graphite) 

EWCRGY 

MeV 

0.0100 
0 ; 0 1 2 j  
0.0150 
0.0175 
0.0200 
0 .  0250 
0 .  osoo 
0 . 0 ~ 5 0  

O.OkO0 
O.Ok50 
0 .  osoo 
0.0550 
0.0600 
0.0700 
0.0800 
0.0900 

0.100. 
0.1250 
0.1500 
0.1750 
0.2000 
0 ,  ZSOO 
0 . 3 0 0 0  
0.3500 

0 .  k000 
0.4500 
0 . 5 0 0 0  
0.5500 
0 .  ( 0 0 0  
0.7000 
0 . 8 0 0 0  
0.9000 

1 . o o o o  
I .2500 
1 . sooe 
1.7500 
2.0000 
2.5000 
5 .  oooo 
3.5000 

k .  0000 
4,5000 
5.0000 
s. 5000 
6 . 0 0 0 0  
7 . 0 0 0 0  
8. 0 0 0 0  
9 . 0 0 0 0  

10.0000 
12.5000 
l5.0000 
17.5000 
20.0000 
25.0000 
SO. 0000 
s5. 0000 

kO.0000 
k5.0000 
50.0000 
51.0000 
6 0 . 0 0 0 0  
70.0000 
80.0000 
90,0000 

STOW 
COLLISION 111 

k V  s.L/* 

2.01 kE+Ol 
1 .69kE+Ol 
I .k71LtOl 
I .~05E+Ol 

9.91 SE+OO 
B.62bC+OO 
7.b79EtOO 

b. 95OC+OO 
6 .  S72EtOO 
5.90IC+OO 
5.  51 oc+oo 
5.  1 79L+OO 
k.  652E+OO 
k.2k9C+OO 
3.9~IE+OO 

J.b7kE+OO 
3.2OkE+OO 
2.866WOO 
2.657€+00 
2. k65CtOO 
2.2kSE+00 
2.067Et00 
I .977E+OO 

1.896E+OO 
1.83~C+OO 

i . i 7 7 ~ + 0 1  

_ _ _ _  ~. 
1 .788E+OO 
I .752E+OO 
1 .722E+OO 
1.679EtOO 
1.65OE+OO 
1.6SIE+OO 

1.617Et00 
I .  599t+o0 
1 .SS3EtOO .~ .- 
I .59kE+O0 
1 .597E+00 
1.608E+OO 
I .621E+OO 
1.63kE+OO 

I . bl7E+OO 
1 .656E+OO 
1.669E+OO 
I . b79Et00 
1.689EtOO 
1 .706EtOO 
1 .72OE+OO 
I .733Et00 

1 .7kSEt00 
I .  769Et00 
1.787E+OO 
1.803E+OO 
1 .6l6E+00 
1.63bE+00 
1.852E+00 
1.865E+00 

1.877Et00 
1 .886E+OO 
1 .895E+OO 
1.9OSE+OO 
1.91OE+00 
1 .922E+OO 
1 .932E+OO 
1 .9k2E+00 

3.1 SOE-03 
S.16lE-OS 
3 . I  68E-03 
3.172L-01 
3.17bC-03 
S.16kC-03 
I .  1 9*E-03 
S. 2OkC-OS 

I .  21 SE-05 
S.226E-Of s . 2 * l  E-0s 
S.25SE-05 
S.270C-OS 
3. 103~-03 
3. 3 S I E - O S  
3 .  S75E-03 

3.klkE-05 
3. 52SE-03 
3.64OL-as _ _  
3.76kE-OS 
3.89bC-03 
k . I79C-OS 
4.k69E-OS 
k AZOE-OS 

1 .OSSE-02 
1.318E-02 
1 .602E-02 
1.9OIE-02 
2.21 SE-02 
2.87OE-02 
8.561 I - 0 2  
k .28 l  L-02 

5.026E-02 
5.792E-02 
b .576E-O2 
7.378C-02 
8. 1 9JE-02 
9.86SC-02 
I.IS8E-Ol 
I . 33kC-01 

1 .SlJE-Ol 
1.971E-01 
2. WkE-01 
2.927E-01 
3 .  k17E-01 
k . kI 7E-OI 
S.kS5E-01 
b. k66C-01 

7.508C-01 
8.559E-01 
9 .  bl7C-01 
1.068Et00 
1 .175E+OO 
1 . S91E+OO 
1.608EtOO 
1.826E+OO 

2.01 kC+O 1 
1 .05C+Ol 
1 .k7lE+O1 
1 .sOSE+Ol 
I .  177Lt01 
9. ircc+oo 
8 .  629E+OO 
7.682E+OO 

6 .  95St4OO 
b. 375f+OO 
5 .9OkCtVO 
5 - 51 3E+OO 
5 .  I63E+OO 
k. 6llE+OO *. 2ssC+oo s. 955t+eo 

3 .  b77E+00 
3.207E*OO 
2.69OC+OO 
2. bbl W O O  
2. 66w!400 
Z.Zk9E+OO 
2.09tE+OO 
1 .961 C+OO 

1.9Olt+OO 
1 .a4ll!+88 
i ;tiii+oi 
1.756EtOO 
I .729E+OO 
1 .667E+OO 
1 .659C+OO 
1 ~ bkOEt00 

1.627EtOO 
1.612E+00 
1 .609E+OO 
I .613C+OO 
1.bI9E+00 
1 .637E+00 
1.657Et00 
1.677E+OO 

1.697E+00 
1.716E+OO 
I .  735EtOO 
1 .7SSE+OO 
1.771EtOO 
I .8OkE+OO 
I .836E+OO 
1.867L+OO 

I .896E*OO 
1.  ~66L+OO 
2.032E+00 
2.095EtOQ 
2.157E+OO 
2.276C+OO 
2. 396E+OO 
2.5l~E+QO 

2.  b27E+OO 
2.7k2EtOO 
2.657E+OO 
2. 97lE+00 
S.O85E+00 
S. 31 3EtOO 
3.561 E+OO 
3.768EtOO 

2.62OE-OI 
k.  I79E-OI 
5.767E-Ok 

i i i i i i i - i s  
I .  9b6E-05 
2.562C-OS 

3.267E-OS 
k .019E-OS 
k.8SSC-OS 
5.712C-OS 
6 .  bI8E-01 

I .O9kE-02 
1. SS9E-02 

1.  bO2C-02 
2.3SSE-02 
3-15bE-02 
k.OS9E-02 

7.152C-02 
9. *62C-O2 
1.1 WE-01 

1 .  k5OC-01 
I .718E-01 

a.6am-os 

s.os2e-*z 

. . . . - - . . 
1 . M3C-01 
2.27kC-OI 
2.561E-01 
J. I I7E-01 
S. 7wC-01 
k. 352E-01 

I.964E-01 
6.5O)C-01 
8.062C-01 
9.6lIE-01 
I.l16E+OO 
1 . k2SC+00 
1.727E*OO 
2.027E+OO 

2.323Et00 i.iiic+oo 
2.9oretoo 
3.  195E+00 
3. k76E+00 
k.OSbE+OO 
k .58SE+OO 
5.  I 25E+OO 

5.657€+00 
6.95ZLt00 
8.202C+00 
9. k1IEtOO 
1 .O59E+O1 
1 . ZIkE+O 1 
1 .k98E+01 
1.702E+Ol 

I .897E+OI 
2.08SE+Ol 
2. 262E+O 1 
z.*3sc+ot 
2.598C+Ol 
2.91 1WO1 
S.ZOIE+Ol 
3 . k77&+0 I 

RADIATION 
YIELD 

6 . 6 ~ e - o ~  
1 . OSCE-OI 
1 . 1 WE-Ok 
1 . 355C-04 
I .SOLE-04 ~. 
1.796E-Ok 
2.07SE-Ok 
2. S*OC-Ok 
2.SWlL-06 - . - . . - . . 
2.a*7E-Ok 
I .  090C-Ok 
S. StlC-Ok 
l.556E-Ok 
k . OOOE-04 
k. Wl C-Ok 
k.8bOC-Ok 

S.2b8E-Ok 
6.2kJE-Ok 
7. I 68E-Ok 
8.055E-Ok 
8.91 IC-OI  
1 .055C-O3 
1.2l3E-Ol 
1 .3b7E-O3 

1.518E-03 
I .  bb8E-03 
1.817E-03 
1.966E-03 
2.1 1st-03 
2.II6E-OS 
2.719E-03 
S. O26E-03 

s. n7e-03  
k .  13%-OS 
4.9SkE-03 
5.7999-03 
6.665E-01 
8.k50L-03 
1 .029E-02 
1.218C-02 

1 .kIOE-02 
1 .  (OLE-02 
I .8OlE-02 
2.0OSE-02 
2.20kt-02 
2.610E-02 
3.02OE-02 
S.k32C-02 

3 .  8k5C-02 
k .877E-02 
5.903C-02 
6.9l8E-02 
7.91 I t - 0 2  
9.86 1 E-02 
1 .I7SE-Ol 
1.351E-Ol 

t.522E-01 
1.665E-01 
I .8klE-Ol 
1.99lC-01 
2. I ~ S E - 0  I 
2. kOl E-01 
2.6k8E-01 
2.875E-O 1 

DEWS. t rF .  
CORR . 

t DELTA 1 

1 .920€-0S 
2.WlE-03 
3.073E-03 

1.0SSL-02 
I .  tS6E-02 
1. k25E-02 
1.6ZIC-02 
1.8S2E-02 
2.27 1 E-02 
2.7IOE-02 
3.237E-02 

3 .  76OE-02 
5.166E-02 
6.694E-02 
8 .  32OE-02 
1 .OOSE-01 
1 .S6SE-OI 
1 .7kOE-01 
2.1 Z9C-01 

2. 52kE-01 
2.922E-01 
5.321 E-01 
3 .719E-01 
k.  1 IkE-01 
k.  691 E-0 1 
5.6k8E-01 
6.382E-0 1 

7.091 E-0 1 
8.756E-01 
i iotaktoo 
I .167E+00 
1 .295E+OO 
1 .522E+00 
I .72OEtOO 
1.8/kE+OO 
2.051E+00 
2. I 9SE+OO .~ 
2.32SE+OO 
2. kk3E+OO 
2.555E+00 
2.758E+00 
2.939E+OO 
3.1OkEtOO 

3 .  256&+00 
3 .591 € t o o  
3.879EMO 
4.133E+OO 
k.  $61 E+OO 
k .  755EtOO 
5.088EtOO 
5.376E+OO 

5.626C+OO 
5.85kE+00 
6.057E+OO 
6.261 E+OO 
6 .  kl I E+OO 
6.71 2E+00 
6.976E+00 
7.206Et00 
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APPENDIX E. (Continued) 
~ 

Nitrogen 

M u m  

ROV 
0.0100 
0.0125 
0.0150 
0.0175 
0.0200 
0.02so 
0 .  osoo 
0 .0sw 

0.0400 
0.0410 
0 .  osoo 
0.05so 
0 .ObOO 
0.0700 
0.6800 
0.0900 

0.1000 
0.1250 
0.1500 
0.1750 
0 .to00 
0.2500 
0.3000 
0.3500 

0 .  4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.7000 
0 .a000 
0.9000 
1 -0ooe ...... 
1 .2500 
1 .so00 
1.7500 
2.0000 
2.5000 s. 0000 
3.5000 

4.0100 
4 .  5000 
s - ooeo __..__ 
5.5000 
6.0000 
7.0000 
9.0000 
a.oooo 

10.0000 
12.5000 
15.0000 
17 -5000 
20.0000 
25.0000 
30.0000 
s5. 0000 

40.0000 
45.0000 
50.0000 
55.0000 
60.0000 
70 .OOOO 
80.0000 
90.0000 

STOPPING rwat 
CDLLISIOII U D I A T I V C  TOTAL 

I .99SC+Ol 
1 .679C+O 1 
I - 45ac+ot 
i ;isiS+6i 
l.l68C+Ol 

MOV a ' 0 g  

s .71 I c-0s s .729C-OS 
s.74oc-0s 
s.747c-os 
S. 75SC-OS 
J.762E-OS 
S.77OE-0s 
I. ItM-OS 

3. 66OE+00 
3 .19SC+OO 
2.881C+OO 
2. 615C+OO 
2 - U6C+OO 
2.2SlE+OO 
2.097C+OO 
1.99lC+oO 

I .  914C+OO 
1 - 8576+OO 
1.81SC+OO 
1 .779C+OO 
I .753C+OO 
I .7166+00 
1.69SC+OO 
1.6796+00 

1.6706+00 
1.6656+00 
1.67OC+OO 
I .681C+OO 
1.693C*OO 
1.7216+00 
I. 7496+00 
1 .775C+OO 

1.799C+OO 
I .8216+00 
I .842C+OO 
1.86IC+OO 
1.879EtOO 
r.911e+00 
I. 94OE+OO 
1. n5c+oo 
1 .988E+OO 
2.OUE+OO 
2.079E+OO 
2. I 1  SE+OO 
2.1 44C+OO 
2. I94C+OO 
2.2SSL+00 
2.2666+00 

2.29OC+OO 
2 .  SIOC*OO 
2. S42C+00 
2.~SSC+OO 
2 .  S776+00 
2.395E+00 
2.41 lE+OO 

2. 327c+eo 

4.005c-0s 
4.I27C-oS 
4 . 219c-0s 
4.40oc-0s 
4 .5soc-os 
4.874C-OS 
5.227c-0s 
5.6OlC-OS 

6.009C-OS 
6. 43lC-OS 
6 .UtC-OS 
7. 347c-s 
7.627C-OS 
8.8S1 e-0s 
9.889C-05 
1.0996-02 

1.2146-02 
I .5IlC-02 
1.842C-02 
2.184C-02 
2. MOC-02  s .290c-o2 
4 . O78C-02 
4. 6WC-02 

s. 747c-02 
6. 62OC-02 
7.112C-02 
8. 42SE-02 
9 .  JS2C-02 
1 .l2SE-01 
1 .S2OE-OI 
I .52OC-O1 
1 .72SC-01 
2.2446-0 1 
2.780E-01 
s.s27c-o1 
3.8a4E-OI 
5.0166-01 
6,1696-01 
7.S36C-OI 

8.515E-OI 
9.7046-0 I 
1 .090E+OO 
1.21IC+OO 
I . SS2C+OO 
I .575E+OO 
1.82lE+QO 
2.067E+OO 

k V  c d 0 g  

1.996L+Ol 
1.680C+Ol 
1 .*59c+Ol 
1 .2I)I+a 1 
1.1uc+o1 
9 AWMo 
8. s#z+ea 
7.6t9meo 

1 .92oc+oo 
1 . w3c+oo 
1 .btM+.r 
I .72?6+00 
1.761S+W 
1 - 725mOO 
1 .703C+OO 
1.69oC+oo 

1. 68SE+OO 
I .68OE+OO 
1 .688C+OO 
1 .702C+OO 
1.70C+OO 
1 .7S4C+OO 
1.790E+OO 
1 .824E+OO 
1.8S7E+OO 
I .aUc+oo 
1 -94 7C+OO 
I .94%+bO 
1. 972E+OO 
2.02+0+00 
Z . O 3 a U O @  
2. I 17t+OO 

2.161 C+OO 
2.262E+00 
2. S56fwOO 
2. 646C+OO 
2. bS2E+OO 
2.696C+OO 
2.852EtOO 
S.OOOC*OO 
3. I 42E+OO 
S.281C+OO 
3 .41 7c+oO 
S.5S2E+OO 
S .686C+OO 
3.952C+OO 
4.216C+00 
4.478E+OO 

2.a59C-04 
4.22sc-04 
5 .WSC-04 
7. rr8c-04 
9. U4E-04 
1 .4s7c-es 
1 * HSC-OS 
2.6OseOS 

S.29SE-OS 
4 .049C-.S 
4 .870C-.S 
5.75St-OS 
*.&%%-as 
8.  76SE-OS 
1 .IOlE-02 
1 .M7C-02 
1 .ClIE-02 
2.144C-02 
S. WC-02 
4.@7SE-02 
5.046E-02 
7.162E-02 
9. 4Ltc-02 
I . I  91 E-0 1 
1 -6. LC-aI . - . . - - - . 
1.7llE-01 
1 . W E - 0  1 
2.2&oc-o 1 
2. SIZE-0 1 
3.l16u-01 
s.7ooc-ol 
4 .289c-o 1 

4 .88SE-01 
6. S7 1 C-0 1 
7.856C-ol 
9.311e-01 
l.O79C+OO 
1. sc7c+oo 
1 .649E+OO 
I .  926C400 

2.198C+OO 
2.465C+OO 
2.728E+OO 
2.987%+00 
S.242C+OO 
S .74ZL+OO 
4.2316+00 
6.708SMO 
5.176C+OO 
6. SO66+OO 
7 .Uac+00 
8.4JOE+OO 
I - bS4C+OQ - - . - . - . . 
l.l35E+Ol 
1 .S156+01 
1 .486C+01 
I .  649L+Ol 
1.804C+Ol 
1 .95*C+O 1 
2.097C+W 
2. 2SfC+Ol 
2.497C+OI 
2.742C+Ol 
2.972C+Ol 

RADIATION 
YIELD 

I. 023E-04 
1.227E-04 
1.42lC-04 
1.608C-04 
1.789C-04 
2.1111-04 
2.465E-04 
2.78lE-04 

S . O86C-04 s . U2E-04 
1.66rC-04 
S - 9WC-04 
4. 222E-Ol 
4. 751 C-04 
5.26OE-04 
5.752C-04 

6.2296-04 
7. smc-04 
8.447C-04 
.477C-OI 

i -047C-o~ 
i i2s6t-Os 
1.418C-0s 
1 .S9SE-OS 
1.76%-01 
I. 9S5C-OS 
2.10S~-03 
2.271 C-01 
2.4UC-OS 
2.77sc-0s 
S.1096-03 
3.4476-OS 

3.788C-03 
4.655C-QS 
5. 141 C-0s 
6.4446-03 
7. S64C-OS 
9. 24S6-OS 
1.116C-02 
1 .SllC-02 

1.509C-02 
I .  708E-02 
1.909c-02 
2.1 IOE-02 
2.312c-02 
s .124c-02 
I. SSOC-02 

2.7iae-02 

3. 9346-02 
4.9SaE-02 
5.926E-02 r .89~E-O2 
7.842C-02 
9.6726-02 
1 -142c-01 
I . SO8C-01 

oms. cm. 
CORR . 

( DCLrA 1 

0 . 0  
0 . 0  
6 .0  
0 . 0  
0 . 0  
0 . 0  
0 .0  
0 .0  

0 . 0  
0 .0  
0 .0  
0 .0  
0 . 0  
0 . 0  
0 .0  
0 .0  

0.0 
0 .0  
0 . 0  
0 . 0  
0 .0  
0 .0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0.0 
0 . 0  
0 .0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 .0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
, 0 . 0  
~ 0 . 0  
! 0 . 0  
~ 0 . 0  
I 0 . 0  

9.66 I E-03 
6.59lC-02 

1.4676-01 1.474E-01 
1 .6 I 9C-01 2. S9SE-0 1 
1.76%-01 3.S44C-01 
1.9OSC-01 4.2916-01 
2.OSSr-01 5.217e-01 
2.296&01 6.973C-0 1 
2.52JC-01 I .590E-O1 
2.74OC-01 l.O08E+OO 

566 



APPENDIX E. (Continued) 

Oxygen 

MCRQY 

nav 
0.0100 
0.0125 
0.0150 
0.0175 
0.0200 
0.0250 
O.OJO0 
O.OJ50 

0.0600 
0.0650 
0 .  osoo . . .__. 
0.0150 
0.0600 
0.0700 
0.0800 
O.O*OO 

0.1000 
0.1250 
0.1500 
0.1750 
0.2000 
0.2500 
0. so00 
0 .  s500 

STOPPING ?OUR 
COLLISIOM RADIATIVE TOTAL 

mv c m f t g  m.v c m v q  MV cmuq 

1.9J7L+Ol 6.267E-OS 1.9J7E+Ol 
1.6SZE+Ol 6.298E-OJ 1.6J3E+Ol 
1.619E+Ol 4.316C-01 1.419E+Ol 
1.26OL+Ol 4.128E-OJ l.Z6lC+Ol 
1.1UttOl 6.JS6E-OS l.lJ8E+Ol 
9.595CtOO 6.347C-OJ 9.6001+00 
8.J59C+OO 6.J56C-03 8.163CtOO 
7.647C+OO 6.16SE-03 7.652EtOO 

6.746CtOO 6. S76E-OJ 6 - 750CtOO 
6.189C+OO 6.188E-01 6.19SCtOO 
5.71SCtOO 4.4OZE-01 5.7J9CtOO 

6.5JOE+OO 4.47lE-03 6.5SSE+OO 
4.142C+OO 4.5lZC-OS 6.146C+OO 
J.815EtOO 4.558C-OS S.8J9f+OO 

J.586EtOO 6.607E-01 3.591E+OO 
J .  1 SJC+OO 4.741 1-05 1.1 J7E+OO 

2.6061+00 5.068C-OS 2.61lCtOO 
2.461C+OO 5.215C-03 2.646C+OO 
2.21lC+OO 5.578E-03 2.217C+00 
2.061C*OO 5.975E-OJ 2.067C+OO 
1.957L+00 6.6OZE-OJ 1.96SC+OO 

S.JS~E+OO *.+~~c-oJ S.S~~C+OO 
~ . o s w o o  6.4~1-03 s . o * a t o o  

z .~ZIE+OO 4 .uwc-os z.asic+oo 

CSDA 
RAWOC 

q4Cm a 

2.95OE-04 
6. 362E-06 
6.009E-06 
7.88ZC-04 
9.9731-04 
1 -678E-OJ 
2.037C-01 
2.672C-OJ 

S .378C-03 
4.15sc-0s 
4. 992C-0s 
5.894C-0s 
6.856C-01 
8- 951 c-0s 
1 .126E-02 
1 . S77C-02 

RADIATION 0MS.EW. 
YIELD c o n .  

(DELTA) 

1.207E-06 0.0 
l.4b.E-Ob 0 . 8  . - . . - - - . - . - 
1.68lE-04 0.0 
1.9OJE-06 0.0 
2-118E-04 0.0 
Z.IZ9E-06 0.0 
2.919C-04 0.0 
1. mse-06 0 . 0  

4. 98lC-or 0 . 0  
5.6OOC-04 0.0 
6.2OlC-06 0.0 
6.779C-06 0.0 

7.SSfC-06 0 . 0  . . - -. - . . . 
8.666C-06 0.0 
9.9211-04 0.0 
1.112t-01 0.0 
1.227C-0s 0.0 
l.467C-OS 0.0 
1.656E-OS 0 . 0  
1.859C-03 0 . 0  

0 . 6 0 0 0  1.88Zt+OO 6.856E-05 1.889C+OO 1.67JC-01 2.057C-OJ 0.0 
0.4500 1.8261+00 7.1JSE-03 1.83IE+OO 1.742C-01 2.25JC-OS 0.0 
0.5000 1.786CtOO 7.8UC-05 1.791E+OO Z.Ol8C-01 2.646E-01 0 . 0  
0.5500 1.751C+00 8.36tE-OJ 1.759C*QO 2.29)C-Ol 2.61iC-05 0.0 
0 . 6 0 0 0  1.725CtOO 8.9ObL-OS I.lSbE+OO 2-SaSE-01 2.811E-01 0 0 
0.7000 1 .rioc+oo i . i i *E-o i  i ~iOii+io i I i Z i i i - O i  5:iist-oi oii 
0 . 8 0 0 0  1.667L+00 1.l22E-02 1.679C+OO J.76lC-01 J.6OOC-03 0.0 
0.9000 1.654t+00 l.ZI7E-02 1.666C*00 4.359C-01 S.987C-03 0.0 

1.0000 1.646Et00 1.376E-02 1.619C+OO 6.96lC-01 6.S77E-01 0.0 
1.2500 l.LllE+OO 1.718E-02 1.658E300 6.469C-01 5.366C-03 0.0 
1.5000 I.667L*O0 2.086E-02 l.667C+00 7.97SC-01 6.176C-OS 0.0 
1.7500 1.6581+00 2.668C-02 1.682C+OO 9.6661-01 7.6OSE-01 0.0 
2.0000 1.671f+00 2.869C-Of 1.699C+OO l.O94C+OO 8.652E-OJ 0.0 
2.5000 1.699E+OQ J.711C-02 1.716C+OO l.S86C+QO 1.059E-02 0.0 
S . 0 0 0 0  1.727CtOO 6.198t-02 l.77SE+00 1.67lE+OO 1.276E-02 0.0 
3.5000 t.75~ttOO 5.~19~-02 1.8oaE+oo I.~~OE+OO I.WE-OZ 0.0 

6.0000 1.777Et00 6.4719-02 1.842C+OO 2.226C+OO l.72OC-02 0.0 
6.5000 l.?99C*OO 7.668E-02 1.874C+OO 2.493E+OO 1.945C-02 0 . 0  
5.0000 1.82OC*OO 8.669E-02 1.9OSE+OO Z.758C+00 2.l7lC-02 0.0 

6 . 0 0 0 0  I.817L+OO 1.OSlL-01 1.962EtOO S.Z7SE*OO 2.626E-02 0.0 
7.0000 1.889Et00 1.266E-01 2.016C+OO 3.777E+00 J.OI1C-02 0 . 0  
8.0000 l.)l8E+00 1.4OZL-01 2.066C+00 +.267C+00 J.536E-02 0.0 
9.0000 1.966Et00 1.705E-01 2.116E+OO +.766C+OO J.99OC-02 0.0 

s.sooo l.as9ctoo 9.170c-o~ I . ~ J ~ E + O O  s.oiat+oo Z . J ~ E - O Z  0 . 0  

10.0000 1.967E400 1.9J2C-01 2.16OC+OO 5.214C+OO 6.64lC-02 0.0 
12.5000 t.O16E+OO 2.1161-01 2.268C+00 6.141CtOO 5.558t-02 0 . 0  
15.0000 t.O57E+OO J.1121-01 2.368CtOO 7.421C+00 6.652C-02 0.0 
17.5000 Z.09PEtOO 1.72SE-01 2.666E+OO 8.456€+00 7.720E-02 0.0 
20.0000 2.lZtE+OO 4.1619-01 2.556E+OO 9.4521+00 8.762E-02 0.0 

30.0000 2.216E*OO 6.89OC-01 2.9OJ&+OO l.S12E+Ol 1.266E-01 2.989E-01 
15.0000 2.ZIIEtOO 8.189E-01 5.065&+00 1.679C+01 1.646E-01 6.6ZSC-02 
zs.oooo 2.171E+OO s.606c-01 ~.~sse+oo i.is+ctoi i.o76~-oi 0.0 

6 0 . 0 0 0 0  2.272Et00 9.5OSL-01 J.Z22E+00 1.6S8C+Ol 1.617C-01 l.lO9C-01 
+ 5 . 0 0 0 0  2.292E+OQ 1.081C+OO J.S75E+OO l.79OE+Ol 1.779C-01 1.94OE-01 
50.0000 2.110L+00 1.216C+OO 1.526E+00 1.9SSE+Ol 1.936C-01 2.8OIL-01 
55.0000 Z.fZ5C+OO 1.~50€+00 1.6751+00 Z.O74E+Ol ).OOZE-01 3.682C-01 
iO .oOoo 2 . j s E t o o  i.iiic+oo s.rzSt+oo 2.207C+oi z.z2it-oi 6.~96Goi 
70.0000 2.$6lE*OO 1.755€+00 6.ll6t+00 2.659C+Ol 2.688E-01 6.ZJ9C-01 
8 0 . 0 0 0 0  2.179C400 2.028CtOO 6.607LtOO 2.696EtOl 2.732C-01 7.119C-01 
90.0000 2.S95Et00 2.J02Et00 +.697L+OO 2.916EtOl 2.947C-01 9.288C-01 
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APPENDIX E. (Continued) 

Aluminum 

DMS.EFF. 
CDRR . 
(DELTA) 

M U G Y  STOWINO ?OUR 
COLLISION RADIATIVE TOTAL 

RADIATION 
YIELD 

k U  em209 

1.649E+Ol 
1 .398E+O I 
1.220E+OI 
1 . 088C+O I 
9. 84bE+OO 
8. J38E+OO 
7.287E+00 
6. 501E+OO 

5.909E+OO 
5. 4SOC+OO 
5 .ossC+oO 

ROU cmU9 

6 .559C-OJ 
6.7OOE-03 
6.798E-03 
6.871E-OJ 
6. )OIL-03 
7. 004E-OJ 
7.05IL-03 
7.lOOE-OS 

h V  

0.0100 
0.0125 

3.559E-04 
5.1 928-04 
7. I I IE-04 
9.284C-04 
I .1708-01 
1.724.t-OS 
2. S67E-03 
3 .QISC-OS 

2.132E-04 
2.58SE-01 
3.0 1 6E-04 
3.635E-06 
J .84OE-O4 
4 .616004 
5.353C-OI 
).OWE-04 

6.7J6E-04 
7, 3IOE-04 
8. 022c-01 
8.6 Slt -0  4 
9.ffZE-04 
1.038C-03 
1. W7E-03 
1 . ZSZC-0 3 

3. 5SE-04 
4.9J7E-04 
6. SJIE-04 
8.332E-04 
1.0110-03 
1.483C-03 
Z.OO5E-03 
2.59SE-OJ 

i;OlJO 
0.0175 
0.0200 
0.0250 
O.OJO0 
0.0350 

7.29IE+OO 
6. SI6C+O@ 
5.9l6C+00 
5. 417C+OO 
5. 046E+OO 
4.721 E*OO 
4. +4bE+OO 
4 .005L+OO 
J .666S+.O 
3 .  401 E+OO 

0.0400 
0.0450 
0 . 0 5 0 0  

7. I 33E-OJ 
7.1 b2E-OS 
7.1 I1 f-OJ 
7.Zl7E-OS 
7. 243E-OJ 
7.295E-OS 
7. JSOC-03 
7-41 1 E-OS 

J.9OOC-03 
4.78SC-OS 
5.7-E-03 
6.76 SE-0 1 
7.8SSC-0s 
I .  023E-02 
I . 28CC-OP 
1.5u.t-02 

J.246C-OJ 
3.96OC-03 
4. 732C-OS 
5.56OC-03 
6.44OE-05 
8.35IE-05 
1 .045E-O2 
1.27lC-02 

0.0SSO 
0.0600 
0.0700 
0 .0800 

- . . - . - . . 
4.71 4C+.O 
4.439c+oo 
J.9I8C*OO 
S. 661 E+OO 

0.0900 3.3ISC+OO 
0.1000 
0.1250 
0.1500 
0.1750 

3.177E+OO 
2.78lE+00 
2 .Sl JE*OO 

7.476E-03 

7.865E-OJ 
7. ~ 1 9 e - o ~  

1.87ZE-02 
2.716C-02 
S.bS9C-02 

1. 353E-OJ 
I .59SE-03 
1 .816E-OS 
2.028C-03 
2. ZSl t-0s 
2.6 I6E-OJ 
2.982E-05 
3.335&-03 

1.51JE-02 
2.175E-02 
2.907E-02 
3.694E-02 
4. 525E-02 
6. 28OE-02 
8.1 1 6E-0 2 
9.997E-02 

2. StOE+OO 
2.174E*00 
1 .972E*OO 
1.839~+00 
1.767E400 

1.680&*00 
1.63OL+OO 

Z.J28t+OO 
2.1.SE+00 
1.98lE+OO 
1.84IC+OO 
1.757E+OO 

1 .69lC+OO 
1.642C+00 
1 .6OlE+OO 
1 .576C+00 
1.556E+OO 
1.522E+00 
1 .503E+OO 
1 .492c+oo 

1.486E+OO 
1 . 484E+OO 
1. 491C+OO 
1 . SOIEtOO 
1.518C+OO 
1 .549C+OO 
1.58OC+OO 
I .6OlC+OO 

1 .637E+00 
l.LLIE+OO 
1.690EtOO 
1.71 SE+OO 
1.739E+OO 
1.787C+OO 
1 .8SSE+OO 
1.877E+OO 

1 .921 E+OO 
2.029E*00 
2.1 S4C+OO 
2.237C+OO 
2.S40C+00 
2.544E+OO 
2.7*6E+OO 
2. 947E+OO 

6.69SE-0% 
0.2000 5.iOiS-02 

8.217E-02 
1.083C-01 
I.36IC-01 

0.2500 
0. 5000 
0.3500 

8.888C-03 
9.487E-03 
1.013E-02 

0 . 4 0 0 0  
0 . 4 5 0 0  

1 . oaze-ot 
1 .15*E-02 
1 -2JOE-02 
1 .309E-02 
1. J9OE-02 
1 .56OE-02 
1.7JIE-02 
1.925E-02 

I. 652C-Ot 
1 .952c-0 1 
Z.Z60E-0 1 
2.575C-0 I 
2 .894E-O 1 
J.54gC-01 
4.206E-01 
4.874E-01 

3.678E-03 
4.0 16E-0 3 
4.349E-03 
4.68OE-03 
5.009C-OS 
5.664E-03 
6.31 9E-03 
6.976E-03 

7.636E-05 
9.JO6E-03 
1 . 1 0 1 E-02 
1 -2fbE-02 

1.19OL-01 
I . sloe-0 1 

0 . 5 0 0 0  
3 .5500  
0 . 6 0 0 0  
0.7000 
0 . 8 0 0 0  
0.9000 

i : SiSC+OO 
1.563&+00 
l.S4QE+OO 
1 . 507E+OO 
1.486E+00 
1. +7JE+OO 

1.569E-01 
1.757E-01 
1 . 94JE-0 1 
2.307E-01 
2.66 1 E-01 
5.005E-01 

1 . o o o o  
1 ,2500 
1 . 5 0 0 0  
1.7500 
2 .0000  
2 . 5 0 0 0  
5.0000 
1 . 5 0 0 0  

* . o o o o  
6 . 5 0 0 0  
5 . 0 0 0 0  
5 . 5 0 6 0  
6 . 0 0 0 0  

1 .465E+OO 
1 .*57E+00 
1 .IkOE+OO 

Z.ll9E-02 
2.630E-02 
3.177C-02 
J. 752t-02 
4 .350c-02 
5.6OSE-02 

5.546E-01 
7.231E-01 
B.9I2E-Ol 

3.3J9E-01 
4.138E-0 1 
+.898E-01 

1 .Q66Z+OO 
1 . +75E+00 
1 .493E+00 

i .osOc+eo 
1. 224c+oo 
1.550C+OO 

5.632E-01 
b. S49E-01 
7.757C-01 
9.14%-01 
1 .OSlE+OO 

1 .51 OE+OO 
1 .526E+00 

1.540E+00 
1 .552E+OO 
1 .564E+OO 
1.574E+OO 
1 .58SE+00 

1.613E+OO 
1 .6ZSE+OO 

1 .599e+oo 

I . ~ J ~ ~ + o o  
1 .658E+QO 
1 . b76O+OO 
1.691E+OO 
1 .70*E+OO 
1.726E*OO 
1.743E+00 
1 .757E+00 

6.924e-02 
8.292E-02 

9.7029-02 
1.11%-01 
1 .26JE-OI 
1.4lJE-01 

2.491 C+OO 
2.79+E+00 
3.092E+OO 
1. t86E+OO 
3.67St+OO 
4.2~2E+QO 
6.795E+00 
5.336E+OO 

5.861 E+OO 
7.127C+OO 
6. J 2 8 t * O O  
9.4721+00 
I .OS6E+Ol 
I .L6IE+OI 
1 .450C+OI 
1 .6Z6E+01 

1.7IOC+OI 
1 . 944E+O 1 
2.089C+01 
t.O?!6C+Ol 
2.356E+01 
2.597E+01 
2.81 7E+Ol 
3-01 9E+01 

2.918E-02 
J.296E-02 
1.675E-02 
i. 055t-02 1 . 55OE+OO 

1 - 6 6  1 EIOO 
. . . - - - . 
1.567E-01 
1.87%-01 
2.200E-01 
2 - 526E-0 I 

.- 
4.436E-02 
5.  I97E-02 
5.955E-02 
6.708E-02 

_.__._ 
7 . 0 0 0 0  
8.0000 
9.0000 

10.0000 
12.5000 
15.0000 
17.5000 
20.0000 
25.0000 

3 5 . 0 0 0 0  

4 0 . 0 0 0 0  
65. a000 
5 0  .OOOO 
55.0000 
60 .OOOO 
7 0 .  D O 0 0  
8 0 . 0 0 0 0  
90 .0000 

so .ooao 

2.858E-01 
3.706E-01 
*.S7*€-01 
5.*59E-01 
6.357E-01 
8. I8OE-01 
1 .OOSE+OO 
1 .19OE+OO 

7.454E-02 
9.28 1 E-02 
1 .lOSC-01 
1 . +JOE-0 1 
1.74%-01 
2.027E-0 1 
2.287E-01 

1.275~-01 

Z.J84E+00 
2.727E+00 
5.016E+00 
J.Z65E*OO 
S.484E*00 
3.857E*00 
4 .16lt+OO 
4.~~50*00 

I .769E+OO 
1 .780E**O 
1.789€+00 
1 .797C+00 

J. 148E+OO 
3.34IE+OO 
5.  550E+OO 
J.751C+O@ 
3.951E+OO 

2.528E-01 

3.15tL-01 
3.JSJE-01 
S.66ZE-01 
3.953E-01 
4.214E-Ot 

2.751 e-or 
2. 9s9e-01 

4.669E400 
4.878E+OO 
5.068E+OO 
I.ZIlE+OO 
5 .  401 E+OO 
5.687E+00 
5. )J6E+00 

1 . 95SE+00 
2.1 +7L+00 
2.535E+00 
2.927E+OO 
3. 320E+OO 

1 .805t+oo 
1 .818E+00 
1 .829E+OO 
1.838E+00 6.16 1 E+OO 
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APPENDIX E. (Continued) 

Silicon 

M R Q Y  

I k V  

0.0100 
0.0125 
0.0150 
0.0175 
0.0200 
0 .0250 
0 .0300 
0.0350 

0 .  0600 
0 .0650 
0 .0500 
0 .0550 
0.0600 
0.0700 
0.0800 
0.0900 

0.1000 
0.1250 
0.1500 
0.1750 
0. zoo0 
0.2500 
0 .  SO00 
0 .3500 

0.4000 
0 . 6 5 0 0  
0.5000 
0.5500 
0.6000 
0.7000 
0.8000 
0.9000 

1 .oooo 
I .25OO 
1 .so00 

srorrxwa roum 
COLLISION RAPIATIVC TOTAL 

CSDA RADIATION ocns.crr. 
RANGE YIELD am. 

C DELTA 1 
I k v  em*/* 
1.689C+Ql 
I . 6StC+O 1 
I .25lC+Ol 
1 * 1 15E+Ol 
1 .OlOC+O1 
8.556E+OO 
7.48OC+OO 
6.682C+OO 
6 .067E+OO 
5.576C+OO 
5.  I75C+00 
6.86tC+OO 
4 .559C+OO 
4.107C+00 
1.76lC+OO 
I. 487E+OO 

7 - ZSSC-01 
7 .6SlC-OS 
7.555C-OS 
7.668C-OS 
7.72OC-OS 
7.892C-0s 
7 - 966C-01 

7 .wc-os 

1.690C401 
1. 6SSC401 
1.252c+.1 
l.tl6C+Ol 
1 .OIlC+Ol 
8. 564C*OO 
7. 687C400 
6.690C400 

S.UlE-O+ 2.289C-04 1.0S7C-Of 
5.074C-06 2.78OC-06 l.SS2C-OS 
6.966C-04 S.252C-06 1.64lC-OS 
9.065C-O+ S.lO9C-04 1.96SC-03 
1.162C-0s 6.15lC-04 2.298C-0s 
1 -682C-OS 5.OOOC-04 3.007C-93 
Z.JO6C-OS 5.807C-04 S.766C-OS 
S.Ol6C-OS 6.579C-05 4.572C-OS 

S.802C-OS 7.122C-06 5.624C-OS 
6.66lC-OS 8.OJ8E-04 6.S2OC-OS 
SaS91C-OS 8.75lE-04 7.257E-OS 

7.986C-OS 
8. 026C-0s 
8. 06 1 C-03 

6. 075C+OO 
S.S8+C+OO 
S.l8SC*OO 
4 . 850C+OO 
6 .56ac+oo 
4.1 16C400 
S.769C*OO 
s.w6c+oo 

8.orzE-of i;sioc-os 9.rOrC-04 a.235e-os 
9 . ~ 4 c - o ~  1 .isie-os 1 .is9c-02 
7.6SM-OJ 1.006C-03 9.25IE-OS 
1.251C-02 1.251C-01 1.366E-02 
l.SZ6C-02 1.S66C-OS 1.606C-02 

8 .  i i t i j  
8.185C-0s 
8.266C-Ol 
8.31 7C-OS 

I .  265C+OO 
2.859C+OO 
2.583C+OO 

8 .  S89C-OS 
8.591C-05 
8 .  821 c-0s 
9.076C-01 
9. S49E-OS 
9.951c-0s 
1 . O62C-02 
1 . 1 s3c-02 
1 .toll?-02 
1 .29OE-02 
1. S76E-02 
1 .661C-02 
1 -551 c-02 
1 .760E-02 
1. %WE-02 
2.165E-02 

3.27*C+00 
2.667C400 
Z.SPtC+OO 
2.s94c+oo 
2.26SC+00 
2.0S6C400 
I - 90JC+OO 
1 .809C~OO 

1.76IE40~ 
1.690C+OO 
1 .6S2C+OO 
1.62SE400 
1 .100c400 
1.568C4OO 
1.569C400 
1 . 537C400 

l.822C-02 1.+76C-OS 1.86IC-02 
2.662C-02 1.7S7C-OS 2.5S6C-02 
S.56lC-02 1.98lC-OS S.27lE-02 
6.566C-02 2.212C-OS 6.05Ot-02 
5.666C-02 Z.+SSC-OS 6.868C-02 
7.P9lC-02 2.852C-0S 6.59ZL-02 
1.056C-01 S.268C-OS 8.6OZC-02 
1 .32SC-Ol S.6SlC-OS 1.027C-01 

Z.38SC+OO 
i.2sit+oo 
2.026C+OO 
1 . 892E+OO 
1.797E+OO 

1. 72lC+OO 
1.677f+00 
1 .6S8E*OO 
1 .608C*OO 
1.585C+OO 
1.551E+OO 
1 .529C+OO 
1.516E*00 

1.606C-01 
1.897C-01 
2.1 )It-0 1 
2.502C-01 
2.81 tc-0 1 s . 446C-01 
6.086E-01 
4. 7S6C-01 

4.OOSE-0s I .216C-01 
I -bO?E-Ol . . . . - . . 
1 . 599c-0 1 
1.79OC-01 
1 . 98OC-0 1 
2.S55C-01 
2.721 C-0 1 
3 .  077C-0 1 

1 -511 C+OO 
1 . 529C*OO 
1.5S8C+OO 
1 .S51C*OO 

5.UIC-01 6.275C-05 S.424C-01 
7.022C-01 1.007E-02 4.248C-01 
6.65ZC-01 1.19OC-02 5.OZOC-01 
l.O27C+OO 1.S76C-02 5.747C-01 
l.l88C+00 1.565C-02 6.6S9C-01 
1.50SC*00 1.969C-02 7.74SC-01 
1.8ItC+OO 2.560C-02 8.976C-01 
2.115C+OO 2.7S6E-02 1.016C*OQ 

2.412E+OO 3.13bE-02 1.131C400 

1 .507E+00 
1 .50OC+OO 
1 .502E*00 

2.  MOC-02 
2.927C-02 
S.5JSC-02 

1 .7500 1 . 5OIE+OO 4.171 c-02 
6 .8SSE-02 
6.22SC-02 
7.682C-02 
9.1 PIE-02 
1.076L-01 

~ -.- 
z .0000 
2.5000 
3 . 0 0 0 0  

~ . - . . - . . 
1 .518E+OO 
1 .538C+OO 
1 . 558C*OO 
1.575C+00 

1 Ili7t4ii 
i ; i e o k o o  
1.6SIC400 
1.667E400 3.5000 

.eeoe 1.59lEt00 
1.605C+OO 
1.618Lt00 
1 .629C+OO 
1.639E+OO 
1 .657C+OO 
1.672C+00 
1.685E+OO 
1.697Ct00 

1.76OE+OO 
1.75bEt00 
1.7LIE+08 

1 .721 m o o  

1.699C400 
1.729C+OO 
1.758E400 
1.786C400 
1 -8lSC+00 

. . - . - - . . 
1 .ZS6E-01 
1. 399C-01 
1.566E-01 
1 .735C-01 
2.081 c-01 
2.4SSC-01 
2.795C-01 

4.5000 
5 .oooo 
5.5000 
6 . O O O O  
I .  0008 6;0%5C+OO 5.546C-02 1.748C*OO 

6.626C+OO 6.S66C-02 1.925C+OO 
S.lS9C400 7.1S6C-02 l.O88C+OO 

._.__ 
8.0000 
9.0000 

10 .oooo 
12.5000 
15.0000 
17.5000 
20 .eeea 

3 .1611-01 
6.098C-01 
5.057E-01 
6.OSSC-01 
7.OfSL-01 
9.035C-Ol 
1 - 1  O8E+OO 
1 .Sl4C*OO 

Z.OlSL+OO 5.662Et00 7.919C-02 Z.Z39C+OO 
2.lJOt+OO 6.869CtOO 9.8SSE-02 2.574E+OO 
Z.Z!lSt+aO 7.992C+00 1.168C-01 2.858C+OO 
2 . S 5 9 h O 0  9.078C400 1 .S65&-01 3.105C*OO 
2.672tt00 l.OllC+Ol 1.514C-01 S.S2SE+OO 

3.lS9t+OO l.S68E+01 2.S9IC-01 6.266E4OO 

~.69se+oo I.~OSC+OI i.aszc-oi s.696~400 
2.917e+oo i.sasc+oi Z.IZSC-OI * .oo~c+oo 

-. . - . - - 
25 .oooo 
30.0000 
35.0000 

. - . - - - . . 
1.791C+OO 
1.809C+OO 
1 .626t+OO 

40 . O O O O  
6 5 . 0 0 0 0  
50.0000 
5s.0000 

1 .as7c+00 
1 .648C+OO 
1.658E+OO 
1.866C+OO 
1 .atbE+oo 

1 . SZSC+OO 
1.73SC4OO 
1 .944c+oo 
2.156E+OO 
2.36~C+oo 60.0000 

70.0000 
60.0000 
90.0000 

. . -. . - - - 
1.888C+00 
1.900c+00 
1.910c+00 

2: ?%iC+OO s. Z ~ O C + O O  
3 .  668E+OO 

6.&86E+OO 2.+55E+Ol S.789C-01 5.509E+OO 
5.129C400 2.6SPE401 6.083C-01 5.757C+OO 
5.57St+OO 2.846C401 6.S46E-01 5.97Pt+00 
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APPENDIX E. (Continued) 

Copper 

ENERGY 

no v 
0.0100 
0.0125 
0.0150 
0.0175 
0.0200 
0.0250 
0.0300 
0 -0350 

0 .  OkOO 
O.Ok50 
0 .0500  
0 . 0 5 5 0  
0 .0600  
0.0700 
0.0800 
0.0900 

0.1000 
0.1250 
0.1500 
0.1750 
0.2000 
0.2500 
0 .3000  
0.3500 

0 . 6 0 0 0  
0.6500 
0 . 5 0 0 0  
0 . 5 5 0 0  
0 . 6 0 0 0  
0.7000 
0 . 8 0 0 0  
0.9000 

1.0000 
1.2500 
1 - 5 0 0 0  
1 .7500 
2.0000 
2.5000 
5.0000 
3 . 5 0 0 0  

6 . 0 0 0 0  
4 . 5 0 0 0  
5 . 0 0 0 0  
5.5000 
6.0000 
7.0000 
8 . 0 0 0 0  
9.0000 

10 .oooo 
12.5000 
15.0000 . - . . . . . 
17.5000 
20.0000 
25.0000 
3 0 .  0000 
35.0000 

STD?PIHG ?OY&X 
COLLISIOW RADIATIVC TOTAL 

MeV cr'8g 

1.518EtOl 
1.127Et01 
9.9OkE*OO 
8.87kE+OO 
8.066EtOO 
6.877C*OO 
6 .OkOE+OO 
S.k16E+OO 

k.931Et00 
k.5kkE400 
k .226&+00 
3 .  96lE+00 
3. 736C*OO 
3. S75E+00 
3.098C+OO 
2.877E+OO 

2.698E*OO 
2.370t*00 
2.1k6E+OO 
1 .98kE+OO 
1 .861E*OO 
1.691E*00 
1 .579E*OO 
1.5OlE*OO 
1.6kkEtOO 
1.  kO2E*OO 
1 .JTOEtOO 
1 ; JkSE+OO 
l.J26E+OO 
1.298E*00 
1 .281 E*OO 
1 . i ? O ~ * O O  

60 .OOOO 
45.0000 
5 0 . 0 0 0 0  
55 .oooo 
60.0000 
70 .OOOO 
80.0000 
90.0000 

.263E*00 

.257E+OO 

.259E*OO 

.265E*OO 

.27SE*OO 

.289E*OO . SOSE+OO . JZOE*OO 

. 33kE*OO 

. 3 6 6 f * O O  .- ._ 

.358E*00 

.368E*OO 

.378E*00 

.396E*OO . kl 1 E+OO 

.+2kE*OO 

1. k36EtOO 
1. k62Et00 
1 . k82C+OO 
1.4*9€*00 
1.51 3E*OO 
1.537E+00 
1.555E*OO 
l.S70E+OO 

1.582E*00 
1.593E*OO 
1.603E+OO 
1.6llE+00 
1.619E*00 
1 .6JZE+00 
1.6k3C+OO 
1.653C*OO 

MeV c r v g  

I .213E-02 
I .277E-02 
1.327C-02 

1.399C-02 
1 . kkIC-02 
1 . k8.C-02 
1 .518C-O2 

I. ~ 6 6 e - o ~  

1 .SkJC-02 
1.564C-02 
1 .58SE-02 
1.6OOC-02 
1.61%-02 
1.6klC-02 
1.66W-02 
1.688E-02 

1.71OC-02 
1.76SE-02 
1.816E-02 

1 .926C-02 
2.0 at-02 
2.172E-02 
2. JO7C-02 

1.870~-02 

2. k5OE-02 
2.6OOE-02 
2.7571-02 
2.91 9E-02 
3.087E-02 
3.k37E-02 
3.803E-01 
k. 1 8SC-02 

k. 58OE-02 
5.6230-02 
6.7335-02 
7.896E-02 
9.103C-02 
1.162E-01 
1. k25E-01 
1.697B-01 

1.976E-01 
2.261E-01 
2.552c-01 
2.8k7E-01 
3 . 1 k6E-0 1 
3.756E-01 
6.378E-0 1 
5.009E-01 

5.65OE-01 
7.282E-01 
8.9k9E-01 
1 .Ob4E+OO 
1.236E*00 
1 .583E*OO 
1.936L*OO 
2.291 C*OO 

2.65OC*OO 
3.012&*00 
S.fSOE*OO 
k - 107It80 
3 .  s75e+oo 
. . . . . - . 
k.8lkE+OO 
5.586E*OO 
6. SSOC*OO 

l.J19C*Ol 
1.128C+Ol 
9.917EtOO 
8 .887C+O. 
8. 08omOo 
6.892E+OQ 
6.05SC400 
S . kS1 W O O  

4.947E400 
k.560C400 .. 
4.242C+dO 
3.977E+OO 
3.753E+OO 
3.3901400 
3.1 14E4OO 
2.894WOO 

2.71 SE+OO 
2.387E+OO 
t.l6lC+OO 
2. 002C+OO 
1.881C+OO 
1 .7llE+OO 
1.60111+00 
1 .52lL+OO 

1. k69C+OO 
1. k28E+00 
1.396E+00 
1.375L+00 
1 . S57E+00 
1.333C+OO 
1.31 9L+OO 
1.312t+oo 

1 . JO9E*OO 
1 -31 3E+OO 
1.327E+00 
1 .3kkE+OO 
1. S6lE+OO 
1. kQSC+OO 
1. kkEC+OO 
1. k9oC+OO 

1.531 E+OO 
1.573E*00 
1.61 SEtOO 
1.653E+00 
1 .693E+OO 
1.771E400 
1.8k9EtOO 
1.925E*OO 
2.001 m o o  
2.190&*00 
2.377E+00 
2.5638+00 
2.7k9CtOO 
3.12OC+OO 
3. k9lCtOO 
3 .a61 E+OO 
k .233C*OO 
k.6OlE+00 
k- 978CtOO 
5.351 C+QO 
5.725C*OO 
6. k76E+OO 
7.229C*00 
7.983E400 

k - 60 1 E-Ok 
6 .658C-Ok 
9. 02ac-ok 
1.17OC-03 
1. k65C-03 
5.1 SOL-03 
2-91 lE-01 
3.788C-03 

l.7541-03 
I -aoae-os 
b . $kb&O3 
8.164E-03 
9. W9C-OS 
1 . 227E-02 
1 .5356-02 
i.16ac-02 

2.225E-02 
3.21 1 C-02 
k. 1 IlC-02 
5.51 7C-02 
6.807C-02 
9.601E-02 
1 . 263E-0 1 
1 .58kC-Ol 
1.918C-01 
2.263C-0 1 
2.6 17C-0 1 
2.978E-01 
3.SkSE-01 
l . OIIC-0 1 
k.8k3E-01 
5.6OkC-0 1 

6 - S67E-0 1 
8.276E-01 
1.017EtOO 
1. ~04C+OO 
1.389Ct00 
1.7SOC+OO 
2.101 E*OO 
Z.k+lE+OO 

2.772E+00 
3.09kC400 
3. k O l t t O 0  
3.71 SC+OO 
k.013Et00 
4.SWIC+08 . . - - . - - - 
5.1 k3EtOO 
5.67SC+OO 
6.1 8SEtOO 
7.376E*OO 
8.k7PI+OO 
9. +8lt*OO 
1 .Ol3s+O1 
1.21SE+Ol 
l.S65E*Ol 
1.50lE+Ol 

1.62QC+01 
1 .738C+0 1 
1.8k2L401 
1 .939L+O 1 
2.029C+Ol 
2.19SC+O1 
2.339C+O 1 
2. k7lE+Of 

R A Of 1 T 1 OW 
YIELD 

k .701 C-01 
5.81kE-04 
6.9OkE-Ok 
7.97ZE-Ok 
9.0 1 9E-Ok 
1.lOSE-03 
1 .30lC-03 
1 .k91C-03 

1.67lE-03 
1 . 852C-03 
2.OZlE-03 
2.194C-03 
2. 3UC-03 
2.67kC-03 
2.977E-03 
3.267E-03 

1.5k7E-03 
k.208E-03 
4.822C-01 
5. kOlC-OS 
5.95OC-03 
6.98lC-03 
7.9ME-03 
8.86OE-03 

9.7 k 1 E-03 
1 . O6OE-02 
1.1 k3E-02 
1 .226C-02 
1 .307E-02 
1. k67E-02 
1.6ZSC-02 
1 .782E-02 

1.938E-02 
2. 328C-02 
2.720t-02 
1.11 It-02 
1.509E-02 
k. 302E-02 
5.015002 
5.885E-02 

6.668E-02 
7. kkSE-02 
8.2O9C-02 
8 .  96515-02 
9.71OE-02 
1.117E-01 
1 .258E-0 1 
1. MkE-01 
1.526E-01 
1.837E-01 
2.12ZC-01 
2.38SE-Ol 
2.628E-01 
3.061 E-01 
3.k37E-01 
3.767E-01 

k.OI9E-01 
k. 32OE-01 
k.55kC-01 
k.766E-01 
k.959E-01 
5.298E-01 
5.587E-01 
5.836E-01 

DENS. EFT. 
CORR . 

(DELTA) 

1 .ZkkC-03 
1.585E-03 
1.938E-03 
2. 3OkE-03 
2.68Sr-Of ~- 
3 . k8lE-03 
k. M E - 0 3  
5.247C-03 

6 .ZZOE-O3 
7.259E-03 
8.36%-03 
9 .SkZE-03 
1 . oaoc-02 
1.35lE-02 
1.66lC-02 
2.01 3E-02 

2.QOkE-02 
3.S83E-02 
5.053E-02 
6.758C-02 
8.595C-02 
1.236E-01 
1.603E-01 
1 .9SIE-01 

5.3029-01 
2.63SE-01 
2.958E-01 
3.273E-01 

k. 173E-01 
k. 739E-01 
5.28Ot-0 1 

s.saic-01 

5.799C-01 
7.01 1 E-01 
8.121 E-01 
9.1 b9E-01 . . . . - . . 
1 -01 1E*00 
1 .186E*OO 
1 .Jk3E*OO 
1. k86EtOO 

2.OS2E*00 
2.229EtOO 

k. 676Et00 
4.87kEtOO . . -. . - . . 
5 .  QS+E*OO 
5.Z19L+00 
5.372L*00 
5.6k6EtOO 
5.886E+OO 
6.100E*OO 
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APPENDIX E. (Continued) 

Tin 

D I R G Y  

k V  
0.0100 
0.0125 
0.0150 
0.0175 
0.0200 
0.0250 
0.0300 
0.0350 

O.OkO0 
O.Ok50 
0.0500 
0.0550 
0.0600 
0.0700 
0.0800 
0,0900 

0.1000 
0.1250 
0.1500 
0.1750 
0.2000 
0.2500 
0.3000 
0.3500 

0 .  k000 
0 .  k500 
0.5000 
0.5500 
0 .6000 
0.7000 
0.8000 
0.9000 

1 . O O O O  
1 .2500 
1 .so00 
1 .7500 
2.0000 
2.5000 
3.0000 
3.5000 

4 . 0 0 0 0  
4.5000 
5 . 0 0 0 0  
5 .  SO00 
b .0000 
7 .0000 
8. 0000 
9.0000 

10 .0000  
12.5000 
15.0000 
17.5000 
20.0000 
2 5 . 0 0 0 0  
30 .oooo 
5 5 . 0 0 0 0  

40 .0000 
45.0000 
so .  O O O I  - . . . . . 
55.0000 
60.0000 
70 . O O O O  
8 0 . 0 0 0 0  
90.0000 

STOWING ?Wt l  CSDA RADIATIOW DWS.EF7. 
COLLISIDW UDIATIVC TOTAL RANGE YIELD CORR . 

(DELTA) 

1.075Ct01 
9.Z6lEt00 
8.18bE+OO 
7. 36CC+OO 
6 - 71 H t O O  
5.759Et00 
5.07OEtOO 
4 .567C+OO 

k.lb9CtOO 
3 . 85OCtOO 
3 .587L*OO 
3.367EtOO 
3.l8lC+00 
2. a8oEtOo 
2.6k9E+OO 
2. k65Et00 

2.~1SEtOO 
Z.039CtOO 
1 .8S2CtOO 
1.717ttOO 
1.615Et00 
1 .47sctoo 
1 - 380E+OO 
1.316EtOO 

1 .26 9Et00 
1.235E+00 

1.189E+00 
1 .17*Et00 
1.152E+00 
1.lkOEt00 
1 . 1 S2E+OO 

1 .z09etoo 

I .  l28Et00 
1 .127E*00 
1 . 1 32LtOO 
1 . 1  kOEtO0 
1.149EtOO ~ .- .. 
1.168Et00 
1.186Et00 
1.203Et00 

1.21IL*OO 
1 . ZJ2EtOO 
1 . 2 k k C t O I  
1 .256EtOO 
1.266ft00 
1 . 285Et00 
1 .301EtOO 
1. I1 5Et00 

1.328Et00 
1 .S5SE+OO 
1 .  S74E+OO 
1 . J90E*OO 
1 . 404EtOO 
1.4t6EtOO 
1. k4kEtOO 
1 . k59EtOO 
1 .47lEt00 
1 .k81EtOO 
1.6*1EtII 
i i i i i Z t i i  
1.506E+00 
1 .519EtOO 
1 .5~OEtOO 
1 . 54OEtOO 

1 .SkSC-OZ 
1.769C-02 
1.869C-02 
1.95lC-02 
2.OZlE-02 

2.JLkL-02 
2. k22C-02 
2.k7SL-02 
2.5209-02 
2.56kC-02 
2*6+ZC-02 
2.7139-02 
2.778L-02 

2.8389-02 
2.9759-02 
3. IOOC-02 
3.216C-02 
3.328C-02 
S.550E-02 
J .  776E-02 
k. 01 OE-02 

k. 252E-02 
k. 505C-02 
C.766L-02 . . . - - - - - 
5. 03%-02 
5.31 1 E-02 
5.881 E-02 
6.  k72E-02 
7.08St&Oz 

7.71 PE-02 
9. S S E - 0 2  
l.lO8C-01 
1.287E-01 
1.b72E-01 . _ -  . .  
1 .855E-O 1 
2.251 E-01 
2.659E-0 1 

1.075E-01 
S.499E-01 
J.93OE-01 
4.366E-01 
k. 808E-01 
5.706E-01 
6.6ZOE-01 
7.5k7E-01 

8.k86E-01 
1.087Et00 
l.JllEt00 
1.578Et00 
1 .829CtOO 
2. 33aE+oo 
2.85*Ct00 
3. J76ttOO 

3.9OZE+OO 
k. 4SSEtOO 
k. 966EtOO 
5. 50SCtOO 
6.011 &to0 
7.1 ZkEtOO 
8 .  2lSEt00 
9. SO7EtOO 

1.077Ct01 
9.Z8lC*OO 
B.~OSC+OO 
7.38bCtOO 
6.740C+OO 
5.7IlC+@O 
s.lioetoo 
k .59OE+OO 

5.86 1 E-Ok 
8.371 E-Ok 
1. ItkL-05 
I. kk69-03 
1.801c-03 
2.605e 
S.SZ8C-03 
4 . 564C-OS 

:-03 
2 .zsrc-os 
2. M9C-03 

6.966E-Ok 
8.851 C-Ok 
1 .079E-OS 
1.279E-01 
1. k8kC-03 
I .  9lOE-03 
1.J58C-OS 
2.827C-03 

k.1959tOO 5.7059-OJ 2.93lC-03 3.316E-OS 
J.87kCtOO b-9k7E-03 S.2669-03 3.826E-OS 
3.6ltCt00 8.285C-03 S.595E-OS k-SSSC-03 
3.39fEtOO 9-7lkC-03 3.917L-OS k.9OkC-OS J.zoiZtoo iiizsc-oz i.zrsc-05 s.iijE-oS 
2.907L400 l.Wl9-02 k.849C-03 6.667E-03 
2.67CEtOO 1.8109-02 5.k459-03 7.935E-03 
Z.+9ZttOO 2.198E-02 6.02SE-01 9.276E-03 

2.3k3LtOO 2.6ltE-02 6.58kE-03 1.069E-02 
2.0699tOO 3.752C-02 7.9ZOC-OJ 1.kSlC-02 
1.883GtOO 5.OZll-02 9.172E-03 1.8759-02 
1.729CtOO 6.kOlE-02 1.035s-02 2.338E-02 

1.508C+00 1.106C-01 1.356E-02 3.9WE-02 
l.k18C+OO 1.4489-01 1.5kaC-02 5.166L-02 
1.356EtOO 1.809C-01 1.729E-02 6.k9ZE-02 

1.~4aetoo 7.876c-o~ i.i+7t-oz z.ame-02 

1.312Lt00 2.18SE-01 1.9OOC-02 7.898E-02 
1 .28OE+OO 2.571E-01 2.065C-02 9.366E-02 
1.257Et00 2.965E-01 2.2ZkE-02 1.088E-01 
1.239EtOO 3.366C-01 2.379s-02 1.2kJE-01 
1.227Et00 J.77tC-01 2.530C-02 1.399E-01 
1.211EtOO k.5931-01 2.825E-02 1.717E-01 
1.20kEt00 5.kZlE-01 3.lllC-02 2.036E-01 
1.203Et00 6.25ZL-01 3.S91E-02 2.35kE-01 

1.205Et00 7.08SE-01 S.666E-02 2.669E-01 
l.tZOEt00 9.1kLE-01 k.3kOE-02 3.4SCE-01 
1.Z4SEtOO l.ll8EtOO +.998E-02 4.168E-01 
1.269Et00 1.317Et00 5.646E-02 k.86SE-01 
1.297LtOO l.S12t?t00 k.28bC-02 5.S2SE-01 
1 .%kZtOO 1 ; 8 8 9 C t O O  ?.SikC-O% 6;?iir-Ol 
l.kl2Et00 2.251Et00 8.750E-02 7.876E-01 
1.k69Et00 2.598EtOO 9.9JJE-02 8.9OkE-01 

1.326EtOO 2.932Et00 i . i a a ~ - o i  q.asm-01 
I . k i i t o o  J;isietoO i.ziiC-oi i ; i isEtoo 
1.6379tOO 3.56kCtOO 1.329L-01 l.l58E+OO 
1.69tCtOO S.865C+OO 1.k3kE-01 1.236EtOO 
l.7k7Lt00 k.155Et00 l.537C-01 1.311EtOO 
l.85bEt00 k.711EtOO 1.73kC-01 l.k6W?+OO 
1.9639+00 5.2JkCt00 1.92OC-01 1.576E+OO 
2.070etoo s.730etoo 2.097~-01 i. o s ~ t o o  
2.176E*OO 6.202EtOO 2.2OE-01 1.805Et00 
2. kklEt00 7.286EtOO 2.6k9E-01 2 .OS7EtOO 
2.705Et00 8.258EtOO 2.99OE-01 2.279E+00 
2.969EtOO 9.1kOE+OO f.295C-01 2.678tt00 
S.233EtOO 9.9k7EtOO J.570E-01 2.658LtOO 
3.76kE+OO 1.138Et01 4.0kSE-01 2.97kEtOO 
k.298L+OO 1.262EtOl k.kkSE-01 3'.21kE+OO 
k.83kEtOO 1.372E+01 k.782E-01 I . W O E + O Q  

S.S7SL*00 l.k7OE+OI 5.07SE-01 3.689EtOO 
5.9lkE+OO 1.559E+Ol 5.S32C-01 3.878EtOO 
6.k57E*OO 1.639EtOl 5.558E-01 4.0k9E+00 
7.002E+00 1.71kEtOl 5.7bOE-01 4.206P*OO 
7.5k7Et00 1.783EtOl 5.9klE-01 k.JSlE+OO 
8.613E+OO 1.906EtOl 6.5516-01 4.6iZEtOO 
9.7kSEtOO 2.015LtOl 6.5lkE-01 k.8%JEt00 
1.085EtOl 2.11ZEtOl 6.73bE-01 5.05OEtOO 
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APPENDIX E. (Continued) 

Tungsten 

CSDA 
RANBE 

Q/C.' 

RADIATION 
YIELD 

DENS. EFT. 
CORR . 

C DELTA ) 

ENERGY 

MeV 

0 0100 

S1OIFING PDYER 
COLLISION R A O Z A t Z V E  TOTAL 

1 -77L-02 8.99SEtOO 
7.828C*OO 
6 .  968EtOl 

7. 489E-Ok 
1 .048E-OS 
1. S87C-OS 
1.7bSE-03 
2.179E-OS 
3. 1 14E-03 

5.172E-03 

b.68lE-05 

9.b27C-05 
1 .125C-02 
1.298C-02 
1. bb9C-02 
2.07%-02 
2.51 1 E-02 
2.977C-02 
k.2SSE-02 
5. bb8E-02 
7.2OPC-02 
8. 85515-02 
1.2SSE-01 
1 .bllC-01 
2.007C-01 

4.iaic-os 

8. I oi c-0s 

1.076E-03 
1.357E-03 
1 .b39E-03 
1.92OE-03 
2.200L-03 
2.75bE-03 
3.304E-03 
S.8kbE-OS 

4.381 E-OS 
4.908E-03 
5.  kSOE-03 
5.9k4C-03 
b .  $SIC-03 
7. k5SE-03 
8.43OE-OS 
9. 385E-03 

1.032E-02 
1.2579-02 
I .  67OE-02 

9.911E-04 
1.263E-03 
1.5k4E-03 
1.834E-03 
2.133E-03 
2.758E-03 
3. 4 1 7E-0 3 
k.109C-03 

... .. 
0.0125 
0.0150 
0.0175 
0.0200 
0.0250 

i .aobEtao 
6. 9 4 5 E t O l  
b .ZIlEtO0 
5.753EWO 
4.961&+00 

. . -. . - - - 
2.165E-02 
2.329E-02 
2.+50E-02 
2.56SE-02 
2 - 752s-02 

6.306C+OO 
5.779EtOO 
4.98 9c*oo 
4. k2SCtOO 
3 .996E+OO 

1.162E400 

0 . 0 3 0 0  
0 . 0 5 5 0  

0 . 0 4 0 0  
0 .  0450 
0 . 0 5 0 0  

k. 394EtOO 
J .  96bEtOO 

3.6 31 EtOO 
3 - J60Lt00 

2. isrr-02 
3.012E-02 

3.1bOE-02 4 . m ~ - 0 3  
5.591s-05 
6.378E-03 
7.1 WE-03 
8. 011 E-03 
9.dl7E-03 
1.170E-02 
1 .369C-02 

3.  2b7E-02 
S. M4C-02 
3.45kE-02 
3.5StE-02 
3. b 94C-02 
3.8SlC-02 
3.96lE-02 

3.39SEtOO 
3.17 1 W O O  
2. t85Ctro 
2.826WOO 
2.57OC+OO 
2.S7JCMO 
2.216Et00 

.~ s. 1 37C+OO 
2.950f+O0 
2.791E+OO 
2.533Et00 
2.3SSE+OO 
2.176EtOO 

_.__.. 
0.0550 
0.0600 
0.0700 
0 . 0 8 0 0  
0.0900 

0.1000 
0.1250 
0.1500 

4.084E-02 
4.355E-02 
k. 595E-02 
4.nlbE-02 

2.088EtOO 
1.852E+OO 
1 - 6 9 2 I t O O  

5.1 1 .577E-02 S9E-02 

2.755E-02 
3.k2OE-02 
4. 1 3 1 E-02 
5.677E-02 
7 .  WOE-02 
9.188E-02 

. 047EtOO 

.IOIE+OO 

.6k6E+00 

.528E+OO 
4S9CtOO 

0.1750 1 .s i ic+oo 
1 .k90E+OO 
1.370EtOO 
1.292E+OO 
1 .ZiOEtOO 

1 ;67SE-02 
1 .8bSE-02 
2.226 E-02 
2.558E-02 
2.87OE-02 

i.2000 
0 . 2 5 0 0  
0 .  1000 
0 .1500  

. . _ _ _  _ _  5:i21i-o5 

.Jl5E*OO 5.4I+E-02 

.Zf4E+OO 5.797E-02 

.178E+OO 6.179E-02 

0 .  4000 
0 .  4500 

. 1 38E*OO 

.108E+OO 

.08lE+00 

. 068EtOO 

.O55E+00 

.O36E+00 
1 .OZSE+OO 
1 .019EtO0 

l.O16E+OO 
l.O16E+00 
1.02lE+OO 
1 .029E+OO 
1 . OJ'IEtOO 
1 .055E+00 
1.072Pt00 
1.087EtOO 

1.101E+00 
1 .lllEt00 
1.126E+OO 
1 .136E+00 
1 . 1 k6E*OO 
1.16SEt00 
1 .178L+00 
1.19lEtOO 

1.2031t00 
1 .227E+00 
1 . ZllEt00 
1 .263E+OO 
1.277EtOO 
1 .299E+00 
1 .316E+00 
1.331Et00 

6.565E-02 
6.9560-02 
7. SSE-02 
7.755E-02 
8.162E-02 
8.99SE-02 
9.8klE-02 
1.071E-01 

I .20SE+O0 
1. I77EtOO 

2.41 bE-0 1 
2.816E-01 
3.26SC-01 

k.lS7E-01 

5.91 1 E-01 
6.8OOE-0 1 

7.68bE-01 
9.875E-01 
I .2011tOO 

3. m e - o  I 
5. 022e-o i 

3.164E-02 
5.4kSE-02 
3 .71 2E-02 
3. 971 E-02 
4. 221 E-02 
k. 702E-02 
5.1b1 C-02 
5 .602E-02 

6.030E-02 
7.051 E-02 
8.022E-02 
8.95SE-02 
9.856E-02 
1.158E-01 
1.32lE-01 
1 .476E-O1 

1.11 1E-01 
t . 31 OE-0 1 
1.515E-01 
1.723s-01 
1 .932E-01 
2.352E-01 
5.768E-01 
3.176E-01 

3.575E-01 

5.41 6E-01 
6.24ZE-01 
7.01 SE-0 1 

l.O8SE+OO 

+. 528~-o i 

~.+LJE-OI 
9.6a4t-01 

a .so00 
3.5500 
0 . 6 0 0 0  
0.7000 

. . . . . - - - 
l.l59E+00 
l.lkbEtO0 
1 . 1 SbEtOO 
I .  l2bEt00 
1 .12kEt00 

1 .132E+OO 
1 -15kEt00 
1 .18SEtOO 
1 .ZlSL+OO 
1.249EteO 
1 .Sl8C+00 
1.388f+OO 
1 . k57C+00 
1 .526E+OO 
1.59SE+OO 
1.6bSWOO 
1.751c+00 
1.798Ct00 
1.9S~C+OO 
2.067E*00 
2.201 ctoo 
2. 335E+OO 
2.670EtOO 
3.006E+OO 
~.343E+OO 
3 .  b820tOO 
4.364E*00 
5.0llE*OO 
5. 743E+OO 

6. k39EtOO 
7.1 38E+OO 
8.543EtOO 
9.25lE+OO 
1.067E+Ol 
1.2lOE+Ol 
1 .35SE+01 

I . i tretoo 

7 m o e t o o  

0.8000 
0.9000 

I .  0 0 0 0  
1 . 2 5 0 0  
1 . 5 0 0 0  
1.7500 
t . O O O O  
2.5000 
3.0000 
3 . 5 0 0 0  

4 . 0 0 0 0  
9 . 5 0 0 0  
5 3000 

1.159E-01 
1 . WE-01 
1.62kE-01 
1 .868E-O 1 
2.1 1 7E-01 
2. b SOC-01 
5.158E-01 
3.6NE-0 1 

k .2k8E-Ol 
4 .806E-O I 
5. W2E-0 1 
5.9ISE-01 
6.523E-0 1 
7.697E-OI 
8 .8MC-Ol 
l.O1OE+O0 

1.132C+00 
1 .4kfE+OO 
1.759L+00 
2.081E+OO 
2.606E+OO 
3.OCSE+OO 
3.735E+OO 
4.41 2E+OO 

5.0 96€+00 
5.78+E*OO 
6 .*77E+OO 
I.l74E+OO 
7.87JEtOO 
9.28OE+OO 
1 .07OE+Ol 
1.212&+01 

. -. . - . . 
i .kioeto.o 
1.6lSEt00 
2.00SE+00 
2. S72C+QO 
2.72kE+OO 

1 . iarmoo 
1.286E*OO 
1.378E+OO 
1 .*63E+OO 

3. 059c+Oe 
3.380E*00 
3.b17Ct80 

1 .625E-01 
1.766E-01 
1 .902E-O I 
2.032E-0 1 
2.157E-01 

2. bl2E-01 
2.816E-01 

2. s9se-01 

-. . .~. 
5.5000 
5.0000 
7,0000 
8.0300 
9 .  a000 

i-  islet00 - - - - . - . . 
k.265WOO 
k.88lt400 
5. SO1 W O O  
5.77OC+OO 

1.54+E*00 
1.694E+00 
1 .asOE+OO 
1 .955E*00 

10 0 0 0 0  6.21 1 EtOO 
7.212E*00 
8.094EtOO 
8 .882E*OO 
9.59kE*OO 
1.086ttOl 
1.19OEt01 
1.283EtOl 

1 . SCSE+Ol 
1. kS9EtO1 
1 .SObC+Ol 
1.567EtOl 
1.62SEtOl 
1.724EtOl 
1.112EtOl 
1.89OEtOl 

S.OO6E-01 
3.432E-01 
S. 8OOE-0 1 
k. 12OE-01 
k.403E-0 1 
4.88lE-01 
5.270E-01 
5.595E-01 

2.07OE*OO 
2. 32QEtOO 
2.544E+00 
2.737E+00 

_._... 
12.5000 
15.0000 
17.5000 
20 .oooo 
2 5 . 0 0 0 0  
3 0 . 0 0 0 0  
55 .0000 

2.91OE+OO 
3.212Et00 
J.471Et00 
3.698E+00 

5.901E+00 
4.084E+OO 
6.252EtOO 
4. +OSE+OO 
+.548E+00 
4.804E+OO 
3.031 P O 0  
5.233E+00 

1.343Et00 
1.353€+00 
1 . J62EtOO 
1 .37 1 E t O O  
1 .370EtOO 
1. 39lE+OO 
1 .401E+00 
1 .4llE*00 

40.0000 5.871 t-01 
6. IOPE-01 
6. S16E-01 
b.500C-0 1 

~ ~. 
45.3000 
5 0 . 0 0 0 0  
5 5 . 0 0 0 0  
b0  . O O O O  
70.0000 
110.0000 
90.0000 

6.662E-01 
6.9kOE-01 
7.16)E-01 
7.362E-01 
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APPENDIX E. (Continued) 

Lead 

ENERGY 

MeV 
0.0100 
0.0125 
0.0150 
0.0175 
0.0200 
0.0250 
0.0300 
0.0350 

0 .  0400 
0.0450 
0.0500 
0.0550 
0.0600 
0.0700 
0 . 0 8 0 0  
0.0900 

0.1000 
0.1250 
0.1500 
0.1750 
0. zoo0 
0.2500 
0.3000 
0.3500 

0 . 4 0 0 0  
0.4500 
0 . 5 0 0 0  
0.5500 
0 . 6 0 0 0  
0.7000 
0.8000 
0.9000 

1.0000 
1 .2500 
1 . 5000  
1.7500 
2 . 0 0 0 0  
2.5000 
3 . 0 0 0 0  
3.5000 

4 .  0000 
4 .  5000 
5 . o o o o  
5.5000 
6 . 0 0 0 0  
7.0000 
a. 0000 
9.0000 

10 . o o o o  
12.5000 
15.0000 
17.5000 
20.0000 
25.0000 
30.0000 
35.0000 

40.0000 
45.0000 
50.0000 
55.0000 
60.0000 
70 . O O O O  
8 0 . 0 0 0 0  
90.0000 

STOPPING POUER CSDA RADIATION DMS.EFP. 
COLLISION RADIATIVE TOTAL RANGE YIELD CORR . 

( DELTA 
MeV C m z / g  MOv Cn2/g Ikv Cm2/0 g/CB2 

8.428EtOO 2.045C-02 8 . + U E + O O  8.253E-04 1.19115-01 4.84lC-04 
7.S57Et00 2.25lC-02 7.379Ct00 1.14SE-03 1.500E-03 6.147E-04 
6.561EtOO 2.42lt-02 6.585EtOO 1.5OZC-03 1.8lOE-03 7.49lE-04 
5.946EtOO 2.566C-02 5.971Ct00 1.9OlE-03 2.12lE-OS 8.872C-04 
5.453Ct00 2.69SC-02 5.48OEtOO 2.339E-03 2.432E-03 1.029C-03 
4.714CtOO 2.908C-02 4.7431+00 3.32SE-03 3.051E-03 1.324C-03 
4.182Et00 3.086C-02 +.213C*00 4.44lE-03 S.664E-03 1.63SE-03 
3.779Ct00 3.240C-02 S.812C*OO 5.694E-03 4.27lC-03 1.956C-03 

S.46SEtOO 3.176C-02 J.497E*OO 7.066E-03 4.872E-03 2.294C-03 
S.ZOIE+OO 3.5OOE-02 3.24SC+OO 8.552E-03 5.467E-03 2.646E-03 
2.997EtOO 3.613E-02 3.034E*OO 1.015C-02 6.055C-01 S-OllE-OS 
2.821EtOO 3.718C-02 2.858CtOO 1.185L-02 6.638C-03 3.39OE-03 
2.67OEt00 3.817E-02 2.708E+OO 1.365E-02 7.214E-03 3.7811-03 
2.426EtOO 3.998L-02 2.466EtOO 1.752E-02 8.349E-03 4.608E-03 
2.2J7EtOO 4.162C-02 2.279EtOO 2.175E-02 9.46lE-03 5.485E-03 
2.087EtOO 4.SlSE-02 2.130E~00 2.629E-02 1.055C-02 6.4lSE-01 

1.964EtOO 4.45iE-02 2.008C*00 3.llJE-02 1.162E-02 7.392E-03 
1.7S8Ct00 4.772E-02 1.785E~OO 4.438E-02 1.419E-02 1.0OSE-02 
1.583Et00 5.054E-02 1.633EtOO 5.905E-02 1.664E-02 1.JOOE-02 
l.+71EtOO 5.312E-02 1.524EtOO 7.492E-02 1.896E-02 1.621E-02 
1.387Et00 5.555C-02 1.442EtOO 9.18OE-02 2.118E-02 1.97lE-02 
1.269EtOO 6.OlSE-02 l.S29E*OO I.28OE-01 2.5S3E-02 2.736E-02 
1.193Et00 6.46OE-02 1.257Et00 1.668E-01 2.917E-02 3.579E-02 
1.140Ct00 6.9OOE-02 1.209Et00 2.074E-01 3.276C-02 4.484E-02 

1.102Et00 7.3IOE-02 1.175EtOO 2.494E-01 3.614E-02 5.437E-02 
1.074EtOO 7.781E-02 1.152C~OO 2.924E-01 3.935E-02 6.426E-02 
l.OSSC+OO 8.228E-02 l.lJSE+OO 3.36lE-01 4.241E-02 7.442E-02 
1.037EtOO 8.677E-02 l.lZIC*OO 3.804C-01 4.536E-02 8.479E-02 
1.026E~OO 9.132E-02 l.ll7E~00 +.25OE-Ol 4.82OL-02 9.529E-02 
1.009Et00 1.005E-01 l.llOE+OO 5.149E-01 5.S63E-02 1.166E-01 
1.000Et00 1.098E-01 l.llOCtO0 6.05OE-01 5.877E-02 1.38OE-01 
9.957E-01 1.193E-01 1.11SEtOO 6.949E-01 6.369E-02 1.595E-01 

9.939E-01 1.29OE-01 1.123E~00 7.84SE-01 6.842E-02 1.809E-01 
9.96hE-01 1.537E-01 1.15OEtOO I.Oa4LtOO 7.9hOE-02 2.337L-01 . . - - - - - . . . - -. - . . . . . - - - . . . . - - . - . . 
1.004EtOO 1.792E-01 1.183CtOO 1 .219E*OO 9;009r-02 2.654E-01 
l.Ol+EtOO 2.053E-01 1.219CtOO l.427Et00 1.001E-01 3.S6OE-01 
1.024Et00 2.319E-01 1.256Et00 1.629E+00 1.096E-01 3.855E-01 
1.044EtOO 2.866E-01 1 .33lCt00 2.016Et00 1 .277E-01 4.817E-01 
1.06~EtOO 3.427E-01 1.406EtOO 2.38lPt00 1.467E-01 5.743E-01 
1.08OEt00 3.999C-01 1.480I%OO 2.728Et00 1.608E-01 6.63lE-01 

1.095EtOO 4.582E-01 1.553Et00 3.057Et00 1.761E-01 7.479E-01 
1.108Et00 5.174E-01 1.626EtOO 3.172Et00 1.906E-01 8.289E-01 
1.120Et00 5.773E-01 1.698EtOO 3.673EtOO 2.045C-01 9.061E-01 
1.132EtOO 6.379E-01 1.769EtOO 3.962Et00 2.177E-01 9.798E-01 
1.142Et00 6.991E-01 1.84lEt00 4.239Et00 2.304E-01 l.O5OE*OO 
1.16OEtOO 8.233E-01 1.98SEtOO 4.762EtOO 2.543E-01 1.182Et00 
1.175Et00 9.495E-01 2.125E*OO 5.249E+OO 2.765E-01 1.304E+00 
1.189EtOO 1.077Ct00 2.266EtOO 5.705Et00 2.970E-01 1.417E~OO 

1.201Et00 1.20hLt00 2.607EtOO h.lS3EtOO 3.1h2E-01 1.523Et00 
i 1 i6zEt00 
7.954Et00 
8 .71 3EtOO 
9.399EtOO 
1 .OS9EtOl 
1.16lE~Ol 

- . . - -- . . 
1.589E-0 1 
3.955E-01 
4.276E-01 
4 .  555E-0 1 
5.028L-01 
5.412E-01 

. . - - - - . . 
1.759E*00 
1.964Et00 

2.310E+00 
2.596EtOO 
2.841 ctoo 

2. iwetoo 

1.'332Et00 4.678Et00 6.oiiEtoo i.2~0~toi 5.7311-01 ~ . O S ~ L ~ O O  

1.345Et00 5.402EtOO 6.747Et00 1.329Et01 6.002E-01 3.217EtOO 
1.356Et00 6.132Et00 7.488EtOO 1.399LtO1 6.235E-01 3.420Et00 
1.365Et00 6.665Et00 8.231Et00 1.46JEt01 6.439E-01 S.579Et00 
1.374Et00 7.603EtOO 8.977EtOO l.SZlE+Ol 6.618E-01 3.725EtOO 
1.38lEt00 8.34SEtOO 9.726Et00 1.574Et01 6.7778-01 3.86ILtOO 
1.395Et00 9.836EtOO 1.12SEtOl 1.670E+01 7.048E-01 4.107E+00 
1.406Et00 l.lS4EtOl 1.274EtOl 1.753EtOl 7.2709-01 4.326E+OO 
1.415Et00 1.284Et01 1.426EtOl 1.828EtO1 7.457E-01 4.521E*00 
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APPENDIX E. (Continued) 

Air (Dry) 

ENERGY 

?lo v 
0.0100 
0.0125 
0 OlSO 
o:oiii 
0.0200 
0.0250 
0 . 0 s 0 0  
0.0350 

0.0100 
0.0150 
0.0500 
0 . 0 5 5 0  
0.0600 
0 . 0 7 0 0  
0.0800 
0.0900 
n i n 0 0  
0.1250 
0.1500 
0.1750 
0.2000 
0 . 2 5 0 0  
0.3000 
0 . 3 5 0 0  

O.QOO0 
0.4500 
0.5000 
0.5500 
0.4000 
9 . 7 0 0 0  
0 . 8 0 0 0  
0.9000 

1 .oooo 
1.2500 
1.5000 
. .  .. 
2.0000 
2.5000 
J.0000 
3.5000 

4. 0000 
4 . 5 0 0 0  
5.0000 
5.5000 
5.0003 
7 . O O O O  
8 .  0000 
9.0000 

10.0000 
12.5000 
15.0000 
17 5000 . . . - . . . 
20.0000 
25.0000 
so. 0000 
35.0000 

4 0 . 0 0 0 0  
4 5 . 0 0 0 0  
50 .oooo 
55.0000 
60 . O O O O  
? O  .o')oo 
80.0000 
90.0000 

STOPPING PWER CSDA RADIATION DENS.EFP. 
COLLISION RADIATIVE TOTAL RANGE YIELD CORR . 
M d  c m z / q  MmV c m r 8 q  I k V  c m V 9  qHc.2 

(DELTA I 

1 .975E+01 
1.66SE+Ol 
I .11SE+Ol - .  
1 .283E*Ol 
1.157E+Ol 
9.75SE+00 
8.492E+OO 
7.56SE400 

3.897E-Of 
S .921 E-03 
S. 9S7O-03 
3.966E-03 
3.954L-OS 
3. 966E-05 
3 .9 t6E-OS 
3.986E-03 

1 -976E401 

.. 
8.*96E+OO 
7 .Sb7C+OO 

2.88SE-04 
4. 269L-04 
5.886E-O* 
7.726C-OI 
9.781C-01 
1 -4Slt-03 
2.001 c-0s 
2.6ZIt-OJ 

1 . OlZE-04 
1 .299E-O4 
1 . SO6E-04 
1.706E-06 
1.8MC-84 . -. - - . . 
2.267E-04 
2.6 1 IE-04 
2.95bE-0* 

0 . 0  
0 . 0  
0 .0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

6.a18~+00 J.W~E-OS ~..SSZC+OO ~.szze-os S.Z~OE-OI 0 . 0  

s.ai9t+oo +.OZSE-OS s-atsetoo *.912~-03 S.~OOC-O~ 0 . 0  
6.281E+00 4.011E-03 6.285C400 4.085C-03 S.594E-04 0.0 

5.135E+00 4.OIOE-03 5.4J9C+OO S.~OlL-OS 4.197E-04 0.0 
5.111L+00 4.057E-03 S.llSt400 6.7S.C-OS 4.W8C-04 0.0 
*.593L+OO 4.093E-03 *.S97C+OO 8.al7C-03 S.049I-04 0 . 0  
1.198E+OO 6.13SC-03 *.202E400 l.ll0C-02 5.S9OE-06 0.0 
S.886E+OO 4.175E-01 3.890C400 l.SS7C-02 6.11ZE-06 0.0 

J.6SSE+OO 4.2ZSE-03 3.637EtOO 1.623C-@2 6.618E-06 0.0 
S.l72E+00 1.348E-03 3.177C+00 Z.S6ZC-*Z 7.826E-04 0 . 0  
2.861E+00 6.4aSE-03 2.865CtOO 3.19SE-02 8.968E-04 0.0 
2.637E+OO 6.63SC-OS 2.642C400 4.1031-02 l.OO6E-OS 0 . 0  
2.47QC+OO 1.789E-83 2.47bC460 5.082C-02 1-1llE-OS 0 . 0  -. z.zsiE+io sIi5iE-ii i:iiii+oO i:iiiE-oi i : s i i E - o S  i . i  
2.081ElOO 5.*9fE-O3 2.089E4OO 9.527C-02 1.502E-03 0.0 
1.978E+00 5.89OE-03 1.986f+OO 1.199C-01 1.688E-05 0.0 

1.902E+OO 6.311C-03 1.908C400 1.456E-01 1.869C-03 0.0 
1.81SE+00 6.757E-03 1.8S2E400 1.722E-01 2.048E-03 0.0 - -- -. 
i . ~ O Z E + O O  i:zZsE-ii i iuOSE+ii i ~ ~ H E - O I  i.i~Sc-os 0 . 0  
1.769E+OO 7.7011-03 1.776Ct.O 2.276C-01 S.*OlE-@S 0.0 
1.743E+OO 8.21OE-Of 1.751EtOO 2.558C-01 2.S77E-03 0.0 
1.706E+OO 9.258E-OS 1.715C400 3.13SC-01 2.929E-03 0.0 
1.68SE+00 l.OS6E-02 l.C9lE*OO S.722C-01 S.28JE-03 0.0 
1.669E+00 1.151E-02 1.68lL+00 4.SOC-01 S.638E-OJ 0.0 

1.661E+00 1.2711-02 1.674E+OO 4.912E-01 S.997E-03 0 . 0  
1.655E+00 1.588C-02 1.67lE400 6.408C-01 *.POI€-03 0.0 
1.661E400 1.927C-02 1.68OEt00 7.9OOt-01 5.836E-03 0.0 
1.672E+00 2.28IE-02 1.694C400 9.3121-01 6.784E-OS 0.0 
1.68CE+00 2.656E-02 1.711E400 I.08fE400 7.748E-03 0.0 
1.7lZE400 3.437E-02 1.7*7C400 1.374E+00 9.716E-03 0 . 0  
1.710E+00 6.26OE-02 1.783E400 1.65OE+OO 1.I73E-02 0.0 
1.766~+00 S.~ISE-OZ i.aiic+oo i.9ssEtoo ~ . ~ I ~ E - o z  0 . 0  

1.790E400 5.999E-02 1.85OE400 2.208E+OO l.583E-02 0 . 0  
1.812E+OO 6.908E-J2 1.882E400 2.476EtOO 1.792E-02 0.0 
1.8SSL400 7.8S8E-02 1.9llE400 2.740Et00 2.001E-02 0.0 
1 aS2E400 a.rii7k-02 l.tZOz400 2.999C+OO 2.211E-02 0.0 

1.979E400 1.79SE-01 2.159E400 S.l9ZE+00 4.llJE-02 
Z.O29E+OO 2.3S7E-01 2.262E4OO 6.323E400 5.06E-02 
2.069E400 2.895E-OT 2.359CtOO 7 .COIEtOO 6.IUlt-02 
Z.l04E+QO J.464E-01 2.651E400 8.444CtOO 7.1851-02 
f.l51E+00 1.OCZE-01 O.S39E+OO 9.446E+OO 8.167E-02 
2.185E+00 5.219E-01 2.707Et00 1.135E401 1.006E-01 
2.226E+OO 6.117E-01 2.868E400 1.315E+Ol 1.166E-01 
2.257E400 7.630E-01 S.OZOE+OO 1.*851+01 1.SSTE-01 

2 - 282E+00 I .  SOZL+OO 
2. S19E+OO 
2 .  S3IE+00 
2.S47E400 
2 .S69E+00 
2 .J87E+00 
2.40SEt00 

8.855E-01 
1 .O09E+OO 
i i i 33i5toO 
1 .258E+OO 
l.S84E+00 
1.637E+00 
1.892E+OO 
2.1 *8E+OO 

S. 167EtOO 
3.31 1 E*OO 
3 .  1SZE400 
S.592E4OO 
S -7 3 I E4OO 
4.006E+OO 
5.279E400 
4.551E4OO 

1.646WOl 
1.801C+O1 
1.9*8C+O 1 
2.09OEtO 1 
t.Z27E*OI 
2. *86E+Ol 
2.727E+01 
2.954EtO 1 

1 .SZOE-Ol 
1.676E-01 
1 .825E-O 1 
1 .966E-O 1 
2.1 OIL-01 
2.361E-01 
2.S98E-01 
'2.818E-01 

0 . 0  
0 . 0  
0 . 0  
0.0 
0.0 
0.0 
7.636C-03 
5.984E-02 

1.378E-01 
Z.266E-01 
3.192E-01 
1.120E-01 
5.029E-01 
6.762E-01 
8. S65E-01 
9.84ZE-0 1 
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APPENDIX E. (Continued) 

Water (Liquid) 

o.o*oo  7.777~*00 6.00s~-08 7.781c*oo 2.919~-03 z.886c-04 0 . 0  
0 . 0 4 5 0  l.l3OE*00 4.018E-01 7.1S4E*OO 1.59lE-01 1.16%-04 0.0 
0.0500 6.60SE*OO 4.011C-01 6.607L*00 4.32OL-OS S.4S5C-04 0.0 
0.0550 6.166E*OO 4.046L-03 6.17OL*OO 5.lO3E-01 1.698L-04 0 . 0  
0.0600 ~ . 7 9 7 1 ~ 0 0  ~ . O ~ Z L - O I  S.IOIL+OO s - * ~ O E - O X  1.*9sr-a6 0 . 0  
0.0700 S.Z07c*OO 4.0 iL&OJ S.Zll~*OO 7.762E-05 r.i52E-04 0.0 
0.0800 4.757E*OO 4.lS8C-03 4.762E*OO 9.77SC-03 4.9SlE-04 0.0 
0 . 0 9 0 0  4.402C*dO 4 . 1 8 1 C - 0 1  4.407E*OO 1.196L-02 5.391E-04 0.0 

o.iooo *.iis~*oo 4.22~-01 ~ . ~ Z O L + O O  i.*s1~-02 s.a*ic-o4 0 . 0  
0.1250 S.S~IL*OO * . ~ S S E - O ~  S . S ~ ~ L * O O  2.011~-02 6.912~-04 0 . 0  
0.1500 f.Z18E+OO 4.*94C-OS 1.24ZL*OO 2.817E-02 7.926E-04 0.0 
0.1750 2.984E*OO 4.643E-01 2.988E*OO 1.622E-02 8.894E-04 0.0 
0.2000 2.791E*OO 4.8OlE-OS 2.798t*00 4.487C-02 9.IZIL-04 0.0 
0 . 2 5 0 0  Z.S28C*OO 5.14lf-01 2.5JSL*OO 6.372L-02 1.16lC-01 0.0 
O.JOO0 2.35SC*OO 5.51SE-03 t .S6Of*00  8.42lL-02 1.311C-03 0.0 
0 . ~ S 0 0  Z.ZSSE*OO S.*lS&-OS 2.211L*00 1.06OL-01 1.496C-OS 0.0 

0.5000 i . O % e * O O  7.257C-OJ 
0.5500 1 . 995E*OO 7.747E-93 
0 . 6 0 0 0  I.963E*00 8.254E-Of 
0.7000 1.917E*00 1.112C-01 
J .a000 1.886E*00 1 .OZSE-O2 
0.0000 1.664E*00 1.159E-02 

1.0000 1.8.9L*00 1.28OC-02 
1.2500 1.629C*OO 1.6OOL-02 
l.5000 I.I22L*OO 1.94ZE-02 _ _  .- 
I .750O I . i Z ~ k * O O  2.303E-02 
2.0000 1.624E*OO 2.678t-OJ 
2 . 5 0 0 0  1.83*t*OO 3.468C-92 
J.0000 1.846ElOO 4.299E-$2 
J.SOO0 1.8S8E*OO S.164C-02 

2.154C*00 1.288E-01 1.658E-OS 0.0 
z.o~ot*oo 1.521~-01 i . a i n ~ - o x  0 . 0  - . - . . - . - . - - - - . . 
2.011E*00 1.766E-01 1 : i7ic-OJ 0.0 
2.00SE*00 2.011t-01 Z. IS4E-01 1.101E-02 

, 1.972L*00 2.2651-01 2.292E-03 2.938C-02 
1 .)2bi*oo 2.77at-01 z.to8r-03 T . S S S E - O Z  

~ 1.896C*OO 3.1OZE-01 2.928L-01 1.267C-01 
~ l.876C.00 1.812C-01 I.25lL-01 1.83SE-01 

! 1.862E*00 4.367L-01 1.579L-01 2..28E-O1 
! l.l45L+00 S.717L-01 * . 4 1 6 E - 0 1  S . 9 C I E - 0 1  
I 1.84lE*OO 7.07SC-01 S.28lL-05 5.437f-01 
! 1.844E*OO 8.432L-01 6.171E-01 6.866E-01 
! 1.85OC*00 9.785E-01 7.085E-01 8.218E-Ol 

! l.889L*00 l.5l4C*OO 1.09tE-02 l .L '88L*00 
! i.eteE+oo I.Z*~E*OO O . W ~ E - O ~  i . o o c * o o  
! 1.910E*OO 1.777E*OO 1 .Z91E-02 1 .*8qE*OO 

4 . 0 0 0 0  l.87OE*00 6.058E-02 I.93lt*00 2.017E*00 I.495E-32 1.660E*OO 
6.5000 I.862E*OO 6.976E-02 1.9SlE*00 2.295E*OO 1.70ZE-02 1.82IE*OO 
5.5000 I.89ZE+00 7.917L-02 1.97lL*OO 2.55OE*OO 1.9IlE-02 I.967E*OO 
5.5000 I.9OZL*OO 8.676E-02 I.99lE*00 2.8OZE*OO 2.123E-02 2.lO:E'OO 
5.0000 1.9IIE*OO 9.6SCE-02 Z.OIOL*OO J.O52t*OO 2.J3bt-02 2.227E*09 

l ~ ~ 5 0 0 0  Z~o,lt.oo s:sgiz-il ~. - -  -- - -  
2.!8IE*OO 8.286EIQO 7.309E-02 3.88Sf*OO 

2 0 . 0 0 0 0  2.0+6E*OO 4.CI6E-01 Z . C S + E * O O  9.JtOE*OO 8.355L-02 4.107E*00 
25.0000 Z.O7Ot*OO 5.277E-01 Z . Y 9 8 C * O O  l.l3OE*OI 1.OS9E-01 4.467f*00 
5O.COOO 5.089E100 6.489E-01 2.718E*OO l.Z17E*Ol 1.213E-91 4.806E*OO 
1 5 . 0 0 0 0  L.IOSE*OO 7.716E-01 2 . 6 7 6 E * 0 0  I.496E*Ol 1.418t-01 S.O82E*9O 

*0.'3000 2.118t*00 8.VS5E-01 $.OllE*00 l.665f*01 l.S94€-01 S.326f*OO 
65.3000 2.IZ9L*00 l.O2lE*OO ! .150L*00 1.828L*Ol 1.762E-01 S.S44L*OO 
50.701)O 2.IJ9L*00 l.l46E*00 ..286E*OO 1.983E*Ol 1.9ZIL-01 S.?+lt*Ol) 
5 5 . 9 0 0 0  2.148Tt00 1.273E.00 3.*ZIE*OO 2.112C*Ol 2.076L-01 5.921f*00 
60.0000 2.156troo i.~oof*oo s . s w . t * o o  2.27it+01 2.222~-a1 ~ . ? 1 1 7 r * o n  
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APPENDIX E. (Continued) 

A-150 Tissue-Equivalent Plastic 

RADIATION 
YIELD 

DENS. Err. 
CORR . 
(DELTA) 

STD?PING POUCR 
COLLISION RADIATIVE TOTAL 

ENERGY 

I b V  

0.0100 
0 .OlZS 
0.0150 
0.0175 
0.0200 
0.0250 
0 .0s00 
0.0350 

k V  cm'/g k V  cmvg 
2. k63E-04 
3.657E-04 
5.05kE-04 
6 -6k6E-Ok 

7.529E-05 
9.0ZIE-05 
1 .OSOE-Ok 
1.19IE-Ok 
1.327E-04 
1 .588E-Ok 
1.838E-Ok 
2.07)C-0 k 

2. 311 E-Ok 
2.5S7L-04 
2.756E-Ok 
2.971 001 
S.18OL-Ok 
1.586E-Ok 
3.977C-01 
k. 356E-04 

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 .0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

2.969E-02 
6.266E-02 

2.29kE+Ol 
1 -927EtO I 
1.67lEtOl 

S.156E-05 
S. 17kE-OS 
3.188E-OJ 
3.1971-05 
3 .tOSia-OS 
3.21 9E-03 
3. tm-05 
3.2*S&OS 

2.295E*01 
1 .927E*01 
1 -671EtOl 
1. k82€+01 
1 .356C*01 
1 .lZkE+OI 
9.77aCtOO 
8.6SkttOQ 

1 . rs2cto 1 
i i sJSt+oi 
1 .lZ4E*O1 
9.76n+OO 
8.691C+OO 

8.426C-04 
1.253s-03 
1 .7JlE-O3 
2.275s-03 

3.258E-05 
3.27%-03 
3 .287E-OS 
I .  502E-0s 
1.3t 9L-03 
~..IS2C-05 

3 . k n C - 0 3  
3 . s i w - 0 ~  

z.aaoc-os 
S.Sk5C-03 
k.267E-03 
5.Ok3E-05 
5.87 1 E-03 
7.677E-03 
9.669E-03 
1.18kE-02 

0 .  OkOO 
O.OI50 
0.0500 
0.0550 
0.0600 

7.86SEt00 
7.206C+00 
6.671W*O 
6.228CtOO 
S.85SE+OO 
S.Z56C+OO 
k.8OOE+OO 
k.k41C+OO 

k.150CtOO 
S.6ZOE+OO 
3.262E+OO 
s. 005Et00 
2.81 tE+OO 
f.Sk4E+OO 
2.369Et00 
2.2k7E+OO 

0.0700 
0 .O800 
0.0900 

k.723801 
5.602E-04 
6.4 S6 L-Ok 
7 .ZSkE-Ok 
8.OOSPOk 
9. k76E-Ok 
I .089L-OS 
1.226E-OS 

1.S6lE-03 
1. k%EL03 
1.628E-03 
1 .76lE-OS 
1.895E-03 
2.16kE-03 
2.436E-05 
2.71 1 E-03 

2.990&-03 
S.706E-03 
k.kk7E-OS 
5.20 9E-0S 
5.99ZE-OS 
7.609E-03 
9.28 1 E-03 
1.lOOL-02 

1.275E-02 
1 . 553E-02 
1.63SE-02 
1.816E-02 
2.OOOE-02 
2.372E-02 
2.7k8E-02 
S.  127E-02 

0.1000 
0.1250 
0.1500 
0.1750 
0 .  zoo0 
0.2500 
0 .3000  
0.3500 

S. k67E-OS 
3.578P-OS 
3.697B-05 
3.82*C-03 
3.959E-03 
k.247C-OS 
4.56%-03 
4.901C-OS 

1 .k17C-02 
2.06kE-02 
2.792E-02 
3. 592E-02 
1. k52E-02 
6.3-E-02 
8.362C-02 
1 . OSSE-0 1 

k. 153E+OO 
S.L2SE*OO 
S . 265E+OO 
3.001E+OO 
2 .81 6E*OO 
2. I l t C + O O  
2.373Ct00 
Z.ZbZE+OO 

0 .4001  5 .26OC-OS 
S.639E-OS 
6.056€-03 
6. kk8E-03 
6.875E-OS 

1.28OE-01 
1-51 5E-01 
1 .757C-O1 
Z.OO5E-01 
2.2saE-0 1 
2.77kE-01 
3.s000-01 
3. 8SE-0 I 

- 1  S L E t O O  - 161 Eta0 _. ._.. 
0.5500 
0.5000 
0 . 5 5 0 0  

. . - - - - - . 086E+OO - 033E*00 

.99lE+OO 

.957Et00 

- . - . - . - 
.092C+OO . OS~S+OO 
.997E+OO 

4.7Sl e-02 
1.3S7E-01 
1.708E-01 
2. k6kE-0 1 

0.6000 
0.7000 
0.6000 
0.9000 

1 .oooo 
1 .2500 
1.5000 
1.7500 

.908E+OO . 87lE+OO 

.851E+OO 

.8Sk€*OO 

.812EtOO . a o m o o  

.802tt00 . IOkEtOO 

.It kEtOO 

. I Z ~ E + O O  

.839E+OO 

.852E+00 

.863Et00 

.874E+OO 

.88kEt00 

.894E+00 

.911E+00 

.926L*00 

.939E+OO 

?.%at-0s 
8.706E-05 
9.687E-OS 

J .  2ZJE-0 1 
3.975E-0 1 

1.071E-02 
1.SklE-02 
1.630E-02 
1.9S+E-02 
2.2523-02 
2.92OE-02 
3 - 42SE-02 
k. 358E-02 

I. 3759-0 1 
5.739E-01 
7.11 1 E-01 

4.71 2E-01 
6.272E-01 
a. ioo~-oi 

8. k85e-01 
9.856E-01 
1 .258E+OO 
1.528CtOO 
1 .795E+OQ 

9.601E-01 
1.099t*OO 
1 .3k6E+00 
1.561E*OO 
1.751 E*OO 

2.0000 
2.5000 
3.0000 
5.5000 

k.0000 
4 .  5000 

5.116E-02 1 ~ 90JE+00 2. OSPL~OO 
2. 32OCtOO 
2.579EtOO 
2.8S6C+OO 

1.922F+OO 
S. 896C-02 
6.69%-02 
7. S11 E-Of 
8.SklE-02 
1.00kE-01 
1.179E-01 
1 . SWE-01 

.. 
1 .92ZE+OO 
1.9klEt00 
1.959EtOO 
1.977LtOO 
2.011EtOO 

. . - - - . . 
2.077E400 
2.218E+OO 
2.3k9E400 

5.0000 
5.5000 
6.0000 
7.0000 

s. 09OE+OO 
~.591EtOO 
k . OIkEtOO 
k .57OCtOO 

5. OkIEtOO 
6.216Et00 
7. 3k8E+OO 
I .  kk6Et00 
9.51 5EtOO 
1.157f*01 
1 .35JEtO1 
1 .5kOLtOl 

2.+70E+00 
2.691 E4OO 

8 .  0000 
9 . 0 0 0 0  

10.0000 

- . . . - . . 
2.887E+00 
3.064&*00 

1 .9SlE+OO 
1.975L400 
1 .995E400 
2.OlOE+00 
2.024EtOO 
2.0k6Et00 
2.063Et00 

1.540L-01 
Z.OO7E-01 
2. *WE-0 1 
2.979E-0 1 
S. k78E-01 

3.5OIE-02 
I. +6 1 €-02 
5. k 1 1 E-02 
6. S52E-02 
7.282E-02 
9.097E-02 
1 .085E-O1 
1.25SE-01 

1 .klkE-01 
1 .569E-Ol 
1.717E-01 
1.860E-01 
1 .996E-0 1 
2.254t-01 
2.69 1 E-0 1 
2.71 PE-0 1 

. - . - - - 
12.5000 
15.0000 
17.5000 
t o .  0000 
2 5 . 0 0 0 0  

k.l50E+00 
k. 385E400 
4.7aa~+oo k.k96C-01 

5.53ZE-01 
6.582L-01 

3 0 . 0 0 0 0  
35.0000 

6 0 .  0 0 0 0  

.. 
5.126€*00 
5. k17E+00 ~.O?'ILto0 

2.089E+OO 
2.100E+00 
l.l09E+00 
2.1 lIE*OO 
2.12SEtOO 
2.139E*OO 

7.6WE-01 
8.71 kE-01 
9.792E-01 
1 .O88E+00 

2.85kEtOO 
2.971 E*OO 
3 .089E*OO 

1.718LtOl 
1 .89OE+Ol 
2.055€+01 

5.671 E4OO 
5.897E400 
6. lOlE4OO 
6.286E+OO 
6.456€+00 
6.758E+OO 
7.020E~OO 
7. 253E400 

_.__._ 
65.0000 
50.0000 
5 5 . 0 0 0 0  
6 0 . 0 0 0 0  
70 .OOOO 

s.ZOSt+OO 
3.SPZEtOO 
3.155Et00 
3.786CtOO 
k .02 1 EtOO 

2. ziqiitoi 
2.367EtOl 
2.6S8EtO 1 
2.931 L*O 1 
3.187Et01 

1 - 197EtOO 
1 .+16E+OO 

1.86OE400 
1 . a a ~ + o o  80.0900 

90.0000 
2.151Et00 
2.161 E+OO 
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Skeletal Muscle (ICRP) 

ENERGY STOP?ING POYER 
COLLI5ION RADIATIVf TOTAL 
ROV CBx/g !hv C 1 2 f g  & v  C 1 2 / g  

2 .  t J l E * O l  3.8S5E-01 2.231E*OI 
I . I 7 6 E + O 1  3.863E-OS 1 .877E*O1 

CSDA 
R A N G E  

p/c. 2 

2.541E-04 
3 .771E-04 
5.2OSE-01 
6 .8SlE-O4 
8 .  662E-04 
1 .286E-03 
1 . 7 7 6 E - 0 1  
2 .132L-03 

2 . 9 5 l E - 0 3  
3 . 6 1 1  E-03 
1. Sb8E-03 

R A O I A T I O N  
YIELD 

o q s  . EPP 
.ORR. 

1 O E L T l )  
M. v 

0 0100 
0 . 0 1 2 5  
0 . 0 1 5 0  

9 .  M6&-05 
1 . 1  Z7E-04 
1 . 31 OE-04 
1 .18SE-04 
1 .655E-O* 
1 .980E-O4 
2.29OE-04 
2 . 5 8 7 E - 0 1  

2 . 8 7 4 E - 0 6  
3 . I 5 1  E-04 
3 .  4 2 1  E-04 

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

t . i z ~ ~ c * o i  j.iioE-oj i . i z 9 E * o i  
1 465E*Ol 1.892E-01 1 . 4 1 5 E * O l  
l . S 0 1 E * 0 1  3 .90 lE -03  1 . 3 0 f E * 0 1  
1 . 0 9 7 E * 0 1  S.911L-01 I . O 9 8 E * 0 1  
9 .  547C*OO 3 .  9ZIL-01 9 . 5 5 1  E*OO 

0 . 0 1 7 s  
0.0200 
0.0250 
O.OJO0 
0.0350 

0 .  0 6 0 0  
0.0150 
0 . 0 5 0 0  
0.0550 s. iiit-oi 
0 .  o i o o  
0 . 0 7 0 0  
0 . 0 8 0 0  

5.7SSE*OO 4.OOIE-01 ).717E*OO 6.006E-01 3.939E-04 
5 l S l E * 0 0  4.04OE-03 S.l ISE*OO 7 . 8 4 8 E - 0 1  4 . 1 3 5 E - 0 4  
1 706E*00 6 . 0 7 9 f - 0 3  4 .7 l@C*OO 9 . 8 8 l f - O S  4 . 9 1 2 E - 0 4  

0 . 0 9 0 0  1. 355B*OO 4 . 1  2 2 t - 0 s  4 .  159L*OO I .  2 o 9 t - 0 2  

0 . 1 0 0 0  +.071E*OO 4.168E-03 4.075E*O0 1 .447C-02 5 .821E-04 0 . 0  
0 . 1 2 5 0  3 . 5 5 2 E * 0 0  6.291E-OS S.557E*OO 2.106E-02 6.889E-01 0 . 0  
0.1500 5.203E*00 4 . 1 S l E - 0 3  3 . Z 0 7 L * 0 0  2 .848E-02 7 . 8 9 9 E - 0 4  0 . 0  

o.isoo i.soiE*Oi s:oioS-iJ iIsiii*oo ~ . ~ ~ z E - O S  iiisii-oi i : i  
0 . 5 0 0 0  2.329f*00 5.438E-03 2.335E*OO 8 . S l 3 E - 0 2  1 . 3 2 7 E - 0 3  0 . 0  
0.3500 Z . Z l l E * O O  5 .832E-03 t .Z16E*OO 1.071C-01 1 .492E-03 0 . 0  

0 . 6 0 0 0  Z.lZSC*OO 6.252E-03 Z . l 3 l E * 0 0  1 .302E-01 1 . 6 5 S E - 0 1  0 . 0  
0.1500 Z.O61E*OO 6 .694E-03 2.068E*00 1.51OE-01 1 . 8 1 2 E - 0 1  0 . 0  

0 . 5 5 0 0  I . 9 7 2 E * 0 0  7.642E-OS 1.98OC*OO 2 . 0 3 5 E - 0 1  2 . 1 2 8 E - 0 3  2 . 0 7 1 E - 0 2  
0.6000 1 . 9 4 l E * 0 0  8 . 1 4 l E - 0 3  l .949E*00 2.29OE-01 2 .285E-01 1 . 2 I l E - 0 2  
0 . 7 0 0 0  1 .895E*00 9 .146E-03 1 . 9 0 1 E * 0 0  2 . 8 0 9 E - 0 1  2 . 6 0 2 E - 0 3  9 . 2 6 2 E - 0 2  
0 . 8 0 0 0  1.865ElOO 1 .028E-02 1.874E*OO 3.339E-01 2 .92 IE-OS 1 . 4 8 8 E - 0 1  
0 . 9 0 0 0  1 . 8 1 2 E * 0 0  1.11SE-02 l.85SE*00 S.876E-01 3.244E-OS 2 . 0 8 4 E - 0 1  

o.sooo t . o i z ~ + o o  7 . 1 5 8 ~ - ~ 1  2 . 0 1 9 t * o o  I . ~ M E - O ~  1 . 9 7 0 ~ - 0 3  Z . I ~ I E - O ~  

1 . o o o o  
1.2500 
1 . s o o o  
1 . 7 5 0 0  
2 . 0 0 0 0  
2 .  sooo 
3 . 0 0 0 0  
1 . 5 0 0 0  

4 . 0 0 0 0  
0.5000 
5 . 0 0 0 0  
5.5000 
6.0000 
7 . 0 0 0 0  
8. 0000 
9 . 0 0 0 0  

1 . 8 2 7 E * 0 0  
1 .806E*00 
1 .799E*OO 
1 . 7 9 9 E * 0 0  
1 . 8 O l E * Q O  
1 . 8 l t f * 0 0  
I .824E*OO 
1.836C*OO 

1 .848E*00 
1 .86OE*OO 
1 .870E*OQ 
1.88OE*OO 
1 .889E*OO 
1 .906E*OO 
I .92lE*00 
1 .9WE*OO 

1 .26ZE-02 1 . 8 1 9 E * O O  4 .  *tar-01 1 . 5 7 1  E-03 
4 .  408E-03 
5 . 2 7 2 E - 0 3  
6 . 1 6 2 E - 0 3  
7 . 0 7 4 E - 0 3  
8 .  W E - 0 3  
1 .O9OE-02 
1 .289E-02 

1 493E-02 

2 . 6 9 7 E - 0 1  
1 .2+5E-O1 
5 .75CE-01 
7 . 1 8 l E - 0 1  

_ ~ _ _  .- 
1 . 5 7 8 E - 0 2  1 .sZZt *OO 5.78;E-01 
1 916E-02 1 . 8 I 8 E * 0 0  7 .158E-01 
2 . 2 7 1 E - 0 2  1 .8ZlE*OO 8.532E-01 
2 . 6 4 2 E - 0 2  1.828C*OO 9. 9OJE-0 I 

1 .263E*OO 
8 . 5 2 9 E - 0 1  
1 . O98E*OO 
1 . 3 1 6 E * 0 0  
1 .  509E*OO 

3.421 r -02 
6 . 2 4 1 E - 0 2  
5 .095E-02 

5 . 9 7 7 E - 0 2  
6 .88 lE -02  
7 . 8 1  1 E-02 
8. 758E-02 
9 .722E-02 
1 .170E-01 
1 .172E-01 
1 .579E-01 

1.866E*OO 
1.866E*OO 
1 .887E*00 

1 .908E*OO 
1 .928L400 

2.062E*OO 1 .683E*OO 
1 .84ZE*OO 
1 .986E*OO 
Z.lZOE*OO 

.- 
.. Z.SZjE*OO 1 . 6 9 9 L - 0 2  

1 9*8E*OO 2.58OE*OQ 1 908E-02 
1.968E*OO 2.836E*OO 2 . 1 1  9E-02 
1 . 9 8 7 E * 0 0  1.089ElOO 2 .132E-02 
Z . O Z S E * O O  

2.243E*OO 
2. *66E*OO 
2.66CC*)O 
2.84OE*OO 

3.587E*OO 
4 . 0 7 7 E * 0 0  
4 .  559E+OO 

2 . 7 6 1 E - 0 2  
3 . 1 9 1 E - 0 2  
3.629L-02 

1 0 . 0 0 0 0  1.946L*QO 1.79OE-01 2 .125E*00 S.O3SE*OO 4.065E-02 3 . 0 0 1 E * 0 0  
12.5000 I . 9 7 1 E * 0 0  2 . 3 3 l E - 0 1  Z.ZOSE*OO 6.168E*OQ 5.ISZE-02 3 . 5 2 8 E * 0 0  
15.0000 I . 9 9 2 E 1 0 0  2 .887E-01 t . Z 8 1 E * 0 0  7 . 3 0 3 E * 0 0  6 . 2 J l E - 0 2  J.6COE*OO 
17.5000 Z.O09E*OO 3.655E-01 Z.S54E*OO 8.382L*OO 7.291E-02 3.89ZElOO 
2 0 . 0 0 0 0  Z . O Z S E * O O  4.OJZE-01 2 . 1 2 7 E * 0 0  9.428E*OO 8.339E-02 *.115E*OO _ _  .. 
ZS.OOOO Z . O ~ ~ E * O O  S . Z O O E - O ~  z . ~ ~ ~ E * o o  i . i i s L * o i  i . o s 7 E - o i  * W ~ E * O O  
30.0000 Z.O66E*OO 6.4OJE-01 2.706E*OO I . J 3 3 L * O l  1.23OE-01 1.818E*OO 
55.0000 Z.OI lE*OO 7 . 6 1 5 E - 0 1  2.842&*00 1.51SE*OI  1 . 1 1 5 E - 0 1  S.O96E*OO 

6 0 . 0 0 0 0  2 .094E*00 8 . 8 3 8 E - 0 1  2.978E*OO 1.685E*OI  I.592E-01 5.34lE*00 

5 0 . 0 0 0 0  2.115E*00 I . lS1E*OO 3.247E*OQ Z.O06E*01 1 . 9 2 0 E - 0 1  5 . 7 S 8 E * 0 0  
IS.OOOO z.tos~*oo ~ . O O ~ E + O O  ~ . I ~ Z E * O O  i . a a 9 ~ + o i  1 . 7 6 0 ~ - 0 1  S . S ~ O E + O O  

S5.0000 2.124E*00 1.256E*OO 3.38OE*QO 2 . 1 5 7 € * 0 1  2.07Ji-01 5.9isE*OO 
60.0000 Z.lSZE*OO I.58ZC*OO 3.514E*QO 2.3OZE*Ol 2 . 2 1 9 E - 0 1  6.105E*OO 
7 0 . 0 0 0 0  2 .146E*00 1.61SE*OO 3 . 7 8 0 E * 0 0  2 . 5 7 7 E * 0 1  2 . 4 9 2 E - 0 1  6.COIE*OO 
80.0000 2.158E*00 1 . 8 8 9 E * 0 0  1 . 0 1 7 E * 0 0  2.832E*Ol 2.74SE-01 6 . 6 6 0 E * 0 0  
9 0 . 0 0 0 0  Z.l68E*OO 2.14SE*00 6.313C*OO 3 . 0 7 l E * O l  2 .974E-01 6.89OE*OO 
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APPENDIX E. (Continued) 

Adipose Tissue (ICRP) 

DCNS.EFF. 
CORR . 

(DELTA) 

RADIATION 
YIELD 

M V  cr’0g M U  c r t g  flOV 

2.  .O.E-04 7. S%E-05 
8 .urc-or 
1.OSlC-04 
1.16ac-04 
1 .SOlC-04 
1 .556C-04 
1.8OOt-O4 
2.os4c-04 
2.26OE-04 
2. 48OC-04 
2.69SC-04 
2.902c-04 
S.lO0C-04 
3.501E-.4 s .a81 c-04 
I . z5oc-04 

0 . 0  
0 . 0  
0.0 
0 . 0  
0 . 0  
0 . 0  
0 .0  
0 . 0  

0 . 0  
0.8 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0.0100 Z.S47C+01 
0.012S 1.971Ct01 
0.0110 1.709CtOl 

S.168E-OS s. 184C-OS 
1.1 9CI-03 s .20 1 c-0s 
S.207C-.S 
S -2 1 78-0 3 
S.227C-03 
S.tUI-0S 

Z.J47E+01 L - .  
1.971Et01 f.574C-04 
1.709C401 4.94Oe-04 
1.515E+01 6.497C-04 

a - 2S7E-04 0.0171 1.stsrt01 
1 .SrSB.1 
1 .14M+Ol 
9. uzc+oo 
a. U IC*@O 

0.0200 
0.0250 
0.0300 
o.os50 

1 . 225E-03 
1 .69SE-OS 
2.2tse-.s 

0 .PI00 8.034EtOO 3.249C-.S 
S.262L-OS 
3.27JI-OS 
3.2HC4S 
S.SO$E-03 
1. sue-0s 
S.37tC-OS 
1.41 1 c-0s 
S.4S2C-OS s .56ZC-OS 
3.681C-0s 
3.808e-Os s. 94sc*s 
4.2StE4S 
4.S47E-OS 
4.885C-OS 

8.0S7C+00 
7. 305lct.o 
6 .a1 m+.o 
6. WlEtO. 
5. USt*.O 
5. s72rt.r 
4 .9Olt+.O 
4. 5s9c+oo 
4.241EtOO 
3.700CtOO s . ss4c+oo 
3-071 EtOQ 

2 .a1 8C-0s 
S.468E-QS 
4.17SC-03 
I. 9S4C-OS 
5.7*5C-OS 
7 -51 sc-0s 
9.464C-OS 
1.1 59c-02 

0 .  oiso 
0 .  osoo 
0.0550 

- . . - . - . . 
7. S 6 t t + O O  
6 .a1 0ctOo 
6. S62CtOO 
5.97 9E+H 
5. S69CtO. 
4. 9osc+oo 
4 . 53SC~.. 

0 .  0600 
0 - 07bQ ___.__ 
0.0800 
0.0900 

0.1000 
0.1250 
0.1500 
0.1750 
0.2000 
0.2500 
0.s000 
0.3SOO 

k . 2J8C+OO 
3.696CtOO 
s.35oct.o 
s.o6aE+oo 
2 A71 E+OO 
2.597E+OO 
2. 41ac+oo 
2.294C+OO 

I .  S87C-02 
2.OZOE-02 
2*7s4c-.t 
S.517C-02 
4.359C-02 
6.1 ME-02 
8.1 got-02 
1.OSlC-01 

4. (ole-01 
5.464C-04 
6 .277C-Q+ 
7.OSSL-04 
7.86ls-04 . 
9.ZIIE-04 
1.062E-03 
1.196C-0s 

2.201E+OO 
2.1 SSEtOO 
2.081 E+O. 
2.OS9C+.. 

5.ZIIC-OS 
5.62SC-OS 
6.02OC-0s 
6.45SC-0s 
6.a6oc-Os 
7.753C-01 
a.69zc-OJ 
9.674C-03 

2.209E+OO 
2.141c+00 
2.0~PE+o0 
t . O + a + O O  
2.01m90 
1.9catOo 
1.92wt.o 
1.907EtOO 

1.253E-01 
1 .4asc-.1 
1.72OE-01 
1.962E-01 
2.209c-01 
2.71 2L-0 1 
S.227C-01 
3.7aC-01 
4 - 27SE-0 1 

1 .328E-03 
1.I58E-03 
1 . saac-0 s 
1.718C-03 

2.109c-0s 
2.376C-OS 
2.642C-03 

2.915C-03 s. 61 2c-0s 
r.ss4E-03 
S .078E-O3 
5.842E-05 
7 -421 c-03 
9.05sc-03 
1.0739-02 

1.245E-02 
1.41 9E-02 
1 .596E-O2 
1 .77*C-02 
1.955E-02 
2.319E-02 
2.688E-02 
1.059C-02 

3.432E-02 
4.368C-02 
5.SOOE-02 
6.225E-02 
7.1 38E-02 
8.92SE-02 
1 -06SE-01 
1.230c-01 

1 .389E-01 
1.542E-01 
1 .688E-O 1 
1.829E-01 
1.964E-01 
2.21 8E-01 
2. 454E-0 1 
2.67JE-0 1 

I . a+ac-os 

0.0 
1.271 E-02 
4.1 84E-02 
7.1 I1 E-02 
1 . O28E-0 1 
1.69lE-01 
2.381 E-0 1 
3. O8OE-0 1 

0 .a000 
0. k100 
0.5000 
0.5500 
0.6000 z.oosc+oo .._... 
0.7000 
0.8000 
0.9000 

- - - . - - . . 
1. 954EtO. 
1 .921 c+oo 
1.897E*.O 

1 .oooo 
1 .2500 
1 * 5000 
1.7500 
2.0000 
2.5000 
3. 0000 
3.so00 

4.0000 
k .  5000 
3.0000 

1 .880C+OO 
1.858t+OO 
1.849C+OO 
1 .8UE+O0 
1.850Lt00 
1.86OEtOO 
1.87ZEtOO 
1 . 88SC+00 
1.897Et00 
I - 90*EtOO 

1.070E-02 
1. Mod-02 
1 .629C-02 
1. W E - 0 2  
2.25ZL-02 
2.921t-02 
3. 626E-02 
4 . 36OL-OZ 

5.120L-02 
5. SO1 c-02 
6 .  70 1 C 4 2  
7.5 18E-02 
8 - 350E-OZ 
1 .OOSE-01 
1.18lE-01 
1. 360E-01 

1 . 542E-0 1 
2.OlOE-01 
2.49ZE-01 
2. 984E-0 1 
5. 48SE-0 1 
4 .SOSE-Ol 
5.144E-01 
6 . 5  97E-0 1 

7.66 1 E-0 1 
8.734E-01 
9-81 5E-Ol 
I . 0 9 O L t O O  
1.200E+00 

1.642EtOO 
I .eoetoo 
1 .8oe+oo 

1 .8*1EtOO 3.776E-01 
5.47 1 E-01 

. . - . - . . 
1.871E+OO 
1.865EtOO 
1.867LtOO 
1.87SCtOO 

_ _  s . )OIL-0 1 
6.944E-01 
8. 28IC-0 I 
9.621 L-01 

7.067t-0 1 
8 .  554E-0 1 
9.936E-01 
1 .24tEtOO 
1.459EtOO 
1.652E+OO 

1.88%+00 
1 .908C*OO 
1.9UC*80 

I . ,rse+oo 
1 .96aet00 
1. 987EtOO 
2.005ct00 
2 02 c+oo 
2.090CI.00 
2.121c+00 

2.223E+OO 
2.291 E+OO 
2. JS7E+OO 
2.4ZlE+00 
2.546E+00 
2.668C+OO 
2.788E400 

2:053c+oo 

2. i 5 1 m o o  

1 .228C+OO 
1. k91 CtOO 
1.7bZCt00 

2 -01 O E t O O  
2.26SE+00 
2.5lOE+00 
2.769CtOO 
3 .017C+OO 
3 .SO7E+00 
S. 990E+00 
4. 46St+OO 

4.93JC+OO 
6.076ttOO 
7.183CtOO 
8 - 259L+OO 
9.305ct00 
l.l32E+Ol 
1 .SZkC+Ol 
1.507E+01 

1 .68SEt0 1 
1.851E*01 
2.01 SC+Ol 
2.17OCtOl 
2.320t+Ol 
2.607Et01 
2.875E+Ol 
3.127E+Ol 

1.825E+00 
1 .981 E+OO 
2.125E+00 
2 - 2 9 E t O O  

. . . . . - . . 
1.92OC+OO 
1.93OE+00 
1.939EtOO 
1 . 95CE+00 
1 . 972E400 
1.985C+OO 

5.5000 
6 . 0 0 0 0  
7 . 0 0 0 0  
8.0000 
9.0000 

- . - - . - . . 
2.379Et00 
2.601 LtOO 
2.798E*QO 
2.976EtOO 

10.0000 
12.5000 

1.997E400 
2.022E+OO 
2.042EtOO 
2.059EtOO 
2.07SE+00 
2.095E+QO 
2.1 1 SE+OO 
2.128E+00 
2’.141E+OO 

15.0000 
17.5000 
20.0000 
25.0000 
30.0000 

4.282E+00 
4.679E400 
5.012E+OO 
5.299EtOO J5.0000 

6 0 .  0 0 0 0  2.907E*00 
3.021E+00 
3.143E*OO 
3.26OE+OO 
3.S77EtOO 
3.61 lE+OO 
5.845E+OO 
I. O7lE+OQ 

5.551 E+OO 
5.776€*00 
5.979E400 
6.163E*OO 
6.532E+OO 
6.632Ci00 
6.89CEt00 
7.126EtOO 

. . . . . 
45.0010 
50.0000 
55 .0000 
60.0000 
70.0000 
80.0000 

5: i siE+oo 
2.161 EtOO 
2.170Et00 
2.178E+OO 
2.192E+00 
2 .2OJE+OO 
2.21 at00 90 - 0000 
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APPENDIX E. (Continued) 

Cortical Bone (ICRP) 

M U G Y  

ROV 

0.0100 
0.0125 
0.0150 
0.0175 
0.0200 
0 . 0 2 5 0  
0. 0300 
0 .  0350 

0.0400 
0.0450 
0 . 0 5 0 0  
0 . 0 5 5 0  
0.0600 
0.0700 
0.0800 
0.0900 

0.1000 
0.1250 
0.1500 
0.1750 
0 . 2 0 0 0  
0 . 2 5 0 0  
0 .  SO00 
0 .  3500  

0.4000 
0 .  4500 
0 . 5 0 0 0  

s T o r r x w 6  rowu QDA RADIATIDN 0EWS.EFF. 
COLLISION RADIATIVE TOTAL R W E  YIELD CORR . 
I k V  c m z t g  ROV cmWg k V  cmz0g O / C D ~  

(DELTA 1 

1.971E401 
1.663C+Ol 
1 .W7C*Ol 
1 .286L+O 1 
l.l61E+Ol 
9.804E+OO 
8.546L+OO 
7.618E+OO 

5. 461 1-0s 
5.579t-OS 
5.666E-OS 
5.728C-01 
5.778C-OS 
5.907C-OS 
5.951 c-0s 
smsc-os 

2.9091-04 
l .295E-Ol 
5.9llC-04 
7.7471-04 
9.79SE-Ol 
1 .4501-0s 
1 . 997t-OS 
2.61 6G-OS 

1 .468E-Ol 
1 .787C-O+ 
2.0951-04 
2. 393t-O* 
2.68SC-04 s . 2421-04 
S.77bL-04 
4.267E-Ol 

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 .0  

6.9031+00 5.969C-OS 6.9091tOO S.JO61-OS l.78lC-04 0.0 
6.335E+OO 6.022E-OS 6.3411*00 l.064C-OS 5.2591-Ol 0.0 
5.8721+00 6.0541-OS 5.679C+OO l -U41-03  5.72SC-04 0.0 
5.488E+OO 6.084C-OS 5.494C+OO S.76lC-OS 6.17%-04 0.0 
5.1631+00 6.llSC-OS 5.169=+00 6.7OSE-OS 6.61W-Ol 0.0 
4.64JE+OO 6.171C-01 4.649ttOO 6.7UC-OS 7.46JC-Ol 0.0 
4.246G*OO 6.23OC-OS l.252C*00 1.1OOC-02 6.2761-04 0.0 
3.932E+OO 6.2921-OS 3.9S9E*OO 1.345C-02 9.0591-04 0.0 

3.678L400 9.814C-04 
1.1611-03 
1 .329C-OS 
1 . 489E-OS 
1.64lC-03 
1.931c-0s 
2.2061-03 
2.47lE-03 

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0.0 
0.0 
0.0 
8.92OE-03 

_ ~ .  _ _  .. 
3 .  21 i E + O O  
2.9OlE+00 
2.676E400 
2.507t*OQ 
2.272E400 
2.119E+OO 
2.01 lE+OO 
1.931E+00 9.276C-01 1.94lC+00 1.4SSC-01 2.7101-03 3.4llC-02 
1.871EtQO 9.9011-OS 1-881C+OO 1.69fE-01 2.96lC-OS 6.200C-02 
1.825E+OO 1.OSSC-02 1.6J61tOO 1.964C-01 S.ZS6C-OS 9.146E-02 
1.789EtOO 1.124E-02 1.6001*00 2.2S91-Ol 3.4671-OS 1.219E-01 
1.760EtOO 1.194C-Of 1.7721tOO 2.5I9C-01 S.7S7E-03 1.531E-01 
1.718E+OO I.141E-02 1.7321+00 3.0901-01 4.ZS7E-03 2.166E-01 
1.690Et00 1.4951-02 1.705E+OO 3.67SE-el 4.74'PC-03 2.806C-01 
1.67lE+OO 1.6571-02 1.686C+OO 4.26ZE-01 5.245E-OS 3.4121-01 

. . - ~ ~ .  
0.5500 
0.6000 
0.7000 
0.8000 
0.9000 

1 .oooo 1 .658E+OO 

1 .637E+00 

1 . 643E+OO 
1 .656E+OO 
1.67OE+OO 
1 .68W+OO 

1 . w e + o o  
1 .O~L+OO 

1 .8ZlC-02 
2. 267C-02 
2.740C-02 
3. tS7E-02 
S -  755C-02 
4 .84OE-02 
5.981 15-02 
7.165C-02 

1.6771+00 
1 .66SEtOO 

5.755E-03 
7.OStE-03 
8 - S82C-OS 
9.7436-03 
1.1 ISC-02 

1 .669E-02 
1 .967E-02 
i . sqac-02 

4.069E-01 
5.580E-01 
6. 99lE-01 

~~~. 
1 .2500 
1.5000 
1.7500 
2 . 0 0 0 0  

i iiiSEtoo 
1.6711+00 
1.681C+OO 
1.704C+OO 
1 .7WC+OO 
1.7551+00 

a. sloe-01 
9.5s*1-01 
1 .17+G+OO 
1 . S68C+OO 
1 .5411+OO 

I .eas~+oo 
1 .3801+00 
1.67lE+OO 
1 . 958C+OO 

2. so00 
s.0000 s .so00 
4.0000 
1 .5000 
5 . 0 0 0 0  

1.697E+OO 
1 .709C*00 
I .noe+oo 

8.386E-02 
9.6S6E-02 
1.0921-01 

1 .761 W O O  
1 .805E+OO 
1.829C400 

1.876E*00 
1 .921 m o o  
1.964E*OO 
2.006C+OO 

I .assc+oo 

2.2411*00 
2.52OE*OO 
2.7951+00 
5.067E+OO 
3. S35C+OO 
3 .862E*QO 
4.377E*00 
4 .8aoc+oo 

2.288E-02 
2.59ZE-e2 
2.696E-02 
3.206I-02 

1.697E+OO 
1.8391+00 
1.970E+OO 
2.091 W O O  
2.ZOJt+OO 
2. 408E+OO 
2.591E+00 
2.757C+OO 

~~ 

1.731t+00 
1 .74OE+OO 
1 .758C*OO 
1.7739+00 

1.2221-01 
1 . S55C-01 
1.626C-01 
1 .904C-01 
2.188C-01 

5.5000 
6.0000 
7.0000 
8.0000 
9.0000 

5.51 +E-02 
4. 13SC-02 

5. J69E-02 

5. 96IE-02 
7.4971-02 
8.97IE-02 

4.  752e-o~ 

1 .OblC-Ol 

1.717L*OO 

10.0000 
12.5000 
15.0000 

.799E+00 

.824E*OO 

.841E+00 

.86OE+00 

2.476C-01 
3 .  2 14E-0 1 
3 .  971 E-01 
4.7UE-0 I 
5 .  525c-01 
7.117C-01 
8.7JSE-01 
1 .O371+00 

2.Ol61+OO 
2.1451+00 
2.241c+00 
2. 3ssc+oo 
2.427t+OO 
2.609C+OO 
2.786C+OO 

2. 906E+OO 
3.24 1 e+oo 
S.  525C400 
3.77sr+oo 
3.994CtOO 
4. 375WOO 
4.696L*OO 
4. 9 7 m O O  

I 5 . 5 0 0 0  
20  .oooe 

. - - . . - - . 
1.16OC-01 
1.446E-01 
1.694C-01 
1 . 926E-0 1 

.&74E+00 

.897E+OO 

.91 5 f + 0 0  

.929E+OO 

- - . . . . . 
25. 0000 
so .oooo 
35.0000 

6 0  .oooo 
45.0000 
50.0000 
55.0000 
6 0 . 0 0 0 0  
7 0 . 0 0 0 0  
80 .oooo 
9 0 . 0 0 0 0  

1 .94ZC+OO 
1 . 95ZE400 
1 .962L+OO 

1.7071+01 
1.861E+O1 
~.008C+Ol 
2.1 l7E+Ol 
2.28OL+O 1 
2. 529C+O 1 
2 - 757EtO 1 
2. 968E+O 1 

2.14SE-01 
2.347E-01 
2. 538E-0 1 
2.71 8E-0 1 
2.688E-0 1 
3.1 WE-01 
3.  WOE-0 1 
3.733E-01 

5.217E+OO 
5. 4 S W O O  
5.63lE+00 
5 .a1 OC+OO 1.970E+00 

1.978L+OO 
1 .992E+OO 
Z.O03E+OO 
2.01 lE+00 

5 .  #76E+00 
6.267E+00 
6 .SZSE+OO 
6.749E+00 4.916E+OO 



APPENDIX E. (Continued) 

Polystyrene 

M R G Y  

nav 
0.0100 
0.0125 
0.0150 
0.0175 
0.0200 
0 -0250 
0.0100 
0. 0350 

0 .  o*oo . ... 
0 .0450 
0.0500 
0.0550 
0.0100 
0.0700 

0.0900 
o .oaoo 

0.1000 
0.12so 
0 .1501  
o.iiso 
0 .zoo0 
0.2500 
0.3000 
0.3500 

0 .  l o o 0  
0.4SOO 
0.5000 
0 . 5 5 0 0  
9.5000 
0.7000 

0.9000 

1 .oooo 
1 . Z S O O  
1 .so00 
I .  7 5 0 0  

o .aooo 

. _.. 
2 . 0 0 0 0  
2. so00 
3.0000 
3.5000 

l .oooo 
r.5000 
5 . 0 0 0 0  
5 . 5 0 0 0  
h .OOQO .._.-_ 
7 . 0 0 0 0  
8 . 0 0 0 0  
9.3000 

10.0000 
12.5000 
1,. S O 0 0  
1~.0000 

:o. 3000 
25.0000 
S O  .oooo 
35.0000 

r0.0000 
a s .  0000 
5 0 . 5 0 0 0  
55.0000 
6 0 . 0 0 0 0  - . . - - - - 
70.0000 
8 0 . 0 0 0 0  
90.0000 

s~orrxwo rouea 
C D L L I S I ~  RADIATIVE TOTAL 

2.223f*Ol 

1 .bZlE*Ol 
I .  4WE*01 
1 . t#C*O 1 
1 .091C*Ol 
9. kISC*OO 

i . a6amoi 

a. woctoo 
7.637f*OO 
7.000E*00 
6.4alc*Oe 

S. bWC*OO 

4. 11bE*OO 
l .317L*OO 

4 .034L*.O 
3 .  S20E*OO 
3 .  172E*00 
2.923c*.o 
2.73bE*OO 
2.475E+OO 
2.305E*00 

6. osir*oe 
s. ioaetoo 

2. iatctoo 

2.lOlE*OO 
2.034E*OO 

1. 9*3E*OO 
l.9llE*00 

1 . 9wctoo 

I . a 6 4 ~ * 0 0  
i .as2~*00 
1 .aiottoo 

1 .79*E*00 
1 .77JE*OO 
1 .766E*00 
1.765E*OO . .__ .. 
1 .7180*00 
1 .778E*00 
1.791E*00 
1 .aowc*oo 

1 . 8 W i * O O  
1.8S9E*Oli 

i . a 9 1 ~ * o o  
1 .871E*OO 

1.90*E*00 

I .  916E*OO 
I. 9lOE*00 
1 .96OE*OO 
1 ~ 9 7 W ? + B O  . . . . - - - - 
1. P ~ J E I O O  
2.010E*00 
2.027E+00 
2.04IE*00 

Z.O5fE*OO 
2.06lE*OO 
2.07SE*00 

2.102E*OO 
2.11 X * O O  
2.123E*00 

z . o a i m o o  
2 . o a w o o  

Ikv c.2/9 

2. 9arc-o~ 

5.ooac-os 

2.992c-Of 
2.99%-03 
3.0O*E-OS 
3 - 01 7E-OJ 
3.027L-03 
S.OS7E-03 

s. oac-os  
3.061E-03 
3.07*L-OS 
3.0llf-OS 
3. 1*4E-O3 
3 .  1 35E-03 
3.1 6 90-03 
3.206C-03 

4.9WZ-03 s. 30*c-03 
6.07 1 E-Of 
6 . l75C-03 
7.3220-03 

9.1 42c-03 

1.0110-02 
1 . 2670-02 
1 .SSIE-OZ 
1 ..sSOE-02 

s. 6aoc-o~ 

a .ti20-03 

. . - - . - . - 
2.132L-02 
2.761E-02 
3 .*3SE-02 
4 f 1 SZE-02 

l .iS2E-02 
S.593f-02 
6. JSSE-02 
i .  ii$E-oz 
7.91 YE-02 
9. 5590-02 
1 . 1 2OE-Ol 
1 .29OE-Ol 

1. WlE-01 
I 9QIE-01 . . . . . - . . 
2.367E-01 
2.8S5E-01 
S . 31 1 E-01 
a.282t-01 
5.270E-01 
6 -271 E-01 

7 .za6E-oi 
~ . ~ O L E - O I  
Y.334E-OI 
1 .O37E*00 
1 .lSlE*00 
1.3SlE*00 
1. S6ZE*OO 
1.77W?*OO 

2.224C*O 1 

1.62lE*Ol 
1. lUEt.1 

I .aa9t*oi 

1 . t i l E * O l  

7 .640C*OO 
7 .003c*00 
6.k8*E*O@ 
6 . O H t * O O  
5.691C*OO 
5.11 lE*O* 

. 6 6 9 t * O O  
4.310L*OO 

l.O3IL*OO 
3. SZSE*OO 
S. 1761*00 
2.926E*OO 
z.739c*oo 
2.479C*OO 
2. 309C*OO 
2.1 ,2t*OO 

. 1 O6C*OO . O4OC*OO 

.99OC*OO 
. 9 b O f * O O  . wac+oo . a71 c*oo 
.a*oz*oo 
.ai9t*oo 

. a o ~ ~ * o o  

. 7 a ~ + o o  
-711 L*OO 

1 .acc*oo 
i .aa*t*oo 
I .  902E400 
1.9202*00 
I. 9sactoo 
1 .971 E*OO 
2.003E*00 
2.0S3t*00 

Z.O12L*OO 
2.131E*00 
2.1 96E*OO 
Z.2590*00 
2. S t O E * O O  
2.6390*00 
2.554L*00 
2.6b9C*OO 

2. 7azt*00 
z . a ~ ~ * o o  
3 .  OO6E*OO 
3 .  I 18E*00 
3.230E*00 
3.452E*00 
J. 67SE*OO 
S . ~ ~ E * O O  

2.546E-04 
3.777C-04 

b . a59c-o4 
5. ~iat-e4 

a. rlrt-04 
i .262E-e3 
1.7asc-es 
2.34SE-03 
2.96tm-03 
3.653E-03 
4.395s-03 
5. I WC-OS 
6 .OWC-O3 
7.H5C-Of 
9.9YSS-03 
1.21.~-02 

1 . 458C-02 
2.1 24E-02 
~.ats~-oz 
f.69SC-02 

a.stac-02 
4.579C-02 
6. SO*E-Ot 

l.Ol2C-01 

l.SI5C-Ql . . - . - - - . 
1 . S57E-0 1 
1 .I05C-O1 
2. osm-oi 
t . s I aE-o 1 
2.446E-01 

3 . ISZC-0 1 3. mst-01 

4 . *a*t-oi 
5. a7ac-0 i 
7. zai E-01 
a. i8.E-o i 

2.10~0*00 
2. JIl&*OO 
2.635E*OO 
2.897Et00 
S.l56t*OO 
3.667L*OO 
4. lllCt00 
4.666EtOO 

s. lSSE*OO 
6.347E*00 
7. S020*00 
8 .  S25E*OO 
9.71 7WOO 

1 .  JIIE*OI 
1 .S74Et01 

1.757E+Ot 

I .tazt+oi 

. . - . - . . 
1.933E*Ol 
Z.l03L*Ol 
2.266E*Ol 
2.424E*O 1 
2.723E*Ol 

RADIATION 
YIELD 

DEW. Etr . 
CORR . 

(DELTA> 

7.401E-05 

2.01 sc-04 

2.235L-01 
2. *52t-Ol 
2.112L-04 

* . S5OE-04 
5.396E-Ol 
6.1 99t-04 

. . . . . - . 
9.1 31 E-01 
1 .05Ot-03 
I. I~ZE-OS 
1 .312€-OX 
1.bbIE-OJ . . . . . - - 
1 .57OE-O3 
1.699C-03 

2. 34 9L-0 3 
2.61 5E-0) 

i .CWE-OS 
2.017~-03 

2. aasE-o 3 

s. 7aac-03 

~ . W O E - O ~  

3.S77E-03 
4.293E-0s 
S.O3OE-O3 

7. 352E-03 

1 .O63E-O2 

1.2330-02 
1 . lOSE-Ot  

1.7S7L-02 
1.9S6E-02 
2. 297E-02 
2.662E-02 
3.029E-02 

3.399E-02 
4. IZSE-02 
5.Zl9E-02 
6.1 LIE-02 
7 .072E-O2 

1 . OS6E-01 
1 .22OE-O 1 

I . saot-02 

a. a44E-ot 

1 . JT~E-OI 
1.53OE-01 
1.676E-01 
1.8I6E-01 
1.9SlE-01 
2.206E-0 1 
Z.lS9E-Ol 
2. ~ S ~ E - O  1 

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

2.729C-03 

S.l20C-02 

1.1 SZC-01 
2.492L-01 
3.179E-01 

z.6aat-02 

a. sawz-02 
I .aioL-oi 

3 .  862~-o I 

a. 301 0-01 
5.51 5E-01 
7.061E-01 

i.alrt-01 
i . iZ2E*oO 
1.431 E*OO 
1.616E*OO 

i.7a2~*00 
1.912E*00 
2.070E*00 
2.197&*00 
2.31  6E*OO 
2.s31 E*OO 
2.722E*OO 
2.896E*OO 
S . O 5 4 F * O O  - . . - - . - 
3.4OJE*00 
3.702E*OO 
S.  96 1E*OO 
l.l96E*OO 
&.596E*OO 
4.933E*OO 
S.Z23E*OO 

6.09SE*OO 
6.26JE*OO 
6.565E*OO 

7.06OEtOO 
6. azae*oo 

580 



APPENDIX E. (Continued) 

Polymethyl Methacrvlate 

ENERGY 

MOW 

0.0100 

STOPPING POUER 
COLLISION RADIATIVE TOTAL 

CSDA 
RANGE 
g/cm 2 

RADIATION 
YIELD 

DENS. EFF. 
CORR . 
(DELTA) 

MOW c m u g  MOW cmwg 

2.58OE-04 
S.826E-04 
5.282E-04 
6.9406-04 

2.198E+Ol 
1.849f+Ol 
1 .6OIE*O 1 
1 .6ZJE*Ol 

8 .  W9E-05 
9.99)E-05 
1 .158E-04 
1.3llE-04 

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . o  
0 . 0  
0 . 0  
0 . 0  
0 . o  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

....-. 
0.0125 
0.0150 
0.0175 
0.0200 
0.0250 
0.0300 
0.0350 

1.848E*Ol 3.S49E-OS 
1.604E*Ol 3.359E-03 
1.423L*Ol 3.366E-OS 
1 .283E*O I 3.i72Z-OS 1 .284E*Ol I. 7?2E-OI 1 .&60E-04 

1.7WE-04 
2.01 5E-04 
2.275E-04 

2.526E-04 
2.770E-01 

i .iioZtoi 5;iazE-o3 
9.400Et00 3.391 E-OS 
8.367E*OO S.4OlE-OS 

. 
1 . SO6E-01 
1.8OSE-03 
2.S68E-03 

0 . 0 4 0 0  
0 . 0 1 5 0  

7.57SE*00 
6.94ZE*QO 

6 .OO~E*OO 
5.644E*O0 
5 .070E*00 
6.6SlE*00 
6.286E*OO 

6 . 0 0 6 E * 0 0  
3. 496E4OO 
S.l52E+00 
2.904E*OO 
2.71 9E*OO 
2.661 E*OO 
Z.Z9ZE*OO 
2.17SE*OO 

6.429e+oo 

1. a1 1E-0s 2. ?97E-OS 
jIi67E-Oi 
4 .4S6E-OS 
5.24lE-OS 
6.100E-05 
7.972C-OS 
1.006E-02 
1 .zzae-oz 

0 .0500 
0 .0550 
0.0600 

6.4SSLtOO 
6.007L*00 
5. b47L*OO 
5.07SE*OO 0.0700 

0 . 0 8 0 0  
0.0900 

0.1000 
0.1250 
0.1500 
0.1750 

S.502E-OJ 
3.518E-OS 
3.S77E-01 

S. 901 E-04 
4. SZZE-06 
4.729L-04 

5.125E-04 
6.070E-04 
6 .  966E-04 
7.824E-04 

5.6 19E-03 
1. 7HE-OS 
1 . 8 5  5E-0 3 

1.47OE-02 
2.16OE-02 
2.894E-02 
J.721f-02 
4.61OE-02 
6.567E-02 
8.65Jt-02 
1.069E-01 

5 .  P i i E - o j  
6.126E-03 
4.425E-03 
4 .7 5 1 E-03 
5. IOlE-OJ 

0 .  ZOO0 
0 .  2500 
0 . 3 0 0 0  
0 .  3500 

0 .  4000  
0. $500 
0.5000 
0.5500 
0.6000 
0.7000 
0 . 8 0 0 0  
0.9000 

5.674E-03 
5 .8b7E-OS 
6.278E-03 

1.323E-01 
1.566E-01 
1.815E-01 

1 . 4 6 6 E - 0 3  
1.609E-03 
1 ,751E-01 
1.89ZE-OS 
2.0S5E-03 
2.32OE-03 
2.609E-03 
2.90ZE-03 

3.199E-03 
3.9S9E-03 
C 7b4E-03 

o a  
1 .Ob6E-02 
6.11ZE-02 
6. V9ZE-02 1.935Et00 6.707E-03 

7.1 bPE-OS 
1.942E*OO 2.070E-01 

lf903i?+00 
1 .856E*00 
1.825E+OO 
1 .803E*OO 

1 1 9lOE*OO 
1 .864E*OO 
1.834E+OO 
1.81JE*00 

2.jSOE-01 
Z.86OE-0 1 
3.4OlE-01 
3.95OE-0 1 

1 a o < t ? - o i  . .  .- _ _  
8.076E-03 
9.05OE-03 
1.007E-02 

1 : 650E-01 
2.3tlE-01 
3.001 E-01 

1 . O O O O  
1 . 2 5 0 0  

1.788E*00 
1 .767P+OO 

1.11SE-02 
1 .  S93E-62 

1.799E*00 
1.781 E*OO 
1 ~ 776E+OO 

4.504E-01 
5.9OZE-01 
7. SO8E-01 
8. 71 5E-01 
1.012E*00 
1 .291E*OO 
1.567E+00 
1 .IS9E*OO 

3.679E-'I 1 
5. N O E - 0 1  
6.887t-0 1 
¶ 319E-Ol 
9. b89E-0 1 
1.212E+00 
1 .625E*00 
1.61 SE*00 

I . 5 o o o  
1 ,7500 
2.0000 
2 . 5 0 0 0  
3.0000 
3.5000 

.- _ _  .- 
1.760i?*00 1.69JE-02 _ _  
1.759El00 Z.OO9E-02 1.779E*OO 
1.762E*00 Z.SS8E-02 1.785E*00 
1.772E+00 1.8OZE+OQ 

. .  . - _ _  
5.5SSE-03 
6.3SJE-03 
8.096E-03 3.031 E-02 

I .  761 E-02 
4.521 E-02 

1 .78QE*OO 
1 .797E*00 

1 .809E+OO 
1.821E*OO 
1.83ZE*OO 
1 .86ZE+00 
1 .dSlE*OO 

1 .822t*Oo 
1.842E*00 

1.86ZE+OO 
1 .882E*00 
1 .9OlE*OO 
1.920E+00 
1.938E+00 

9.868E-03 
1.168E-02 

4 . 0 0 0 0  
4 . 5 0 0 0  
5 . 0 0 0 0  
5.5000 
4 . 3 0 0 0  

5.307E-02 
b. 115E-02 
6.94SE-02 
7.788E-02 
8 .  668E-02 

2.109E*00 
2 .  J76E100 
2.641 E*OO 
2.903E+OO 

1.354E-02 1.78JE*00 
1 .5CZE-02  1.9J6E*00 
1 ,751E-02 Z.377E*00 

Z.t07E+00 1.926E-02 
. lLZE*OO 2. r t o t - 0 2  

2.513E-02 
Z.9lOE-02 
3.309E-02 

2 .  i27E100 
7 . 0 0 0 0  
8.0000 
9.0000 

_. - .. 
1 .868E*OQ 
1.88lE*OO 
1 .89bE*OO 

._ ~- 
1.06lE-01 
1 .ZZZE-Ol 
1 .C07E-01 

j.siJt+OO 
*.llbE*00 
4.671 E*OO 

10.0000 
! z . 5 0 0 0  
15.0000 
17.5000 
20.0000 
25.0000 
? 0 . 0 0 0 0  
3 5 . 0 0 0 0  

40 . o o o o  
4 5 . 0 0 0 0  
5 0  . o o o o  
5 5 . 0 0 0 0  

I O . 3 0 0 0  
80  . o o o o  
90,JOOO 

~ 0 . 0 0 0 0  

1.908E*00 
I .9JZE*OO 
1 .  P 5 2 E I O O  

1.596E-01 
Z.079E-01 
2.577E-01 

Z.O67E*00 
2.1 COE*OO 
2 .ZlOE+OO 
2.277E*OO 
2 . 3 4 2 E * 0 0  
2. *70E*00 
2.595E100 
2.718E*00 

5.158Et00 
6.366E*00 
7.496E*00 
8.610E*00 
9.69SE*OO 
1.177E+01 
1.375E*OI 
1 .S6SE*01 

1 ~ 7bSElOl 

J.7lOE-02 
4.712E-02 
5.709E-02 

3.073E*00 
1.421 E*OO 
3.71 6E+00 
3 .  97*E+00 
4 . tOtE+OO 
4.596E*00 
4.927E+00 
5.212E*00 

. . - _ . . _ . - 
1 .968E*OO 3. 'J8tE-01 
1.98ZE+OO 3.bO3E-01 
2 . 0 0 4 E + 0 0  4.656E-01 
Z.OZZE+OO 5.728E-01 
Z.O36E+OO 6.815E-01 

2.049E*r)0 7.912E-01 
2 . 0 5 9 E * 0 0  9.OZOE-01 
2.0b9E*00 1 .Ol3E+OO 
2.077E*00 l.l26E*00 
Z.O85E*OO 

4.695E-02 
7.667E-02 
9.56lE-02 
1.138E-01 
1.313E-01 

2.840E*OO 
2.961E*OO 
3 .  O82E*00 
S.ZOJE*OO 
3 .  32JE*00 

1.68OE-01 - .  _._ .. 
1 .639E-01 5.687E+OO 
1.792E-01 5.889E+00 
1.9$9E-Ol 6.072E+00 
2.079E-01 6.241E*00 

5 O L I E * O ~  . . . - - - . 
1.915E*Ol 
2.081E~Ol 
2. 2ZOE*O1 
2.39SE*Ol I .238E+OO 

1 ,665EtOO 
1 .694E*00 
1 .9ZQE+OO 

Z.O98C+OO 
Z.lOPE*OO 
2.1 ZOE*OO 

3.563E*00 
J.804E*OO 
4 . 0 4 4 E * 0 0  

Z.b81E*Ol 
2.95SE*01 
3.21 OE*O 1 

2.34ZE-01 
2.585E-01 
2 .81OE-O1 

6.541 E*OO 
6.803E+00 
7.054E+00 

581 



APPENDIX E. (Continud) 

Polvethvlene 

sTor?I)(o rDYm 
COLLI5IOW RADIATIVC TOTAL 

RADIATION 
YIELD 

DENS. EFT. 
CORR . 

(DELTA) 

M R G Y  

I k V  

0.0100 
0.0125 
0.0150 

2. kkl E+Ol 
2.Ok9C+Ol 
1.775C+Ol 
I .57SC+OI 

2.817C-01 
2.8k7E-03 
2.8SkE-03 
2.8bOE-Of 
2.8bkC-OJ 
2.87fC-01 
2.885C-03 
2.69kC-03 

2.4kZC*O 1 
2.Ok9C+Ol 
1.77bI+Ol 
I. S7SE+01 

2.308E-Ok 
3.k3OE-Ok 
k.7k5E-Ok 

b. 39lE-OS 
7.bbbE-05 
8.887E-05 
1.007E-Ok 
1 .ltlE-Ok 
1 .SkOE-Ok 
1 . 55OE-Ok 
1.752E-Ok 

1.9k8C-Ok 
2.1 SlC-Ok 

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0.017S 
0.0200 

6.264E-Ok 
7 - 921 C-06 1 .&l?E+Ol l.&17C+Ol . . __. . 

0.0250 
0.0300 
0.0150 

i i i i i C + o i  
1 . OS5I+O 1 
9 .2ObL+OO 

i 1 iiiE+oi 
I .  OHE+Ol 
9.Z01E*OO 

0.0160 2.9OSC-03 
2. 918C-03 
2.93lE-03 
2. H S I - 0 s  
2.HOI-01 
2.912t-0 J 
1.OZ5C-OJ 
1. Ob 1 E-01 

8.326E+OO 
7. bS~L+OO 
f.ObSC+OO 
b .592t*OO 
b .  1 IkL+OO 
5. SbOC+OO 
5.077C+OO 

5.715I-OJ 
1. JkJC-03 
k .OZSE-OS 
k.7-I-01 
5. Sk I C-03 
7.2111-05 
9-1JkE-01 
1 - 1 lac-02 

..- 
O.Ok50 
0.0500 
0 .OSSO 
0 .O60O 
0.0700 

2iS2SC-Ok 
2.501C-Ok 
2.b8OE-Ok 
1.025k-Ok 
J. J5kE-01 
3.675E-Ok 

0 . 0 8 0 0  
0.0900 

0.1000 
O.1ZSO 
0.1500 
0.17SO 

6.6 92C+OO r.r9bC+OO 

1. JWE-02 

2. 6kZE-02 
5.5990-02 
k.21 SE-02 
5.991 I-02 
7.921E-02 
9.979E-02 

I. wze-oo 
3.987E-01 
k. 7)JE-Ok 
5.  kkJE-Ok 
6.12kE-Ok 
6.782E-Ok 

3.0WE-03 
3.20 1 C-01 
3.312E-01 
1. k29C-01 
5. SSJL-03 
1.82Oe-01 
k . 1 1 OE-03 *. k2OL-01 

k. J87CtOO 
3.825C+OO 
3.JkbC+OO 

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

2.626E-02 
5.9ObE-02 

1 .J07E-01 
1.683E-01 
2.153E-01 
J. 211 E-01 
k . OOZE-01 
k. 759E-01 
6.568E-01 
I .PkJE-Ol 

9.409~-02 

S.l71E+00 3 - 17bE+OO 5 ;  i?oC+oo 
2. b87C+00 
2.SOlL+00 
2.375I+O0 

0.2000 
0.2500 
0.3000 
0.3s00 

8.065E-Ok 
9.258C-Ok 
1 .OkkE-03 

0 ~ 4000 2.272E+OO 
2.199E+OO 
2.1 k2E+OO 
2.097E+00 

k.75OE-01 Z.Z77E+00 
5.098E-01 2 .2OkC+OO 
5.46ZE-03 t.lk7E+00 
5.8klE-01 P.lOJC*OO 
6 .231E-O1 

1 .ZlJC-Ol 
1. k37E-01 
1 .6b7E-O1 
1 .902C-01 
2.1*2E-01 

1.16OE-03 _ .  
0.4500 
0.5000 
0.5500 

. . . . - . . 
1.276E-03 
1. J9lE-05 
1.506E-03 
1 .622E-01 
i .ISIE-OS 

0.6000 
0.7000 
0 .a000 
0.9000 

1 .oooo 
1.2500 
1.5000 
1 .7500 
2.0000 
2.5000 
3.0000 
3 .so00 

2.01 1 E+OO 
2.006E+00 
1.972E+00 
1.9klEt00 

1 .9SOE+OO 
1.90SE+OO 

7 . 0 5 S & O S  
7.91 5C-01 
8.81bE-05 

9.75kt-05 
1 -22kC-02 

t.bs2e-or 
3.1 SSL-01 
8.611 9-01 

k. 1551-01 
5.  k52E-0 1 
L.73Qt-01 

1.9SOC+OO 
1 .95bC+QO 

1 .9kOE+OO 
1.917E+OO 
1. QIOL+OO 

2.092k-03 
Z.JJ2E-01 

2 .  S7SE-03 
J.2OOE-03 
f.akaE-01 1 . 8 i S C + O O  

1.891C+00 
1 .a95E+OO 
1.905E+OO 
1.917E+OO 

1 . i i O f - O i  
1.77OE-02 
2.062E-02 
2.678E-02 
3.JZ7E-02 

. - - . - - . - 
1.9llE+00 
1.916E+00 
1.9J2E+00 
1 .9sot+00 

- . . - . - - . - . - - - . - 
8.068E-01 k.516E-01 
9.175E-01 5.203E-03 
1.197E400 6.623E-OJ 
l.k55E+OO 8.095E-01 
1.710EtOO 

6.taSE-Or 
1.121E+OO 
1. J75E+OO 
1 .596E+00 
1.791&+00 1 .930E+00 4.OOkE-02 

4.7049-02 
S. 42kE-Of 
6.162E-02 
6.91 6E-02 
7.68kE-02 
9.259E-02 
1 .088E-O 1 
1 .25SE-01 

I .  e22E-01 
1.8S5E-01 
2.801 E-01 
2.757E-01 s. ZZOE-01 
6.166E-01 
5.129E-01 
6.lOSE-01 

1.970t400 

1 .989E+OO 
2.008E+00 
2.026E+00 
2.0bbE+00 

9.608E-03 

4.0000 
6.5000 
5.0000 
5.5000 
6.0000 
7.0000 
8.0000 
9.0000 

10.0000 
12.5000 

1 .9kZE+OO 
1.95kEt00 

l.PIJE+OO 
2.21SE+00 
2. kbl E+OO 
2.7ObE+OO 
2.950E+00 
~ . ~ S l E ~ 0 0  
3.9OSL4OO 
k. S 7 2 I + O O  

k. 8laE*00 
5.9bOEtOO 
7 .05kE+OO 
8.119Et00 
9.157E+OO 
1.11 bE+Ol 
1.307E+OI 
1 .k91C+Ol 

1.116E-02 
1.273E-02 
1. kJSE-02 
1 .S94E-02 
1 .7S8E-02 
2.089E-02 
2.424E-02 
2.762E-02 

J. 10ZE-02 
3.956E-02 
k.81lE-02 
5.6bl E-02 
6.50SE-02 
8.156E-02 
9.759E-02 
1 - 1  31 E-0 1 

1 .966E+OO 
2.1 24E*OO 
2.269E*OO 1.965E+OO 

1.97SE+OO 
I . qeI.E!+oa 

i.4ozf+oo -. . . . - . 
Z.O6lE+OO 
2.094E*OO 
2.12bE+OO 
2.156E+OO 

i 1 siiE+ii 
2.751E*00 
2.95ZE+OO 
J.l32E+OO 

. . - - . - - - 
2.002E+00 
2.0 17E+00 
Z.OJOE*OO 

3 .  298E+OO 
3.660E+00 
1. q67E+OO 2.Oi7L+OO 

2 .  I OJEtOO 
2.1 17EtOO 
Z.l39E*OO 
2. I57E400 

15.0000 
17.5000 
20.0000 
25.0000 
S O .  0000 

- . . - . - - - 
4.2359*00 
4. 673E*OO 
4.88bE+OO 
5.221 E+OO 

35.0000 2.171E+00 S.514E*OO 

4 0 . 0 0 0 0  
45.0000 
50.0000 
55.0000 
60.0000 
70.0000 
80.0000 
90.0000 

2.18kEtOO 
2.195E400 
Z.ZOIE+OO 
2.21 SE*OO 
2.221 E4OO 
2.2J59400 
2.2k7L+00 

7.092E-01 
8.088E-01 
9.092L-01 
1 .OlOE+00 

2.89JL+OO 
J.001E+OO 
S .  1 lkE*OO 
J.Z21E+OO 
5 .  JJJC+OO 

1.667E+01 
1.817E+01 
2.000E+01 
2.158E+Ol 
2. ~IOt+01 

1 .ZIOE-Ol 5.770E*00 
1 .k24&-01 5.997E+00 
1.56ZE-01 6.202L+00 
1.695E-01 6.388E+OO i.azw-oi L . ~ S ~ E * O O  1.1 12E+OO 

1.31 6E+00 
1 .522E+00 
1.730&+00 

2.601 E+Ol 
z.87~+01 
3.132E+Ol 

2.0671-01 
2.29SE-01 
2.5041-0 1 

6.a61~+00 
7.125E+00 
7.3571400 2 . 2 5 7 f * 0 0  

582 



APPENDIX E. (Continued) 

Teflon 

PWLRGY 

ma v 

STOPPING P O U R  
COLLISION RADIATIVE TOTAL 

CSDA 
RANGE 

RAOIATION 
YIELD 

DENS. EFF . 
CORR . 
DELTA I 

MaV cr'tq 

1.84JE*01 
1 .SSJC+Ol 
1 .ss1r*01 

ROV C l v q  

4 .  21 1 E-0s 
4.247L-03 

M.V c m v q  

1.84JE*01 
1. SS4f*Ol 
1 .SSlE*Ol 

q/cr 2 

J.lOSf-04 
4 .  S89E-04 

0.0100 
0.012s 
0.0150 

1 .ZllE-Ol 
1. IOZL-04 
1 -7bXE-Ob 

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

2.294E-03 
2 .  S H E - 0 2  
4.7SJE-02 
7. 398E-02 
1.OZZE-01 
1.6ZJC-01 
2.2SJE-01 
2.896E-01 

. _ . . - . - 
4.271E-0) 
4 .287L-OJ 
4.JOOE-Os 
4.Jl6E-08 
4. JZ9L-OJ 
4 . J41 E-0s 

6.izoE-04 .. _ _  . 
8.287E-04 l.97SE-04 
1.048E-05 2.199E-04 
1.SSJE-03 2.629C-04 
2.14Of-05 1.0J7E-04 

0.iiii 
0.0200 
o.czs0 
0 . O J O O  
0 .  OJSO 

_ .  
1 .tOOC*Ol 
1 .084E*01 
9.141 c*oo 
7.96SE*OO 

. . - . - . . 
1 .ZOlE*Ol 
1 . OllE*Ol 
9.1 46E*OO 
7.970E*00 

7. orjc+oo 7.102C*00 Z.ro6C-oS s. 428C-04 
1.80SE-04 
4.169E-04 
4 .  SZZE-04 

0 . 0 4 0 0  
0 .0450 
0 .  o s o o  
0 .  osso 
0 OLIO 

6.4SOE*QO 
5.9OOE*OO 
5. 468E*OO 
I .  1 09E+OO 
+.806C*OO 
4. Jtl E*OO 
J.9Sl moo 
3.6S8E*OO 

5.421 moo 
2. 989E*OO 
2.697E*00 
2.487E+OO 
2.  JJOE*OO 
2. I 1  lE*00 
1.968E*OO 
1 . 8 O E * O O  

1 .797E*00 
1 .742E*00 
I.  699E+00 

4.  JssE-Os 
4 .  f66E-OS 
4 .  S80E-OJ 
4. s9sc-os 
4.4lOE-Os 
4.444E-OJ 
4 .  481C-OS 
4 .  stsc-os 

i .  I iiL*oo b .  list-0s 
7.1 WE-03 
9.J91C-OJ 
1.18lE-02 
1 . W4E-02 

4.ib5E-04 
S.2OOE-04 
S.847E-04 
b. b67E-04 

_. 
4 .a1 oe*oo 
4. S25&*OO 
s.9ssc*oo 
3.66JE*OO 

I .  +26E*OO 
2.994E*OO 
2.702E*00 
2.492L*00 

_ . _ _ _ _  
0.0700 
0 . 0 8 0 0  
0.0900 7.06SE-04 

4.S71 f-0) 
4.7OOt-03 
4.844E-0s s. OOoc-Os 

1.727E-02 
2.51 It-02 
I. 192L-02 
4 . M7E-02 s. J9SE-02 
7.bSlE-02 
1 .OlOE-01 
1.271E-01 

0.1000 7.64JE-04 
9.021 f-04 
1.OJZC-03 
1.1 S6L-OJ 

.. .-. 
0.12.0 
0 . 1 5 0 0  
0.1750 
0 . 2 0 0 0  5.167L-03 2.JJSE*OO 

2.117C*OO 
1.976E*OO 
1.87SE*OO 

1.804L*00 
1 .7ClE*00 
1.707E*OO 
1.67bC*OO 
1.647Et00 
1.61OE*OO 
1. S8SE*OO 
1 .568L*00 

1.275k-03 
0 . 2 5 0 0  
O . J O O 0  
0 .  JSOO 

s.sjot-os 
S . ~ E - O S  
6. JIJE-03 

._ ._ .. 
1 .  SOJE-05 
1 ,721 E-03 
1.9JlE-03 

0 . 4 0 0 0  
0 .  bS00 
0 . 5 0 0 0  

6.80SC-OJ 
7.279L-OJ 
7.775L-01 

I .S4SE-01 
1 .824E-01 
2.llbL-01 

Z.lJ7C-OJ 
2 .  341E-03 
2. W J E - 0 1  
2.7b6E-OJ 
2. 94SL-03 
3.J47E-03 
J.7SJE-OJ 
4.16ZE-OJ 

4. 57SE-OJ 
S .  6x1 E-OJ 
6.71 9E-OJ 

0.5500 
0 . 6 0 0 0  
0.7000 

.. 
1.66SE+OO 
1.639E+00 
1 . 6 O O E + O O  
1 . S73E*00 

-~ ~ ~ . -  - .  
2. 4IOE-0 1 
2.7 1 1 E-0 1 
J.JZ6L-0 1 
J.9S2E-0 1 
4.587E-01 

0 . 8 0 0 0  
0 . 9 0 0 0  

1.11 If-02 
1 . ZJJE-02 1 .s5sti*oo 

1 . o o o o  
1 . 2 9 0 0  
1 . 5 0 0 0  
1 .7SOO 
2 . 0 0 0 0  
2.5000 
J .  0000 
S. 5000 

4 . 0 0 0 0  
6 . 5 0 0 0  
5 .oooo 
5 . 5 0 0 0  

1 .54JE*00 
1 . S27E*OO 
1 .522E*00 

1.36OL-02 
1 .697E-O2 
2.0S7E-02 

1 .SS7E*OO 
1.544E*OO 
1.542E*00 

S .  227E-0 I 
6 .a41 f-01 
8 .  WZE-0 1 
1 .008E*OO 
l.l69C*00 
1 .49OE*OO 
1 .806E*OO 
2.118E*00 

2. * Z 6 t * O O  
2.7JOE*OO 
J.OJlE*OO 
J .  szaE+oo 

5 .  541 E-01 
S .  127E-01 
6.6S7E-01 

1 .S22E*OO 2.437E-02 1 . 5 4 6 t t O O  i.8~7t-oj i.o56t-o1 
8.98JE-03 9.582E-01 
1.lS4E-02 1.178LtOO 
1.377E-02 l.S9OE+OO 
1.676E-02 

~ _ _ _  ~. 
1 . StSE*OO 
1 . SSSE*OO 
1 . S+6E*00 
1 . 558E*OQ 

iIaJif-oi 
J.667E-02 
4 . S44E-02 
5.4S6E-02 

1 ,SJf*OO 
1 . S7ZE*OO 
1 . S9Zf*OO 
1.61ZE*OO 1 .5785*00 

6 .  JIVE-02 
7. S67E-02 
8 .  SS7C-02 
9. S67E-02 
1.04OE-01 
1 .ZSOE-Ol 
1.466E-01 
1 .686E-O 1 

1.879E-02 
2.1 Mf-02 
2. J9SE-02 
2.6S6E-02 

S. 447E-02 
S.978E-02 
4 .  SO9E-Of 

S.ObOE-02 

2.91 w - 0 2  

. S69E*OO 

.579E+00 

.589E*OO 

.598E+OO 1 .692f*OO 
1.710L*00 6.0000 

7.0000 
8.0000 
9.0000 

10.0000 
12.5000 

t 7.5000 
:o.ocoo 
25.0000 
5O.JOOO 
5s. a000 

* o .  0 0 0 0  
r 5 . 0 0 0 0  
5 0 . 0 0 0 0  

!5.0000 

.606E*OO 

.621 E*OO 

.LJSE*OO 

. 646E*OO 

_ _ _ _  .. 
.- .. J.rrtr*oo 

1.746E*00 4.201Et00 
1.78lE*00 4.768E*OO 
1.81SE*00 S.J24E*OO 

?..294E*OO 
2 .  SlZE*00 
2.706E+00 
Z.880E*OO 

.657E*00 

.679E*00 

.b97E*OO 

.712E*00 

.72*E*00 . <45&*00 
1 .*blE*00 
1 .77+E*00 

1 .78SE+00 
1.79SE*00 
1.8OJE*OO 
1 .8llE*00 
1.818E*00 
1.830E+00 
1 .84OE*00 
1 .d49E*OO 

1.910E-01 
2 .  48JE-01 
S .  071 L-01 
S.  672E-01 
4 .281 E-01 
5.521 E-01 
6.781 E-01 
8.056E-01 

9.3WE-0 1 
l.OLIE*OO 

1.848E*OO 
1. P27E*OO 

S.870E*00 
7.1 q b E + O O  

S.OS9E*OO 
5 .  J85E*OO 
S .  677E*00 
J.9JIE+OO 
4. 155E'OO 
4 , 5 4 1  E*OO 

- . . . - . - 
6.lS5E-02 
7.64SE-02 
8.91 JE-02 
1.015E-01 
1 . ZSPE-0 1 
1 .47bE-01 
1.687E-01 

. . . -. - - 
2. QOIE*OO 
2.079EtOO 
Z.l52E*00 
2.297L*00 
Z.*S9E*00 
2 .  S79E*00 

. . . . . - - - 
8 .  466E*OO 
9.691 E*OO 
l.O87f*Ol 
l.Jl~E+Ol 
1. 523E*Ol 
1.72:C*01 

k.abbE+OO 
S . 1 46LtOO 

2.71 qC*OO 1.91 1 E*01 
2.091 E*01 
2.26ZE*Ol 
2.4ZSE+Ol 
2. S80C*O 1 
2.874E*01 
S.  1*4€*01 
J.S96C*Ol 

1 .88bE-O1 
2.U7SE-01 
2.2SJE-01 
2.421E-01 
2. S81 E-01 

S .  J96E*OO 
5.61 4E*OO 
5.814E*00 
S .  99bElOO 

Z.8,9E*OO 
2.9)8E*OO 
3.1 J7E*OO 
1.276E+00 

1 . 1 isE*Oi 
1 . SZ6E*OO 
1 .4S8E+OO 
1.72*E*00 
1.991 E*OO 

. . . . . . 
ss. 0000 
6 0 . 0 0 0 0  
70 . O O O O  
8 0 . 0 0 0 0  
9 0 . 0 0 0 0  

b .163E+OO 
6.46lE*OO 
6 .:21E400 
6 .  9SZE+OO 

S.5S4E*OO 
3.831 E*OO 
4.109E*OO 

2.878E-01 
3.167E-Ol 
J .  J9ZE-0 1 2.260E*OO 
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APPENDIX E. (Continued) 

Borosilicate Glass 

E W U G I  

MoV 

STOPPIWO POU&R 
COLLISION RADIATIVE TOTAL 

CSDA 
RANGE 

g/CB ' 
S.237E-Ok 
k.76kE-Ok 
6.5kOE-Ok 
8.556E-Ok 
1.080&-01 
1.595&-03 
2.19kE-OS 
2.871 E-03 

RADIATIOW 
YIELD 

DENS. ETF. 
CORR. 

(DELTA) 
n ~ v  CB'/9 )(.v s m w g  

5. kOO&-03 
5.  k88E-03 
5.5k8C-05 
5.59JE-01 
5.626E-03 
5.67W-OS 
5.707E-03 
5*7SSC-OS 

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

8.985E-03 
2.665E-02 
4.6379-02 
6.76OE-02 
8.997E-02 
1 .371E-01 
1.860E-01 
2.359E-01 

2.859C-01 

0.0100 
0.012s 
0.0150 

1 .787Et01 
1.SllEtOl 
1 .317EtO1 

1.788E*Ol 
1.512&+01 
1 .S17E+Ol 

1.632E-01 
1.97lE-Ok 
2.296E-Ok 

0.0175 1.172ikOl 1.179LtOl 2.6 1 OL-0 k 
2.91 6L-06 0.0200 

0 -0250 
0.0s00 
O.OSSO 

. _- -. 
1.060EtOl 
8.962E+OO 
7.822EtOO 
6.980&+00 

. . . . - - - . 
1 .06OWOl 
8.968E*OO 
7.828E+00 

-. - . . - - . 
S. k95E-Ok 
k.Ok8E-04 
k.578E-Ok 6.9a6e+OO 

0 .  0400 6. SS1 E+OO 
5.81 k&*OO 
5.  39SEtOO 
5.  Ok2EtOO 
k .  7kb&*OO 

6. SS6C+OO 
5.820E*00 
5. S98E*OO 
5.011L+00 
k .  752C*OO 

3.62kE-OS 
k.kW&-OS 
5.  Skl&-03 
6. SOOE-OS 
7.321E-01 
9.54kE-01 
1 .199E-02 
1 .k6SE-O2 

1.750E-02 
2.5kOE-02 
5. k27E-02 
k .  598E-02 
).WOE-02 
7.706E-02 
1.016E-01 
1.277E-01 

5.087E-Ok 
5.579E-01 
6.055E-Ok 
6.518E-01 
6. 968E-Ok 
7.8S7f-04 
8.668E-04 
9.k67E-Ok 

5.759E-0S 
5.781E-01 
5.80SL-03 
S.82kE-01 

... .- 
0 .  OkSO 
0 .  osoo 
0.0550 
0.0600 
0 . 0 7 0 0  
0.0800 
0.0900 

0.1000 
0.1250 
0.1500 
0.17SO 

S.ak7L-03 
k. 272f300 
3.909EtOO 
3.622Et00 

1.390EtOO 
2.966E*OO 
2.679E*00 
2. 6 7 S E + O O  

5.69Sii-0 3 
5.9kSE-03 
5.997E-OS 

k .278E*OQ 

S. 628&+00 
3.396E*OO 
2.97PE*OO 
2.685E*OO 
2.679E*OO 

i.9isecoo 

6.055L-03 
6.21%-OS 
6. 39SL-OS 
6.588L-03 
6.796E-03 
7.25OE-OS 
7.7k9E-OS 
8.286E-03 

1 .OSIE-O3 
1.2071-OS 
1. W9E-03 
1.5kZE-OS 
I .698E-O3 
1.995E-0S 
2.277E-0S 
2.5k9L-01 

0 1 zoo0 
0.2500 
0 .  so00 
0.3500 

- . . . - - - - 
2. 31 8E*00 
2.102E*OO 
1 .962E+00 
1.86kEtOO 

- - . . . - - - 
2. S25&+00 
2.1 lOE+OO 
1 .970E*OO 
1 .87S&*00 

2.81 kE-03 
3.075E-03 
3.3SSL-03 
3.590f-0S 
3.8k6E-OS 
k.359E-03 
k.873E-03 
5.391 E-0 3 

0.4000 1.79SEt00 
1.7S9E*00 
1.698EtOO 
1.665EtOO 

8.857E-05 1.802E*00 
9.k6lE-OS 1.7k9E*00 
1.009E-02 1.708E+00 
1.075~-02 1.676~*00 

1.5k9E-01 
1.8SlE-01 
2.12lE-01 
2.Il6E-01 
2.71 7E-0 1 
3.33OE-01 
S.953E-01 
k.58kE-01 

.. .-- 
0 .  $500 
0.5000 
0 . 5 5 0 0  
0.6000 
0.7008 

1.640ktOO 1.1 6rE-02 1 . 65r t+oo  
1.603t*00 
1.579EtOO 
1 .56SE*00 

_ _  .- 
1 .285E-02 
1. kSkE-02 
1.59OE-02 

1 ;616f*OO 
1.59SE*00 
1 .579E*00 

0:eioi 
0.9000 

I . o o o o  1 .751 E-02 
2.179t-02 
2.636E-02 
3.1 l7E-02 

5.22OE-0 1 
6.818E-0 1 
8 .  kl8E-01 
1.001E*00 
1.160E*00 
1 .473E*OO 
1.78ZEt00 
2.085E*OO 

5.91 3E-03 .570EtOO 
1 .z500 
1.5000 
1.7500 
2 . 0 0 0 0  

. - . . - - - 

.56lE+OO 

.56kE*00 

.572E+OO 

7.2kOe-03 - .  
8.599E-OS 5.271E-01 
9.99OE-03 6.39OE-01 
1.16lE-02 7.448E-01 

9.39tE-01 

6.OPOE-01 

S.617E-02 
k .668E-02 
5.771E-02 
6.918E-02 

8. 102E-02 

.58Sb*OO 

.608E*00 

.6SkEtOO 

.66OE+OO 

2.5000 
J.0000 
3 . 5 0 0 0  

4 .  0000 
4 .5000 

.561E*00 

.576Et00 

.59OE*00 

.604Et00 

.616E*OO 

. 627Et00 

.637E+OO 

.647E*00 

.66kE*00 

.678E*00 

.691E+OO 

1 .431E-O2 
1 .729E-02 
2.OJZE-02 

l.l15E+00 
l.ZlJC+OO 

1 .419E+OO 
1.556P+OO 

2.384E*00 2.S39E-02 
2.649E-02 
2.961 E-02 
3.275L-02 
S.59OE-02 
4,ZZZE-02 
4.853E-02 
5.CIJE-02 

6.1 OPE-02 

9. s1 3E-02 
1.056E-01 
1.182E-01 
1 .JllE-Ol 
1.57kE-01 

._ .__  
5.0000 
5.5000 
6.0000 
7.0000 
8 .  0000 
9.0000 

1 . 844E-01 
2.1 1 9E-01 

2.399E-01 
3.11 5E-01 
3.85OE-01 
4 .599E-0 1 
5.360E-01 
6. PO6E-01 
8.k77E-01 
1.007E*00 

1.167E*00 
1 .529E*OO 
1 .k91E*OO 
1.6559*00 
1.819E*00 
2.150E*00 
2. +83E*00 
2.81 7E*OO 

.863E*00 

.9OSE+OO 
6.638EtOO 
5.169E400 

5.689E*OO 10.0000 1.703Et00 1.9k3Et00 
2.038E*00 
2.131 E*OO 
2.221 E*OO 
2.31 1Et00 
2.Q87EtOO 
2.662E*00 
Z..BS5E+00 

2.61 1 E+OO 
2.9ISE*OO 
3.229E+OO 
3.476E+00 
3 . 6 9 5 E t 0 0  
4.071C+OO 
4 .  188E*OO 
4.661 E*OO 

4.901E400 
5.1 15E+OO 
5.309E+00 
5. 486E*OO 
5.649E+00 
5.9IOEtOO 
6.194E+00 
6.420E*00 

12.5000 
15.0000 
17.5000 
20~0000 
25.0000 
30 .oooo 
35.0000 

1.726E+00 
1 .766Et00 
1.761Et00 
1.775EtOO 
1.797EcOO 
1 .llCE*00 
1.828E*OO 

b. 915E*00 
8.145Et00 
9.294Et00 
1 .OkOE*Ol 
1 . 268EtOl 
1 .kCZE*Ol 
1.624E*Ol 

7.653E-02 
9.159E-02 
1 . O6ZE-0 1 
1 .204E-01 
1 .  k7W-01 
1 .725E-0 1 
1.96lE-Ol 

2.18OE-01 
2.386E-Ol 
2.579E-01 
2.761E-01 
2.9JZC-01 
3.266E-0 1 
3.527E-01 
3. 782E-01 

40.0000 
4 5 . 0 0 0 0  

1.796E3*01 
1.957EtOl 
2.11 lE*Ol 
2.256Et01 
2.395EtO 1 
2.653EtOl 
2.891EtOl 
3 .  1 1  1 EtOl 

1.8kOEtOO 
I E51EtOO -...-- 

so. 0000 
55.0000 
60 . O O O O  
70.0000 

. . - - . - - - 
1.860E*00 
1.868Et00 
1.876E*OO 
1.889t*OO 

3.551 EtOO 
J .523E*OO 
3.695E+OO 
k.  OS9Et00 
k.  383Et00 8 0 . 0 0 0 0  

90.0000 
1 .90OE*OO 
1.909Et00 I. 727ttOO 
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APPENDIX E. (Continued) 

Lithium Fluoride 

MRGY 

ROV 

0.0100 ~ ~ . . . .  
0.0125 
0.0150 
0.0175 
0.0200 
0.0250 
O.OJO0 
O.OS50 

0.0400 
0. 0450 
0.0500 
0.0550 
0 . 0 6 0 0  
0.0700 
0.0800 
0.0900 

0.1000 
0.1250 
0.1500 
0.1750 
0 .zoo0 
0.2500 
0. so00 
0.3500 

0.4000 
0 . 6 5 0 0  
0.5000 
0.5500 
0 . 6 0 0 0  
0.7000 
0 .no00 
0.9000 

1 . o o o o  
1 .2500 
1 .5000 
1 .7500 
2.0000 
2.5000 
J.0000 
3.5000 

4 .OD00 
4.5000 
5.0000 
5 . 5 0 0 0  _._._. 
6 . O O O O  
7.0000 
8.0000 
9.0000 

10.0000 
12.5000 
15.0000 
17.5000 
20.0000 
25.0000 
30 .OOOO 
35.0000 
6 0 . 0 0 0 0  
4 5 . 0 0 0 0  
5 0 . 0 0 0 0  
55.0000 
6 0 , 0 0 0 0  
70.0000 
10.0000 
90.0000 

STOrrImi POUR CSD1 RADIATION DENS.EFF. 
CORR. 
.I_. -. . COLLISION RADIATIVE TOTAL RANGE 

MeV c.'/g 

1.796E+O1 
1.5l3EtOl 
l.J1SC+01 

I .  OSSL+OI 
8 .  894E+OO 
7.748L+OO 
6.902E*00 

6.252E+00 
5.736E*00 
5. SlSE*QO 
4. 965E+OO 
4. 67OE+OO 
4. 198E+OO 
S .8J86+00 
J .  5 5 m O O  

S. 32JE+OO 
2.9OJE+OO 
2.61 9LI.00 
2.41 5E+OO 
2.261E+OO 
Z.O48E*OO 
1 .907E*00 
1.809E+OO 

I .  7J7E+00 
1.68SE+OO 
1.642E+OO 
I .609E+00 
1 .583E*OO 
1 .566E+00 
1.521E+00 
1.50SE*OO 

i.i68e+oi 

I .491E+OO 
I .476E*OO 
1 .47lE*00 
I .471t*00 
1 .47IE+OO 
1 .l83E*00 
1 .CPJE+OO 
I .  503E+00 

1 . 51 3E+OO 
1 - 523E*OO 
1.531C*OO 
I .559&*OO 
1 .5C7€*00 
1.56OE*00 
1.572E+00 
1 .583E+00 

1.5926*00 
1 - 6  12E+OO ~. 
1 .629E+OO 
1 .64ZE*O0 
1 .654E+OO 
1.673E+00 
1 .688E*OO 
1.700E+00 

1 .711E+00 
1.720E+00 
1 .728E+00 
1.736E+00 
1.7C2t+00 
1 .754E+00 
1.764E+00 
1 .772E+00 

I UGb l a 2  
I k v  c l z / p  k V  Cm2/9 9NC.l 

J.678t-03 1.796L+01 3.IUlC-04 1.117E-04 0.0 
5.712C-03 1.514E*Ol 4.704t-04 1.544E-04 0.0 

3.7SOC-03 I.I69E+Ol 8.5OlE-04 1.77OC-04 0.0 
S.762L-OJ 1.055E101 1.0760-03 1.973C-04 0.0 
1.779E-03 8.898C+OO l.594E-OS 2.J6OC-04 0.0 
S.79ZC-03 7.75\E*OO 2.19tL-85 2.729E-04 0.0 

J.815E-OJ 6.256C+00 S.645L-OJ J.42JE-04 0.0 
3.827C-03 5.?39E*OO 4.480C-05 J.752E-04 0.0 
3.84OC-03 5.319E+00 5.Jl6E-01 4.071E-04 0.0 

S.867E-OS 4.674E100 7.S97C-01 *.684E-04 e.0 
3.898C-03 4.2OZE*OO 9.659E-OJ 5.269E-04 0.0 
J.932C-03 3.862&+00 I.215E-02 5.8SlE-04 0.0 
3.97OE-OS J.557E400 1.486E-02 6.372E-04 0.0 

4.OllE-03 S.J27E*OO 1.7771-02 6.896E-04 0.0 
4.I25E-03 2.907E+OO 2.584C-02 8.I43E-04 0.0 
4.25JE-Of 2.62JE+OO S.492E-02 9.321L-OC 0.0 

s.t~~o-03 I . J ~ ~ E + O I  ~.WOE-QI 1.~6ic-04 0 . 0  

J.~OIE-OI ~.~o(E+oo 2.88sc-o~ J . o ~ ~ E - o ~  0 . 0  

S.~~SE-OS t.,oe+oo ~ . J S ~ E - O J  6.382~-04 0 . 0  

6.3WL-03 2.619L+OO 6.6ahE-02 1.065E-03 0 . 0  

5.992E-03 l.l4JE+00 1.59lC-01 1.939E-OJ 6.09IE-02 
6.412E-01 l.690E+OO 1.883C-01 2.1251-03 8.465E-02 
6.852E-OJ 1.649E*00 2.18SE-01 2.3IOE-03 1.098E-01 
7,SOOE-01 1.617E+00 2.489E-01 2.495E-03 1.367E-01 
7.779C-03 1.59lE+00 2.1OlE-01 2.679E-OS 1.6CIE-01 
8.765E-OS 1.555E*00 S.437E-01 3.048E-03 2.236E-OI 
9.8OOE-03 l.lSOE*OO 4.086E-01 3.419E-03 2.846E-01 
1.088E-02 l.5l4E+00 4.743E-01 3.794E-03 3.467E-01 

l.200E-02 l.504E+QO 5.4061-01 4.l7SE-03 4.09JE-01 
l.499E-02 l.49lE+00 7.077E-01 5.141E-OS 5.644E-01 
i.aia~-oz i . ~ a g ~ + o a  a.756c-oi 6.138~-03 7.162~-ai -- - .  
2.iri.i-oZ I . + i jE*oo  i.oCJZ*oo i.iSiZ-OS .S.~LIE-OI 

4.021~-02 I.SJJE*OO i.a7o~+oo I.ZIZE-OZ I . ~ ~ ~ E + O O  

2.505E-02 1.499E+OO 1.21OE*OO 8.214E-05 9.917E-01 
J.244E-02 1.5I5E+OQ 1.562&+00 I.OJ1E-02 1.24OE*OO 

4.nsot-02 i.552L+00 t.i~4E+oo 1 .*9iE-oz 1.660~*00 

5.b66E-02 1.570E+OO Z.5lSE*OO 1.725E-02 1.839E*OO 
6,524E-02 1.588E+OO 2.832E*00 1.96ZE-02 2.0OJE*OO 
7.402E-02 1.605E+00 J.l45E*00 2.ZOZE-02 2.154E*00 
8.298E-02 1.622E*OO J.455€+00 2.444E-02 2.293E*OO 
9.2llt-02 1.6S9E*00 S.lblE*OO 2.b87E-02 Z.*2ZE*OO 
1.108E-01 l.67lE+00 4.365E+00 3.178E-02 2.655E+00 

1.49CE-01 1.7S2E*00 5.54lE*00 4.168E-02 3 . 0 4 6 E * O O  
i.2wtz-01 i.702~+00 +.95a~*oo S . ~ ~ Z E - O ~  P . ~ ~ ~ E + o o  

I.69JE-01 1.761E*00 b.llJC+OO * . b I J E - 0 2  3.2l*E*00 
2.2OlE-01 l.ISZE*OO 7.506E*OQ 5.894E-02 3.577E100 

3.256E-01 1.968E+00 I.Ol+E*Ol 8.299E-02 4.1Q3ElOO 
5.7978-01 2.034€+00 l.lSPE*Ol 9.*63E-02 4.37*E*00 

6.DlIE-01 2.289E*OO 1.602E*OI 1.314E-01 5.099E*OO 
7.I46E-01 2.415E+00 1.814E*Ol 1.585E-01 5.383E+00 

~ . ~ Z ~ E - O I  1.9oi~*oo ~ . I * *E*oo  7.ioa~-oz ~.iaie*oo 

+.a96~-0i 2.163~*00 i.s77~+0i i.i7i~-oi *.IOE+OO 

8.289E-01 
9. 441 E-01 
l.O60E+OO 
1 .177E*OO 
l.Z9*E+OO 
1.530E+00 
1.767E+00 
2.006E+OO 

2.56o~+oe -. - . - - . . 
2.664€+00 
2.788E+00 
2.912E*00 
3 .0ME+00  
J.28JE+OO 
J.5J1 E+OO 
S. 778E*OO 

2 .01  hE*Ol - . - . - - . . 
2.208E*O 1 
2.J9ZE*01 
2.567€*01 
2.735E*01 

1.776E-01 
1 .957E-01 
2.129E-01 
2.29ZE-01 
2 .C67€-01 
2.735E-01 
2.998E-0 1 
S. 238E-0 1 

.633E*00 

.156E+OO 

.057E*00 

. 2 ~ 0 E + 0 0  

.SO1E+OO 

.707€+00 

.968E+OO 

. 199E+OO 
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APPENDIX E. (Continued) 

Calcium Fluoride 

MCRGY STO??I)(O ?WLI CSDA RADIATION DEn5.EFF. 
COLLISIOR RADIATIVC TOTAL RAM15 Y I E L D  CORR . 

(DELTA) 
*V h V  c i x ~ g  k v  c ia /g  I k v  cix/9 9 / c m X  

0 0200 9 96SEtOO 7.87aC-OS 9 95SEtOO I I d b 0 3  6 26JE-06 0 . 0  

0 0300 7 363C*OO 8.llBC-03 7 SttC*OO 2 W m O S  5 993C-O+ 0.0 
0:0350 6:S77E*OO 8.I97E-OS 6:S8SC+OO 3:0-03 6:OlSC-O6 0.0  

0.0600 5.970C*OO 8.26SL-03 5.979C*OO S.86OC-03 7.606C-OI 0.0 
0.0650 S.687CWO 8.31%-03 5.695C*OO 6.7UC-03 8.368E-06 0.0 
0.0500 5.09SCCOO 8.S7OC-03 S.IOlC*OO 5.67BC-03 9.lOlC-06 0.0 
0.0550 4.766C*OO 8.6166-0S 6.77SC*OO 6.69SS-03 9.8tlE-06 0.0 
0.0600 6.686C*OO 8.6SC-03 4.6HCHO 7.77JI-03 1.05315-03 0.0 
0.0700 6.04IE*OO 8.S6*15-03 +.OWC*OO I.OIZt-02 1.1-15-03 0 . 0  
0 .0800  3.7OlL+OO 8.62lC-OS 3.7Olt+OO 1.27lE-02 l.Sl6E-03 0.0 
0.0900 3.63tE+OO 8.704C-OS 3.66OCtOO I.55IC-02 1.460C-03 0 . 0  

o:ozso a:wc*eo  ~.OICL-OS i + t t ~ + o o  I:~IS-OS S:WM-OI o:o 

0.1000 1.213C*00 8.788C-OS 3.2221*00 l.8SlC-02 1.S59E-03 0.0 
0.1250 2.8I61*00 9.016C-03 2.82315*00 2.6IIC-02 l.86OE-03 0 . 0  
0.1500 2.546C*OO 9.26%-03 2.553C*OO S.61715-02 2.102C-03 0.0 
0.1750 2.349L+OO 9.S34E-03 2.3SW300 *.&=I-02 2.S-E-03 0.0 
0.2000 2.ZOSC*OO 9.82lC-03 2.21~+00 5.7fSC-02 2.586L-OS 0.0 
0.2500 2.OOOC*OO l.065C-02 2.OIIC*OO 8.lllt-02 3.033L-03 0.0 
0.1000 1.867L*OO l.ll315-02 1.878LtOO I.06)C-Ol 3.6SSC-03 5.0371-03 
0.3500 1.776&*00 l.lO7E-02 1.7UC+OO l.3+215-01 3.859C-03 1.737E-02 

o.+ooo 1.706ctoo i.zi6c-ot I . T I ~ O O  i.6tac-oi ~ . z s ~ E - o ~  3.2~60-02 
0.4500 i.wctoo i.s*ac-ot I A ~ I ) L + M  1.9zse-01 6 . 6 s ~ c - o ~  S.OZ~E-QZ 

0 . ~ ~ 0 0  i.587~t00 t.stst-oz r.cot~+oo 2.ss~c-oi S.J~+E-OS 9.iwt-02 
0.5000 1.617L+OO l.63SC-02 I.63lCCPO 2.226E-01 5.017t-03 7.003C-02 

0 .6000  l.S63E+00 I.618C-02 1.579C*OO 2.8ME-01 5.7WE-03 t.141E-01 
0.7000 1.528CtOO 1.8I2C-02 1.567CtOO 3.69lC-01 6.5lZt-03 I.62JL-OI 
0 .8000  1.506EtOO 2.016E-02 1.526Ct00 6.162E-01 7.256E-03 2.128E-01 
0.9000 1.691EtOO Z.tZ9C-02 1.513C+OO 6.8OOZ-Ol 8.002F-03 Z.645E-Ol 

1.0000 1.68lEt00 2.650E-02 1.50SEt00 5.46SC-01 8.752C-01 3.167E-01 
1.2500 1.670CtOO 3.036E-02 I.SOOf+OO 7.128C-01 t.06515-02 6.459E-01 
1.SOOO 1.668CtOO S.6S8E-02 I.5OSCtOO 8.793s-01 1.258C-02 5.70OE-01 
1.7500 l.67lEtOO 6.313L-02 l.Sl5CtOO l.O65t+OO 1.65CE-02 6.875E-01 
2.0000 I.Z77E*OO *.)WE-02 t.527Et00 l.Z09C+OO 1.65615-02 7.980E-01 

5.0000 1 .506C*OO 7.922€-02 I .58SE*OO 1.8521*00 2.68lE-02 I .178E+00 
3.5000 1.S20LtOO 9.676iC-02 I.LISCtO0 2.165C+OO 2.903C-02 1.138E*00 
2.5000 1.wttoo 6.623L-02 i.sssctoo i.~s+ctoo t .oisc-ot 9.994e-01 

4.0000 l.S33E*OO 1.108E-Ol 1.666EtOO 2.4721*00 3.328E-02 1.482E*OO 
4.5000 1.565L*00 l.272C-01 1.67SCt00 2.773t+00 3.755C-02 1.616E*OO 
5.0000 l.bS7LtOO 1.4391-01 1.7OlLtOO S.07OCtOO 6.183C-02 1.735E*OO 

- . - - - . . - - . . - - - . . . - - - - . . - . _- - 
t . 0 0 0 0  1 .596E*OO 2.137E-01 I .80815+00 i ; 2 1 0 6 i O  S ; 6 U i e - O 2  Z.liiZ*QQ 
8.0000 1.6lOC*QO 2.699C-01 1.8S9CtOO 6.75SE*00 6.7S2C-02 2.316E*00 
9.0000 1.623EtOO 2.868C-OI 1.910Ct00 S.Z86C*OO 7.566C-02 2.472L*00 

10.0000 1.635E*00 S.263E-OI 
12.5000 l.LLOE*OO 6.l99E-01 
15.0000 l.679CtOO 5.18OE-01 
17.5000 1.695E+OO 6.177C-01 
20 aaae 1 . 7 m r t e a  7.1asr-ei - - . - - - . . . . - . - - - . - . - - - - . 
25.0000 1.731E*00 9.263E-01 
50.0000 1.748E+00 l.l33&*00 
35.0000 l.76ZE*00 l.366tt00 

40.0000 1.776C*OO 1.557E*OO 
6 S . 0 0 0 0  I.786€*00 1.77lL*OO 
50.0000 1.79SE*00 1.987E+00 
55.0000 1.802&*00 2.20IE*OO 
60.0000 1.809E*OO 2.422E*OO 
7 0 . 0 0 0 0  l.822E+00 Z.OCOE*OO 
90.0000 1.863E*00 3.746E*00 
ao.oooo I . ~ ~ J E * O O  3.101E+00 

1.9S9E*OO 
2.07I)EtOO 
2. I 97E+OO 
Z.S13C*OO 
2.655E+00 
2.aalE*OO 
3.1 O&E*OO 
S.3SI m o o  
3.555E*OO s - 7lBOC*bO 

t .6aeioo 

- - . - - - . . 
6 .QOIC+OO 
6.231C*OO 
6. 68PE+OO 
5.1 S4E*OO 
S. 587E*00 

5.803C+OO 
7.011E*00 
8- 21 Ot*00 
9.31 9C+OO 
1 .037E+OI 
1.234C+OI 
1 .*ISE*OI 
1 .582C+Ol 

1 .738C*OI 
I .883E+OI 
2.0 I 9CtOl 

8.388E-02 
1 .os9e-o1 
1.23lE-01 
1 .61SC-01 
1.590&-01 
I .917~-01 
2.2l7E-01 
2.691 E-01 

2.61 5E*OO 
2.9JlE+00 
3.662EtOO 
1.656L+OO 
6.026E*OO 
4 .  338E*00 
6.609E*OO 

1.201~400 

4 .a4ac+oo 
5.061 EtOO 
5.25SE*OO 
S.O29E*OO 
5 -5POEtOO 
S.878&+00 
6 .  I30E+00 
6.353E+00 
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APPENDIX F. Neutron Kerma Factors F,, rad (or cGy) per nkm2 a ,  

-253-07 - 0 0 0  
-36S3-07 -200-07 
-630-01 -340-07 
.110-0(. .tCO-O? 
.200-06 -120-06 
- 3 t 0 - 0 t  .20U-3t 
-633-06 . 3 4 U - O L  
-1  1-05 -600-0t 
-200-05 -1 20- OC 
-360-05 .200-05 
-630-05 .340-05 
.110-04 . C 0 0 - 0 5  
.200-04 -120-04 
.360-04 -2OO-OI 
.630-04 -340-04 
-110-03 .60D-04 
.200-03 -120-03 
.3LO-03 . Z O + U 2  
-630-03 -340-03 
-110-02 -600-03 
.2*0-02 . lPO-UZ 
-3eO-02 .EJO-Oi? 
.t30-02 -345-02 
.110-01 -6f.O-02 
.230-01 .120-01 
-360-01 -200-01 
.630-01 .34i+Ol 
-820-01 .400-02 

-900-01 .400-02 
.940-01 -400-02 
.9d3-01 .400-02 
.105*00 .100-01 
.115*00 .loo-01 
.195*00 .100-01 
.135+00 -1C0-01 
0145*00 .100-01 
.155+00 .lOO-Ol 
1 6  5+0 0- -1 00- 0 1 

. l7E+00 .100-01 

.185*00 . loo-01 

.196*00 . l J U - J l  
r21O+OO . L O o - O I  
.230*00 0200-01 

.270*00 .200-01 
-290+00 .200-01 
.310*00 -900-51 
-330+00 .ZC3-01 
.350+00 .200-01 
.370+00 .20+01 
.350+00 .200-01 
.420*00 -400-01 
.4t0-0 -400-31 
.500*00 .400-01 
r540+00 .400-01 
.580+00 -400-01 
.620+00 -400-01 

.e60-01 . ~ O O - O Z  

.230*00 .20*01 

H Li-6 L i - 7  B 

,b 

N 0 

-420-11 
.35s-1 I 
.2b5-11 
.204-11 
.151-11 
.I 11-1 1 
.SOS-lZ 
.74*12 
ot12-12 
.707-12 
.ea1--12 
.12n-11 
.21I-11 
.3C+-l I 
-625-1 1 
.108-10 
. lf6-10 

352-1 0 
-614-10 

107-00 
-153-09 
- 3 4 5 - J C  
.553-09 
. io0-oa 
.174-0s . ~ I T - O L !  
-444-08 
m535-08 . 5 53- c a 
.570-oe 

. t3i-oe 

.669-on 

.?os-oa 

.ti 2-oa 

.do+on 

.esz-ce 

.at.i-cn 

.587-08 

.603-0I) 

. ? 3 3 - C 8  

oeb7-08 . $1 3-08 

.SSS-O8 
-104-07 
0105-07 

11 3-07 
e l  17-07 
-120-0 7 
0 1  24-07 
-127-07 
.131-07 
.135-U7 
0141-07 
-147-0 7 
.153---1)7 
-158-07 . IC3-07 

. 9~ -1 -oe  

-7i2-05 
.CI1-05 
-462-05 

349-05 
-260-05 
-193-05 
.145-05 
. l  1 0-05 

821-06 
ef.11-5b 

4 t  2- 3t 
-34'2-0t 
026U-Jt 
-153-36 

l r b - O C  
.llO-.i)b 

061 0-07 
.4El-O? 
.34+0? 
259-07 

-153-07 
-147- 07 
-11 2- J7 
- 8 4 9 - O b  

.555-J8 
-532-58 
.C23-08 
.C34-U8 
.538- 08 
-543-08 
.554- 08 
.57S-OO 
oblCO8 
.06C-OB 

.821-36 
542-08 

.113--37 

.131--57 

.15P-O? 

.210-07 

.275-57 
277-37 

0216-31 
.159--J7 
.117-07 

. n20- 57 

. t e  4-08 

. 7 i i -oa  

. si n-on 

. ~ u - o e  

.63i-an 

.551-00 
-471-40 
.433-58 
. 36 i - -~n  
. 3 3 r o a  
-31 4-08 
I 3 J O - 5 8  

-1 IO-13 
- 1 1 0 - 1 3  
-157-14 
-637- 14 
.478-14 
-303-14 
-285-14 
-2  37-1 4 
0213-14 
-225-14 
-283-14 
-412-14 
-682-1 4 
-113-13 
-203-13 
-351-13 
.636-13 
-114-12 
.200-12 
-34s-1 Z 
-635-12 
.114-11 
.200-11 
344-1 1 

.578-11 
-944-1 I 
a14U-10 
-179-10 
.le6-10 
.192-10 
-198-1 0 
.204-10 
-211-10 
-231-10 
.257-10 
.281-10 
0312-10 
-350-15 
.394-10 
.440-13 
-519-10 
.620-10 
869-1 0 

.220-09 

.627-00 
-614-09 
.34G-09 
.238-09 
-1 s9-09 
.173--uS 
-1 66-09 
. l t C - O F  
.171-03 
-177-09 

.1W-09 
-21 1-09 
0228-00 

.I 85-09 

-159-05 
-1 35-05 
-102-05 
- 7 t J - O t  
m572-0t 
-426-06 
.321-0t 
-243-36 
.I 81-Ot 
-135-06 
.102-0t 
-763-07 
.570-07 
.424-07 
-32 0- 07 
-242-07 
.1?9-07 
01 2 3-07 
.loo-07 
0156-08 
.559-00 
-415-08 
-31 3-08 
.237-08 
.I 7n-08 

.10a-O8 

95 2-05 
.538-09 
oc24-05 
-91 1-39 
.&lSl-OS 
-6tS-09 
.842-05 
.82 2-0% 

-787-09 
.772-05 
.758-0s 
-74 5-05 
.?Z3-JP 
.717-09 
.657-0S 
-678-JP 
-659-09 
eb42-OY 
-627-0s 
-6 16-05 
.608-05 
.606-09 
-61 6-05 
.70&09 
mt93-0C 
. L 2 5 - 3 5  
.5b,5-05 
. 5 4 b O F  
-511-09 

.~36-on  

.96n-o9 

-604- 05 

e C 4 I - 1 4  
-20t-14 
-158-14 
-123-14 
0961-15 
.3*6-15 . b34-15 
.v71-15 

1 37-1 4 
-217-14 
-355-1 4 
-611-14 
. I  10-1 3 
e157-13 
-344-13 
.t00-13 
.10*-12 
-156-1 2 
-343-12 
.559-12 
-109-11 
,0195-11 
-341-11 
-555-11 . 1 07-1 0 
.190-10 
-325-10 
-416-10 
*435-10 
-454-10 
-473-10 
-491-10 
-523-10 
-569-10 
-6 13-1 0 
-057-10 
.?OO- lO 
.?43-10 
0784-1 0 
-825-1 0 
o d65-10 
. P O S - l O  
-963-10 
-1  04-09 
-1 11-09 
.1 la-0s 
-1 25-09 
-1 32-09 
-1 38-09 
-145-09 
.151-09 
157-0'2 

-1  65-09 
17t-09 

-1  86-09 
.l%-OS 
.205-09 
-214-09 

-785-09 -356-16 
-665-09 -537-16 
0502-05 .345-16 
-380-09 -418-16 
0282-09 -610-16 
-210-09 .986-16 
-155-09 .1t5-15 
-120-09 -282-15 
.e)G4-1J .SOB-15 
.t65-10 .9 l? - lS  
-502-10 .ASS-14 
-380-10 .278-14 
-283-10 .505-14 
-211-10 .505-14 
-159-10 .lSF-13 
0121-10 .278-13 
-910-11 -505-1 3 
0694-11 .F08-13 
-552-11 -159-12 
e 4 6 4 - 1 1  -218-12 
-429-11 -505-1 2 
-462-11 .Sag-12 
-582-11 .159-11 
-826-1 1 -218-1 1 
.128-10 .sac-11 
.1s7-10 .512-11 
.289-10 -160-10 
-342-10 -209-10 
0353-10 .220-10 
-364-10 -230-1 0 
0374-10 -240-10 

-403-1 0 .?6S-10 
-430-1 0 .206-10 
-456-10 -322-10 

0507-10 .377-10 
-531-10 .404-10 
-555-10 -432-10 
-579-10 -461-10 
-602-10 .485-10 
-624-10 .S18-10 
-557-10 -562-10 
0700-10 m623-10 
-742-10 .6B8-10 

.3ne-i0 . 2 s i - i o  

.*n2-10 .35o-i o 

-7m-10 .7sa-i0 
.ai4- i0  . ~ 3 t - i 0  
.848-10 e32t-10 
-082-10 .104-09 
-915-10 al l@-05 
-950-10 -139-0s 
.558-10 .IT*-05 
-129-09 -290-09 
0102-09 .235-OC 
-159-09 -991-10 
0102-05 .508-10 
.102-09 .975-10 
-171-09 -106-09 

"The notation in Appendix F: for example ,253-07, means 0.253 x lo-' 
*From Caswell, Coyne, and Randolph, Rad. Rer. 83, 217 (1980). 
Reproduced with permission from R. S. Caswell and Academic Press. 
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APPENDIX F. (Continued) 

En/IW AEn/MeV H I i -6  L i - 7  E C N 0 
. b t 0 + 0 0  .400-01 
.700+00 - 4 0 0 - 0 1  
.740+00 .400-01 
.780+00 . 4 C 3 - - J 1  
.820+00 . 4 C 0 - 0 1  
.060+00 . * C O - O l  
. 3 O O + O O  - 4 C O - 0 1  
.940+00 -400-01 
. 5 8 0 + 0 0  .400-01 
.105+Ol .160+00 
.115+01 .lUO+OO 
.li5+01 .lC0+00 
.135+01 .lCO+OO 
.145+01 . l00+00 
.155+01 .100+00 
.165+01 .100+00 
.175+01 .10J+O3 
. l R D + O l  .100+00 
.1V5+01 .103+00 
.210+31 .2OJ+OO 
.230+01 .200+00 
.250+0l .iOO+OO 
.270+01 .205+00 
.250+01 .2OO+UO 
.310+01 .200+00 
.330+01 .200+00 
.350+01 .205+00 
.370+01 .200+00 
.390+0 1 . 2 0 0 + U 0  
.420+01 .4Ci)+00 
.460+01 . 4 C O + O J  
. S O O + O l  .4C0+00 
. 5 4 U + 0 2  .400+00 

.620+01 . 4 C O + O O  

.685+01 . 4 C O + O 3  

.700+01 . 4 C O + O O  

.740+01 . ~ 0 0 + U 0  

.780+01 . 4 C 0 + 0 0  

.820+01 .4C0+50 

.860+01 . 4 O O + O O  

.000+01 . 4 0 0 + 0 C  

. S 4 0 + 0 1  .4CO+OO 

.980+01 .4CO+OO 

.105+02 .100+01 

.115+02 .101)+01 

.125+02 .100+01 

.135+02  .100+01 

.145+02 .100+01 

.155+02 . l O O + O l  

.165+02 .100+J1 

.185+02 .10*+01 

.19S+OZ .103+01 

.210+02 .200+01 

.230+02 .200+01 

.250+02 .200+01 

.270+02 .200+01 

.290+02 .200+01 

. sao+o i  .LCO+UO 

. i7s+az . i o o + o ~  

.1613-07 

.173-37 
-177-07 
-182-37 
I de-07 

-190-57 
.154--C7 
-1F8-07 
.202--J7 
..?oF-o7 
.218-07 
. i2?-07 
-235-07 
. Z I J - 0 7  
- 2  50-0 7 
.257-G7 
.i64-07 
-27 1-07 
-277-07 
.280-07 
-251-07 
-307-07 
.317-07 
.526-07 
-935-07 
-343-07 
-350-07 
.357-07 
eJb4-07 
-373-07 
e384-07 
. 3 9 4 - C ?  
.402-07 
.410-07 

4 17-37 
.423-J7 
-421-07 
.433-07 
-438-07 
- 4  42- 0 7 
.445-01 
- 4  48- 07 

5 2-0 i 
4 54-0 7 

.4 59- 0 7 
e463-01 - 4 67-07 
e4 t9 -07  
.471-07 
-471-07 
-472-07 
-471-07 
-470-07 
e469-07 
-467-01 
.463-07 

458-07 
-453-01 
-441-07 

. Lco-ob 

.2A3-J8 

.27e--Je 

.274--38 

.211--Je 

.210-J8 

.268-08 
-269-58 
.265--58 
.270-58 
.274-08 
.2dl-0.3 
.289-J8 
-301-0d 
-31 4- 4 8  
.328-0€ 
.33r)--30 
-343--36 
.345-08 
-347-0d 
r34d--Jtl 
-347-08 
-350 -08  
.358--38 

.35 5-00 
41 3-58 

.42& 0 8  
4 4 1 - J U  

.4CS-OL) 

-480-08 
.493-08 
.504-08 
* C Z l - O E  
-537-08 
.S5J-J8 
.f62-08 
.575-08 
.Sd7-09 
.5% 7- 08 
.606-08 
.011-J8 
-615-58 
-6  25- 0 8 

-637-08 
.641-38 
-645-0tl 
64 C- 08 

.6J3-08 

.679-08 

.6€8-J8 
-704- 08 
-723-08 
e741-08 
.?57-08 
-771-28 

.374-oa 

.at a- oe 

.t3e-oe 

.66+oa 

.246-09 
-267-09 
.2d9-05 - 3 13 - O F  
0340-09 
-3  71-09 
.404-05 
-441-09 
-480-0c 
-542-39 
-C 14-09 
.t72-09 
-714-IK 
-74b-09 
78P-OY 

.d31-05 
-8 7L- 09 
-928-09 

382-09 

. lZJ-OB 
-1 34-08 
-147-06 
159-08 

.170-06 

.181-08 

.190-08 

.221-0d 
-24 7-08 
-2 74-08 
.290-00 
-2I39-08 
.zet.-oa 
.304-08 
-303-08 
.259-03 
.zsa-*e 
-299-03 
-304-08 
-315-08 
-3 27-0 d 
.33P-08 
350-08 

-361-08 
.179-08 
- 4  01 -08 
.419-0d 
.424-06 
.448-0d 
.467-08 
-408-08 
.506-08 
-523-08 

-556-08 
-571-08 
-595-Od 
-6 07 -08 
-617-08 

.I  01-0a 

-537-0a 

-482-05 
-46l-JS 
-447-05 
.43&09 
.4 33-05 
-429-05 
.427-05 
-420-09 
-4 26-05 
-434-09 
0482-05 
-6 58-05 
r t  62-05 
-C 16-05 
.045-09 
.720-05 
.866-09 
-908-09 
-07 3-09 
. & Z l - O S  
-745-OF 
.897-05 
-934-05 
-5 2 3-05 
.876-09 
.861-05 
.939-09 
.9B(i-O5 
.101-oe 
.106-08 

-1  31-08 
-1 31-00 
-1 3 6 0 8  
-1 38-08 
-1  31-08 
. I  30-08 
.127-09 
-1 35-08 
.128-08 
.129-08 
-1  30-08 
.132-08 
-141-08 
-140-08 
1 57-0 8 

-1  71-08 
-186-08 
.20 0-0 8 
.2i)S-08 
.i17-08 

.I 24-on 

.2 2 3- o e 

.z ia-on 
a2.31-08 
.21!5-08 
2 55-0 6 

.265-08 
-213-08 
.285-08 

.ZZL-OY 

.130-09 
-237-09 
.244-09 
.251-05 
-2 57-09 
.263-09 
-269-09 
.275-09 
-284-09 
.2Sb-O9 
-30b-09 
-3 16- 09 
-325-05 
.334-09 
-343-05 
352-09 

e361-0S 
.7 71 -09 
.we-09 
-420-09 
-471-09 
-569-09 
-800-09 
5 85-09 

.SOI-OE 

.105-0d 

.101-08 
-908-09 
-742-09 
.555-09 
-520-09 
-534-09 
.558-09 
-782-09 
-462-09 
.4SU-09 
.7C4-09 
-13Z-08 
-91 4- 09 
.751-09 
.119-OR 
151-08 

.125-08 

.121-00 

.144-08 

. I  91-08 

.201-08 
-2 29-00 
-294-08 
-327-0a 
. ; l f -08 
- 3 5 5 - 0 8  
367-0 8 

-403-08 
.427-00 
.452-08 
m466-00 
.450-00 

-269-0Y 
182-09 

.155-09 
-142-09 
.I 33-09 

1 24- 09 
e l l 4 - W  
a98b-10 
.122-05 
.202-J9 
-176-09 
-1  72- 59 
.417-0S 
.405-05 
-319-09 
204-05 

.443-09 
-3 84-05 
-328-09 
.371-09 
.484-09 
.4 95- 09 

71 7- 09 
.e3e-o9 
.104-08 
.112-08 
e l  37-08 
-127-08 
.I 54-08 
.172-08 
.I 35- 08 
.I 13-08 
e l  04-08 
.97b-09 
-1 15-08 
,884- 09 
- 9 8 3 ~ 0 9  
.125- 08 
.121-08 
.113-0d 
.112-08 
.118-08 
-127-08 
-1 38-08 
.156-08 
.177-08 
.211-08 
.274-08 
-253-08 
26s - 08 

.282-08 

.296-08 

.313-08 

.329-08 
-349-08 
.366-08 
-378-08 
e386-08 
.394-00 

.114-09 
-123-09 
-131-05 
-140-09 
1 52-05 

.169-09 

.20 2-09 
a287109 
-475-09 
-422-09 
.255-05 
-273-09 
.269-0S 
.216-OS 
-218-09 
268-0 9 

-214-09 
.284-09 
-220-09 
-203-09 
-1 1 3-0 9 
137-05 

.17S-09 
e188-09 
-279-0 9 
-561-09 
-542-09 
.591-05 
.407-09 
.47Y-09 
.378-05 
.584-09 
.315-09 
.486-09 
-456-09 
.05?-09 
.866-05 
.110-08 
-830-09 
.800-09 
.131-08 
.104-38 
-963-09 
.11s-oe 
-127-08 
173-08 

-1  57-08 
.182-08 
.206-08 
.2 18-08 . Z 2 3-0 8 
e 2 3 4 - 0  8 
-2 46-08 
e262-08 
-277-08 
.27S-00 
.270-08 
278-08 
264-0 8 

588 



APPENDIX F. (Continued) 

En/MeV AEn/HeV 
-2E3-07 - 0 0 0  
-3t0-07 ,200-07 
-630-07 -340-07 
.110-06 .600-07 
.200-06 .120-06 
-360-06 .200-0t 
.630-06 e 3 4 0 - O t  
.113-05 -600-06 
.200-05 .120-C5 
.355-05 -200-05 
-63 3-05 - 3 4 0 - 0 5  
.110-04 .050-05 
.200-04 .120-04 
-360-04 -200-04 
-630-04 .340-04 
- 1  10-03 -600-04 
.200-03 -120-03 
-3bO-03 -200-03 
-630-03 -340-03 
. I  10-02 .630-03 
.200-02 .120-02 
.300-02 .200-0i 
.630-02 -340-32 
.110-01 .600-02 
.200-01 .123-51 
.363-01 -200-01 
-630-01 -340-01 
.820-01 -400-02 
.8&0-01 .400-02 
.500-01 .QO0-02 
. S B O - J l  -400-02 
.9&0-01 -400-02 
.105+00 . l O U - O l  
.115+00 .100-01 
.125+00 . loo-01  
- 1  35+00  .100-01 
.145*00 .100-01 
.lC,5+00 .100-01 
.165+00 .100-01 
.175+00 .10*01 
.185+00 .100-01 
.195+00 . loo-01  
.210+00 .21)0-01 
.230+00 .200-ol 
.2so+oo .200-01 
.270*00 -200-01 
.290+00 .200-01 
.3lO+00 .200--01 
.330+00 .200-01 
.350+00 .200-01 
.370+00 .200-01 
.390*00 .200-01 
.42O+OO .400-01 
.460+00 -400-01 
. 500+00  . 4 C O - 0 1  
.S40+00 -400-01 
. 5 8 O + O O  .400-01 
.620+00 -400 -01  

F 
-364-14 
-309-14 
2 34-1 4 
-178-14 
-135-14 
.104-14 

-771-15 . ao3-15 
-1 91-1 4 
. l46-14  
-231-14 
-402-14 
-710-14 
-123-1 3 
-2 14-1 3 

-“.380-13 
.t 59-1 3 
.108-12 
.186-12 
337-1 2 
-608-12 
.107-11 
. 1 8 C - 1 1  
,344-1 1 
.lO6-10 
-195-10 
.1ae-10 
.270-10 
.41 8-1 0 
.732-10 
.107-09 
-753-1 0 
-376-1 0 
-303-1 0 
.278-10 
-275-10 
.284-10 
-285-1 0 
-243-1 0 
-305-1 0 
.315-10 

-504 -1  0 
-646-10 
.104-05 
-106-09 
-103-09 
.1oa-o9 
.112-05 
- 1  16-09 
e126-05 
-130-09 
.946-10 
.108-09 
.986-10 
.102-09 
.111-0$ 

. ese-1 5 

.3ai-io 

~~ ~~~ 

Na 
-541-13 
-797-13 
a602-13 
.456- 1 3 
.239-13 
-233-1 3 
-151-1 3 
-145-15 
.109-13 
-836-14 
.66P-l4 
-573-14 
.552-14 . t 36- 1 4  
q875-14 
-124-13 

-455-13 
721- 1 3 
.150-12 
. l d 6 - 1 1  
. l .? l - lo  
-172-11 
- 1  84-1 1 
.180-11 
. *Or-1  1 
.114-10 
.SC.Z--I l  
. l o r 1 0  
.108-10 
.112-10 
-11 7- 10 
.125-10 
e136-10 
.147-10 
e 1 5 6 - 1 0  
169-1 0 
.179-10 

- 1  9 5- 1 0 
.204-10 
.224-10 
-356-10 
-321-10 
.r23-10 
. Z B S - l O  
-261-10 
-3t6- LO 
.33&10 
-36 1-1 0 
.40%10 
-553-10 
-453-1 0 
-502-1 0 
-313-10 
-594-10 
-754- 1 0 

.229-13 

. ie5-10 

.ebs-io 

n9 
-176-13 
-149-13 
e 1 1 3 - - 1 3  

&36-14 
- 4  7 6- 1 4 
-364-14 
-282-14 
-222-14 
-1b8-14 
-178-14 
-199-14 
e270-14 
.418-14 
.686-14 
.1 lo- l3  
.20(3-13 
e373-13 
-651-13 
-1 L3-12 
-205-1 2 I 
.368-12 
-638-1 2 
.112-11 
.206-ii 
-381-1 1 
.I1 7-1 0 
-893-13 

1 07-09 
-698-10 
,401-10 
-294-1 0 
.222-10 
. l C ) O - l O  
-160-10 
156-1 0 
-174-1 0 
2 03-1 0 
.203-10 
.205-10 
.i22-10 
.251-10 
.314-10 
-448-1 0 
-635-1 0 
-103-10 
.604-10 
.581-10 
.518-10 
-445-10 
-413-10 
-428-10 
-934--10 
.7Sb-l0 
-506-1 0 
.495-10 
-492-1 0 
.364-10 

.es3-i* 

A1 
.499-13 
-423-1 3 
e320-13 
-242-1 3 
.180--13 
.134-13 
.101-13 
-768-1 4 
-575-14 
-43S-14 
-341-14 
-279-1 4 
-247-14 
.255-14 
.3 12-1 4 
-447-14 
.735-14 
-126-1 2 
-216-1 3 
-373-1 3 
.675-13 
.120-12 
.305-12 
-347-1 2 
-401-12 
.ez1-11 
-368- 1 1 
.155-10 
-376-10 
.382-10 
-230-10 
.149-10 
.525-11 
.112--10 
-545-1 1 
.129-10 
-371-1 0 
.3r)9-10 
-265-10 
.175-10 
147-1 0 
-173-10 
-282-1 0 
207-1 0 
. 1 5 C l O  
.130-10 
-371-1 0 
.325-10 
-240-1 0 
e l  59-1 0 
-403-1 0 
.226-10 
-420-1 0 
.424-10 
.368-10 
.473-10 
-475-1 0 
-414-10 

. -  

S i  
.43L-I 3 
.370-13 
.275-13 

4;;;:;: 
- 1  17-13 
.a90-14 
e676-14 
- 5  08- 14 
-380-14 
-310-14 
-267-14 
-257-14 
.2F5-1* 
.400-14 
.t 11-1 4 
.104-13 
-162-1 3 
-31a-13 
e 5 4 t - 1 3  
-990-1 3 
178-1 2 
-3OG-12 
-480-1 2 
-713-12 
.118-11 
,269-11 
-300-1 1 

-272-11 
.262--11 
-257-1 1 
-253-1 1 
.237-11 
.200-11 
159-1 1 
.123-11 
-190-1 1 
e608-11 
.201--10 
e 4 3 8 - 1 0  
.567-10 
.475-10 
-361-10 
-316-10 
e293-10 
.281-10 
.2?6-10 
-275-10 
-276-10 
-2 79-1 0 
284-1 0 
.293-10 
306-1 0 
-322-10 
-441-10 
529-1 0 
303-1 0 

.2a7-ii 

P 
-371-13 
-321-13 
m240-13 
-184-13 
-141-13 
-1 1 3-1 3 
-757-14 
.581-14 
-471-14 
-346-14 
-264-14 
-278-14 
.345-14 
-467-14 
.678-14 
-104-13 
-175-13 
.300-13 
-511-13 

.158-12 
-283-12 
-541-1 2 
0105-11 
.155-11 
e 3 0 1 - 1 1  
-528-11 
664-1 1 
-692-1 1 
-710-11 
-666-11 
-605-11 
.564-11 
-540-11 
.489-11 
-358-1 1 
664- 1 1 
-123-13 
-771-11 

738-1 1 
.122- 10 
eT96- 1 1 
.118-10 
-809-11 
-135-10 
.128-10 
m134-10 
-106-10 
.114-10 
-168-10 
.301-10 
. lee-  10 
-213-10 
-302-10 
.218-10 
-217-10 
-327-10 
.246- 10 

.ale- 13 

5-32 
-145-1 I 
-323-11 
-530-1 1 
.186-11 
.185-11 
.151-11 
154-1 1 

e l  41-1 1 
-142-11 
-142-1 1 
e 1 4 1 - 1  I 
.140-11 

140-1 1 
.140-11 
-140-11 
-140-11 
-140-11 
.140-11 
.141-11 
142-1 1 

-143-1 1 
146-1 1 
-152-1 1 
-164-1 1 
.174-11 
-190-11 
.228-11 
-421-1 1 
-522-1 1 
-655-1 1 
-831-11 
.105-10 
246-1 0 
-324-1 0 
.224-10 
172-1 0 

.145-10 
-127-10 

.112-10 

.104--10 

.10a-10 

.155-10 
-115-10 
.105-10 
.150-10 
.176-10 
-136-10 
-118-10 
-576-11 
.124-10 
.250-10 

1 7’4-1 0 
-170-1 0 
-1 70-1 0 
.182-10 
-279-1 0 
159-1 0 

. I I a-i o 
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APPENDIX F. (Continued) 

En/HeV AEn/HeV F Ma A1 Si P 5-32 
.660*00 0400-01 
.700+00 .4C0-01 
.74U+00 .400-01 
.780+00 .400-01 
0820+00 .400-01 
.860+CO .400-01 
.900+00 -400-01 
.340*00 .400-01 
.980+00 .4CO-01 
0105*01 .100+00 
.115*01 .100+00 
.125+01 .lCO+00 
0135tO1 . l O O + U O  
.14S+Ol .100+00 
.155*01 .100+00 
.165+01 .100+00 
.175+01 .100+00 
.185*01 .lOO*O0 
.lY5+01 .100*00 
.210*01 . 2 0 0 * O O  
.230+01 . 2 0 3 t O O  
.250+01 .200+00 
0270+01 .200+00 
.250+01 .Z30*OO 
.310*01 .zoo*oo 
.330+01 .200+00 
.350+01 .200+00 
..370+01 .2OO+QO 
.390+01 .200+00 
.420*01 .4co+oo 
.460+01 .400+00 
.500+01 e 4 J O t O O  
.340+01 .4CO+O0 
.580+01 .4CO+OO 
.42OtO1 .4OO+OO 
.6OJ+O1 .400+00 
.700+01 .400+00 
.740+01 .4OO+OO 
.780+01 .400+00 
.020+01 .4CO+OO 
.860+01 .400+00 
.900t01 .4CO+OO 
.S40+01 .400+00 
.983+01 .4CO+OO 
.105*QZ . l O O * O l  
.11?1*02 .IO0+01 
.125*02 . l C O * O l  
.131+02 . l O O + O l  
0145+02 .100+01 
.15S+OZ. .100+01 
.165+02 .100+01 
.175*02 . l O I ) + O l  
. l85*02 .100*01 
.19S+O2 . L O O + O l  
.210*02 .200+01 
.230+02 0200+01 
-2SOtOP .200+01 
- 2 7 Q M Z  .200*01 
.290+02 .200+01 

. 8 I  ? - I D  
-833-10 
.I  11-05 
.119-05 
.124-05 
.131-05 
.lPS--JS 
. i 4o -as  
.115-05 
-134-09 
.1L5-05 
.l8S-O9 
.1?2-05 
- 1  61-05 
.153-05 
. L I 4 - 0 S  
-1  53-09 
.151-05 
. i23-05 
mZl7-0'4 
.227-09 
m2b4-05 
.282-09 
260-05 

-265-05 
aZ6O-05 
a27S-09 
.28O--OS 
-2  be-09 
-364-05 
.460-0 '5 
-455-09 
. t Z C O C  
.771-09 
-772-09 

.S?C-OC 

.916-09 
-915-05 
.574-09 . 1 Oc-08 . 1 O Y - 0 8  
-1 16-08 

.706-09 

. I  z e o a  
I 40-oa 

. I  04-00 

. I  cs-oe 

.213-i)8 

.zze-oa 

. P I I - O ~  

.24+0a 

. 2 ~ - 0 a  

,20e-oe 
.209-0a . z is-oc 

.162-0C 

.254-0(1 

.220-011 

-230-08 

.108-09 

0 101-05 
106-09 

.750-10 
0 106--05 

7 1 0-1 0 
o@bCrlO 
0945-10 

-962-1 0 
0983-13 . tS7-10 
.f l6-10 
-106-09 
-124-05 
0101-05 
- 1  2 5-09 
0142-05 
01 45-05 

152-95 
e13P-59 
-145-05 
-124-09 

15.4-05 
.171-0Y 
. l l l - O F  
.170-05 
.I ae-os 
e l  83-39 
-157-05 
.2.?1-0s 
-239-05 
.26* 0s 
.2?5-05 
.2tS--35 
-31 4-09 
.343-0s 
e302-09 
.415-OC 
-453-09 
e457-05 
.537-09 
-621-35 
6YD-J9 

.733-59 

.i*a-os 

.a6a-i o 

.aaa-io 

. ~ a 3 - 0 9  . a1 2-09 
0 o a ~ 0 9  
.583-09 
-109-08 
. l lY-08  

130-00 
.142-08 
0114-38 

.17?+01 

. ~ 6 4 - o a  

. ia+aa 

-592-10 
.t 00-10 
.533-10 
.51S-l0 
.L51-10 
e843-10 
i36-10 

- 5 l E l O  
0517-10 
.5 15-1 0 
-650-10 
-744-13 
mUl6-10 
.729-15 
.625-10 
.8S0-10 
. l l I - O Y  
.505-1 u 
.10'5-0* 
.a1 9-1 0 
.115-09 
.l 1 8-09 
- 1  59-09 

142-09 
-13tiOO 
01 34-0s 
.16+09 
.153-0C 
-146-09 
-201-09 
e219-09 
-236-09 
0220-09 
.232-09 
0213-05 
0277-09 
031 3-09 
-333-09 
.3CS-U9 
.465-09 
0458-09 
.534- 09 
.552-09 
a l t  3-09 

.D?9-09 

.llfl-08 

-143-08 

01 47-06 . 1 s2-00 

.aio-os 

.I 31 -on 

. I ~ * - J B  

.I 53-0L) 
i 50-01 

.153-08 

.152-08 
01 51-08 

1 53-08 
e l  57-08 

-534-1 0 
-422-10 
m451-10 
-751-10 
.64O-10 
.675-10 
-484-10 
.504-10 
-4613-1 0 
.520-I 0 
.757-10 
. ( r S b l O  
-636-1 0 
-756-1 0 
.801-10 
-1 70-1 0 
. Y l l - l O  
-771-1 0 
-980-1 0 
.1 ot-05 
9 58-1 J 

.lo&-05 

.110-09 

.l l O-05 

. l l - O 9  
01 25-05 
.I 28-09 
m134-05 
.I 32-09 
m141-05 
-1 54-05 
-173-05 

-216-09 
.238-05 
.268-05 
.2s2-05 
-31 +OF 
e34S-05 
.375.09 
.411-09 
.43 7-0 5 

.i n9-05 

476-05 
.517-05 
m608-09 
-81 0-05 

.121-0b 
e l  32-08 
.13!+08 

-133-0t 

.10 2-0 a 

.13*-0a 

. I  so-oa 

.I ze-08 

.124-00 

.I 1*0e 

. l l s - O l  

. i iz-oa . i i 1-oa 

-331-10 
-355-1 0 
.395-10 
-479.10 
.881-10 
-490-10 
.551-10 
.653-10 
.681-10 
-479-1 0 
-344-1 0 
.5 12-1 0 
.553-10 
-714-10 
-767-1 0 
.126-05 
-514-10 
.120-09 
.103-15 
.734-10 

e103-09 
.5C6-10 
. l O J - O G  
e110-09 
.102-04 
-105-09 
.884-10 
.117-09 . 1 3-09 
-1 63-39 
.17C-09 
- 1  63-09 
-229-09 
-275-09 
-374-09 
e 4 7  3-0 9 
.598-09 
.?48-09 . 71 3-09 
.751-09 
-766-09 
.847-05 
-91 2-09 
.loo-08 
.llO-0B 
.11e-oa 

a 1  25-06 
. I  34-00 

.ezt-io 

. i 18-oa 

.I 40-oa . i 40-01 

. i6 i -oa 

. i65-oa 

.i67-00 . i 63-0~1 

-1  57-08 

. l t6-00 

0161-00 

.24P-l0 

.250-10 

.250-10 
-249-10 
.247-10 
-362- 10 
-346-10 
.56,9-10 
-422-10 
-372- 10 
m530-10 
-515-10 
525-10 

-566-1 0 
o6OC-10 
-650-10 
-697-10 
-739-1 0 
.779-10 
.814-10 
-1387-I 0 
01 05-09 
.I 30-09 
0153-09 
.170-09 
175- 05 

-178-09 
0194-05 
.206-09 

E P  1-05 
0225-05 
-245-09 
0273-0'4 
-2 84- 09 
.302-05 
.333-09 
.3se-o5 
-381-09 
.407-05 
.436-OY 
,410-09 
-507-09 
5 34- 05 

.562-09 
-61 1-05 
e 6 a 4 - 0 5  
.74?- 09 
.802- 05 
-827-09 
,846-09 

0852-09 

o 849- 05 

-536-09 

0110-08 
-118-08 

.aa6-09 . (155- 09 

.baa- 09 

. ioi-oa 

.lse-lO 

.228-10 
2% 3-1 0 

.241-10 
0247-10 
.212-10 
.214-10 
-206-1 0 
-278-10 
-303-13 
eZ74-10 
-365-1 0 
-463-10 
-453-1 0 
.472-10 
-531-10 
-726-1 0 
- 5  16-1 0 
- 1  14-05 
.145-05 
.17Z-09 
-184-05 
-2  71 -0 9 
- 2  21-09 
.351-09 
.411-09 
4 7 8-09 

.51e-00 
-622-09 
.520-09 
-459-05 
.5 00-09 
. 5 2 9 0 5  
e55E-09 
.652-05 
.t 76-09 
.655-09 
-71 8-09 

e764-OY 

.802-09 

.e2t-0'5 
854-09 

.514-09 

.552-09 

.105-0a 

.111-08 

.115-0a 

-126-08 

. I  32-08 

-742-09 

.I 82- 09 

. i z i - o a  

.i  30-08 

.i 30-oa 
. I  36-00 
. I  36-08 . i 42-0 a 
.139-08 

e l  49-08 
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APPENDIX F. (Continued) 

EnlReV AEnlReV 
-253-07  - 0 0 0  
-360-07 4200-37 
-630-07 .34J-07  
.110-06 .600-07  
-200-06 . I  20-06 
-3tO-06 -2OJ-06 
-630-0t -340-0t  
- 1  10-05 .€O3-S6 
-200-05 ,120-05  
. 3 6 3 - 0 5  -200-05  
. 6 3 0 - 0 5  -345-05 
.110-04 -803-05 
-200-04  .120-04 
-360-04 -2CS-04 
.t 90-04 -340 -04  
-110-03 -600-01  
-200-03  -120-03  
.300-03 .20J-O3 
- 6 3 0 - 0 3  -34)-03 
.110-02 - 6 C O - 0 2  
. Z O O - 0 2  .120-02 
.3t0-02 . 205-02  
-630-02  .I40-0i 
-1 10-01 .6CO-02 
.200-01 .120-01 
.360-01 .200-01 
-630-01 -340-01 
.820-01 a 4 0 0 - 0 2  
-860-01 .400-02 
-900-01  -400-02 
-940-0 1 e900-02 
.980-01 -400-02  
. 1 0 5 + 0 0  . l O O - O l  
.115+UO .100-01 
- 1 2 5 + 0 0  .100-01 
.135+00 . I C O - O l  
.145+00 .100-01 
.155+00 .100-01 
. 1 6 5 + 0 0  . l O O - O l  
- 1  7 5 + 0 0  .100-01 
.185+00 .100-01 
. 1 9 5 + 0 0  .lOJ-OI 
. 2 1 0 + 0 0  .200-01  
. 2 3 0 + 0 0  -200-01  
.25OtOO .200-01 
. 2 7 0 + 0 0  -200-01 
. 2 c o t o o  *zoo-01 
.310+00 .20J-01 
.335+00 -200-01 
. 3 5 0 + 0 0  .20J-D1 
. 3 7 0 * 3 0  .203-01 
.390+00 -200-01 
. 4 2 0 + 0 0  .400-01 
. 4 6 0 + 0 0  .400-01 
. 500*00  .400-01 
.540+00 .*00-01 
.SBJ+OO . 4 O J - O 1  
. 6 2 0 + 0 0  . 400 -01  

c1 
. 653-10  

At- 
-683- I 3 

-553-10 .4i3-13 
e 4 l d - I 0  -312-12  
-316-15 , 227-13  
- 2 3 5 - 1 0  -175-13  
-175-10  . 1 2 F 1 3  
. 1 3 J - l O  -5.65-14 
-494-11  -7-51-14 
e67-1  I .Sirs-I4 
-440-11 .436--14 
.254-11 ,354-14 
-197-1  1 ..?54-14 
- 1 2 d - I 1  .291-14  
-827-12  .t35-14 
. 550-12  -224-14 
- 3 5 6 - 1 2  .206-14 
. 9 1 F - l i  . 231-14  
- 1 8 2 - 1 0  .359-14  
-702-1  1 .58Z-14 
.97%-12 .997-14  
.41b-12 .182--13 
. 78S- lZ  - 3 5 1 - 1 3  
- 6 4 0 - 1 2  .692-13  
a631-12  . I 4 + 1 2  
.118-11 -36 -12  
e152-11  -683-12  
.243-11  . l l 6 - l l  
. Z C B - l l  .147-11 
-245-11  .153-11 
.236-11 -155-11 
. 2 7 0 - l l  . l C 6 - - 1 1  
e t76 -1  I ,172-11 
304-1 1 -183-1 I 

. 327-11  .155-11 
. Z f l - l l  - 217-11  
-481-11 .235-11 
.508--11 -253-11  
-254-1 1 -272-1 1 
-392-1  I .290-1 I 
.302-11 -309-11 
-707-1  1 -32s -11  
-759-1 I -340-1 1 
.485-11 . 3 7 5 - 1 1  
- 5 8 4 - 1 1  -413 -11  
-561-1  I . 451-11  
.585-11  -490-11  
-858-11 - 5 2 8 - 1 1  
-751-11 . 5 5 + l l  
.740-11 . 5 3 b l l  
. 125-10  -4C7-11 
.825-11  451-1 I 
.114-10 -39U-I1 
.120-10 .424-11 
.12*-10 ,541-11 
.111--10 -603-11  
-143-10 - 5 2 5 - 1 1  
. 139-10  .101-10 
. I C - ) . l O  .1S. i - I0  

K 
- 4 4 1 - 1  1 
.374-1 I 
.282-11 
-214-11 
-159-11 
.118-11 
-853-12 
-67b-12 
-502-12 
-374-12 
.285-12 
-214-1 2 
-155-12 
-119-12 
-506-1 3 
-698-1 3 
-539-13 
4 36-1 3 

.385-13 
-380-1 3 
-431-13 
-327-12 
e124-I2 
.501-12 . 482-12 
m119-11 
,235-11 
-174-1 I 
.210-11 
. i Z O - l 1  
.190-11 
-346-1 I 
-374-11 
. Z F l - l l  
.251-11 
-322-11 
.301--11 
.476-11 
-350-11 
-252-1 1 
.2c2-1 I 
.412-11 
.285-11 
-350-1 1 
.457-11 
.524-11 

106-1 0 
,741-11 
-590-11 

862-1 1 
-825-11 
.t311--11 
.107-10 
-579-11  

106-1 0 
.552-11 
.116-10 
.122-10 

Ca 
. I l O - I  1 
-242-1 1 
-172-1 I 
.11*11 
-143-11 
.114-11 
.120-11 
.113-11 
.10S-l1 
.108-11 
106-1 1 

e 1 0 6 - I 1  
.106-11 
.106-11 
.I  06-1 I 

106-1 1 
. 1 0 6 - l l  
.106-11 
e l  07-1 I 
.109-11 
. I l l - 1 1  
-116-11 
. I 2 3 1 1  
e l  36-1 I 
. lSe- l l  
e17'3-11 
.2 11-1 1 
.252-1 I 
-331-11 
.415-11 
- 2  19-1 1 
. 269-11  
.309-11 
-232-1 1 
.z52-1 I 
.127-10 
.014'11 
a 4 1  2-1 I 
.536-I I 
. I  28- 1 0 
-259-11  
-217-11 
-746-1 I 
-559-1 1 
-203-10 
. l o r 1  0 
.7S3-1 I 
.404-1 I 
.LlblO 
. I  11-10 
e8S4-1 I 
. L 3 & l l  
.S67-1 I 
.102-10 
.889-11 
.580-1 I 
.132-10 
-242-1 0 

Fe 
-214-12  
.181-12 
-137-1 2 
-104-12  
-770-13  
-573-13  
-432-13 
. 528-13  
-245-13  
.184-13 
.14!-13 
- 1  11-1 3 
. S O B - l 4  
.621-14 
. 8 G t  -1 4 
-108-1 3 

160-1 3 
-254-13  
-357-1 3 
-989-13 
-95.0-1 3 
. t 4 5 - 1 2  
.404-12 
-395-12  
-183-1 Z 
-350-1 1 
-179-1 1 

357-1 1 
-627-1 I 
.316-11 
-256-1 1 
-257-1 1 
-224-11 
.188-11 

193-1 I 
..?32-ll 
-767-11 
-311-11 
.Z77-11 
-355-1 I 
.52c-11 

786- I 1 
-385-  1 1 
.511-11 
-403-1 1 
.442-1 I 
451- I 1 

-230-1 1 
-709-1 I 
-357-11 
-703-1 1 
.121-10 
.I06-i0 
.a42-11 
. R 4 8 - 1 1  
-665-1 1 
-702-11 
.465-11 

591 



K 
.131-1 J 
,139-10 

.I56- 10 
e166-1O 

1 7t-10 
e185-15 
. l  sc-1 J 
.205--10 
.234-1 J 
-274-1 J 
.28S-13 
.252-10 
.OIE-lJ 
.472--1 J 
.5 74-;0 
.552-10 
.712-15 
-875-1 J 
.458-1  J 
.121-3r 
. I  33-0;  
.lCa-J5 
-1  95-3s 
21 6- JF 
.i?1-39 
.111-59 
.154- 0s 
.z53-3J 
,435-05 
-462-09 
.451-?9 
- 5  I 7- 0.3 
-543-05 
- 5 8 G - 3 9  
.621-05 
ab54-09 
. 6OS-J9  
.722-0S 
.759-39 

.d49-59 
. S O O - J 5  
.S t4- J J  
. I  0 6 - 5 3  
.126-J8 
-192-08 . I s L - 3 8  
I 58-08 

.157-3e 

.152-03 
-143-Jd 
-132-38 . I I s-38 
.117-08 

.l 09-08 
-105-08 
.133-08 

.i*e-i J 

. e x - o s  

. I  I I -08 

Ca 
.155-10 
.109-10 
. I  12-1 3 

156-1 0 
. l l F - 1 5  
-167-1 J 
-225-1 0 
-232-1 5 
. l S € - - l O  
.i;7-1 J 
.2c 2-1 0 
-3J6-I C 
e245-10 
.3JF-lCJ 
. 4 6 L - I O  
.J 78-1 0 
.56?-13 
-517-1 0 
.OC 5-1 3 
.63b-10 
.1Jb-O'i . I S O - O $  
. 199 -OS 
.25+05 
-231-3s 
.355-05 
.+t'l-ci 
.341-05 
. b I Z - J %  
.b57-DF 
. 7 7 3 - 3 5  
.ez1-05 
.86J-09 
.654-05 
&Z3-J9 
-576 -05  
-1 J2-05 
. I  J7-0E 
.111-ol3 
-1  15-33 
.I I S-ae 
.113-0t  
- 1  26-38 
-139-05 
-1 37-OE 
- 1  4+J5 
.160-06 
.1r4-33 

-166-03 
. I  57-08 
* I  51-58 
- 1  +6-0a 
.147-38 
.162-08 
. I  55-08 
.232-JE 
-270 -08  
~ 3 0 5 - 0 5  

.it~-oe 

Fe 
Lt  6-1 1 
Li 19-1 I 

. I  50- 1 0 

.156--10 

. I  02-1 0 . '7 84- 1 1 

.7St--11 

.Clb-ll 

.11t-l0 

.I27-I J 

.111-15 
.180-13 
-167-1 0 
- 2  54-10 
. 2 r  4-1 0 
. P Z I - I I J  
. 20S-1  J 
.2i2-15 
~ 2 7 1 - I 3  
-252-1 3 
.301-13 
-317-1 0 
-307-15 
.355-10 
.432-13 
aa37-1 J 
.1!53-10 
- 4 5 3 - 1 0  
.523-10 
.57l-10 
.615-13 
.t 93-1 0 
m751--10 

-525-1 J 
. l @ 3 - 0 5  
-1 13-3s 

1 2S-JP 
.I3.7-35 

149-5 9 
. I  el-09 

174-09 
. I  e3-0'3 
-2  02-39 
e22t-05 
-270-59 
-31  7-39 
.$63-55 
.402-09 
.441-J9 
.474-59 
.4+9-39 
-334-0 5 
.575-39 . t 68-39 
-807-09 
.SC9-09 
. I  2U-09 

.e35-13 

. i 4 4 - ~ a  

592 



APPENDIX F. (Continued) 

En/McV AEn/MeV Tissue Appx Bone (Femur) Muscle ICRU Std Man A-150 P l i s t  

-1 10-04 -600-05  
-200-04 .120-04 
.360-04 -2CO-04 
e t 3 0 - 0 4  -340-01 
.110-03 ,600-04 
.zoo-03 .120-03 
-360-03 .200-03 
-630-03  -340-03 
.llO-O2 -600-03  
.zuu-o2 .120-02 
.3to-o2  .zoo-02 
-630-02 -340-02 
. I  10-01 .BCO-OZ 
.zoo-01 .120-01 
.360-01 .200-01 
-630-01 -34J-01 
.820-01 -400-02 
.8)CO-O1 .400-02 
.900-01 -400-02 
.940-01 .400-02 
-980-01 -400-02 
.105*00 .100-01 
.115*00 .100-01 
.125+00 .100-01 
.135400 . l C O - 0 1  
.145*00 .100-01 
.155*00 .1c0-01 
.165*00 .100-01 
.175*00 1100-01 
.185*00 .LOO-01 
.195*00 .100-01 
.21 o*oo .zoo-01 
.230*00 .203-01 
.250*00 ,200-01 
.‘r?O*OO .zoo-01 
.250*00 .200-01 
.310400 -200-01 
.130*00 .200-01 
. 350*00  .200-01 
.370*00 .200-01 
. 3 Y O * O O  .200-01 
.420*00 .400.01 
.460+00 -400-01 
.500+00 .400-01 
.540*00 -4C0-01 
.580400 .400-01 
.620+0O -400-01 
.66O*OO .400-01 
. 7 O O * O O  .400-01 
.740*00 -400-01 
.780*00 -4CO-01 

-145-11 
.120-11 
.111-11 
.120-11 
.154-11 
-232-11 

386-1 1 
-651-1 1 
.112-10 . 2 00- I 0 
-356-10 
.612-10 
.104-C9 
-180-09 
.2se-o9 
,463-05 
5 58-09 

-577-09 
-956-05 
-114-05 
a 6 3 1 - O C  . t 6 1-0 9 
.701-05 
-740-09 
e777- 05 
-013-09 
.846--CS 
-878-09 
e510-09 . c39-05 . $68-09 
.10 1-ca 
.106-0(1 
.111-08 
. l  16-0d 
.121-08 
-126-Od 
.11o-oe 
e 1 3 5 - 0 8  
-140-08 
-1  *b-O(I 
.16o-ce  

. I  b3-oe 

. i e i -oa  

.191-on 

-162-00  
.IS8-08 

.169-00 

.175-08 

. l O b - O &  

.156-00 

.127- 1 1 
-106-11 
-969-12 
.101-11 
.111-11 
-, 1 71 - 1 1 
-869-1 1 
-440-11 

742-1 1 
132-1 0 

-2.3- 1 0 
35 5-1 0 

-676-1 0 
.117-09 

154-05 
-302-09 
-365-05 
-377-09 
.385-09 
-401-09 
-412-09 
-432-03 
- 4  5 0-09 
- 4  83- 0 9  
-509-05 
- 5  3 2-09 
0554-09 
-575-09 
5s 7-09 

-615-05 
. t34-09  
.Ct2-OS 
-657-09 
-72 3- OC . lee-09 
.755-09 
.a25-00 

d57-00 
.8*7-09 
.92O-Of 
*956-09 
-104-08 
-1  06-08 
-104-08 

.112-08 
-1  16-08 
. l  1 9-08 
.123-08 

126-08 
.130-08 

. I  07-on 

-147-11 
.120-11 
. I 1  2-1 1 
.122-11 
-156-11 
-231-11 
-393-1 1 
a662-11 - 114-10 
.204-10 
-362-10 
-622-10 
.lot-oc 
183-09 
-303-05 
-470-09 
.567-00 

-605-05 
-024-09 
.64I-OF 
-672-09 
.713-0F 
-752-09 
.789-05 

825-09 

.Bi+Z-Of 
-924-09 
-954-09 
-983-09 

. se7-09  

. ~ ~ O - O C  

.103-08 

11 3-00 
.11s-oa 
.123-08 
-128-08 
e I 3 2 - 0 8  
-137-0d 
0142-08 
-148-08 
-165-08 
.LO*-38 

.165-08 

.171-0e 
-177-08 
- 1  a3-08 
.1 w-08  
-154-08 
.190-08 

. ioe-oa 

. i6o-on 

.129-I l  
-109-1 1 
-103-1 1 

114-1 1 
.150-11 
-230-1 1 

.CSO-ll 
.112-10 
.ZOO-10 
.356-10 
.e11-10 
.104-05 
-179-0 9 
. Z S 7 - 0 5  
-462-09 
.557-09 
-576-09 
-554-05 
-61 3-09 
.630-05 
~ 6 6 0 - 0 9  
.700-05 . 738-09 
-776-05 
.c)l1-09 
-044-09 
.87t -09  

.937-05 
-965-09 
.101-08 
-106-08 
.111-08 
-1  16-08 
.lZl-O8 
. 1 2 E 0 8  
e130-08 

135-08 
-139-0 8 
.145-08 
.158-08 
.160-08 
,158-08 
-162-0 8 
.168-09 
.174-08 
.160-08 
.1es-oa 
.191-08 
-156-08 

. 3 n ~ - i  1 

.9or-o9 

-149-11 
.124-11 
-115-11 
-124-11 
-159-11 

242-11 
,399-1 1 
-672-11 
.115-10 

-367-1 3 
-631-10 

.1%5-09 
308-09 

.479-09 

598-09 
617-09 

e655-05 
,686-09 
.727-09 
.767-09 

806-0s 
,849-09 

.207- 1 o 

-337-04 

. s 7 e - o ~  

-637-00 

. 871-OF 
-910-09  
-943-09 

573-09 
. loo-08 
.lo§- 08 
.110-0e 
e l l 5 - 0 8  
.120-08 
.125-08 

130-08 
134-08 

.138-08 
m14Z-08 

14b-08 
.152-08 

159-00 
-165-08  
.171-08 
.177-08 
.1s4-00 
.189-08 
e 1 5 5 - 0 8  
.200-00 
.205-08 
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APPENDIX F. (Continued) 
En/kV dEn/MeV Tissue Appx Bone (Femur) Muscle ICRU Std llrn A-150 Plrrt - ~~ 

.820+00 - 4 C D - 0 1  

.860+00 . 4 0 0 - O I  

.900*00 .400-01 

.940+00 .400-01 

.980*00 .400-01 

.105+01 .100+00 

.115+01 .100+00 

.125+01 .100+00 

.135+01 . I C O + O O  

.145+01 . l O O + O O  

.155+01 . l O O + O O  

.I65+01 - l O O + O O  

.175+01 .100+00 

. ldS+OI .100+00 

.I9S+OI . l C O + O O  

.210*01 .200+00 

.230*01 .ZOO+OO 

.250+01 .200+00 

.270*01 .200+00 

.290+01 .200+00 

.310+01 .200*00 

.330+01 .200*00 

.350+01 rZ00+00  

.370+01 .ZCO+OO 
-350+01 .200+00 
.420+01 - 4 C O + 0 0  
.460+01 .400+00 
.500+01 .400*03 
.540+01 .400+00 
.580*01 .40O+OU 
.620+01 . 4 C 3 + 0 0  
.660*01 . 4 C O + 0 0  
.700+01 .400+00 
.740*01 .400*00 
.780+01 . 4 O O + O O  
.820+01 .400+00 
.860+01 .400+00 
.900*01 - 4 C O t O O  
.940+01 .400+00 
.900+01 .400+00 
.105+02 .100+OI 
.115*02 .100+01 
.125+02 . l O O + O l  
.135+01 . I O O * O l  
.145+02 .IOO+Ol 
.1ss+oz .1co*o1 
.165+02 .100+01 
.175+02 .100+01 
.I85MZ .IOO+Cll  
-195+02 ~ l O O + O l  
.210+02 . 2 0 O t O I  
r230+02 -200+01 
.250+02 .200+01 
.27O+OS . 2 O O + O I  
.290+02 .200+01 

.20*08 -133-08 .~ 
-1 37-08 
.141-08 

147-08 
'01 58-08 
-160-08 . I 60- oe 
.1t6-0e 

.I  co-oo 

-1 72-00 
-1 75-08 

.187-08 
-1 50-08 

157-08 
.159-08 
-207-08 
.210-08 
.i20-0a 
0232-08 
-246-08 
.251-08 
-278-08 
.zer-oe 
-254-00 
-290-08 
.2Sb-O8 
-293-08 
-301-08 
-303-08 

.321)-08 
-330- 00 
eJ.2-00 
-367-08 
-374-08 
-364-08 
-371-00 
- 3 C 7 - 0 8  
-39 7-Otl 
-400-08 
e408-08 
4 39-08 

-448-08 
.467-08 
-489-08 
. S I I - 0 8  
-521-08 
.S28-08  
.537-08 
.547- 08 
-565-00 
.!574-OI 
.§ 81-08 . S91-08 
-595- ca 

-31 6-28 

. zoe-oe 

.210-08 
-217-08 
-227-08 
.245-00 
-248-08 
.246-08 
.2%-08 
-265-08 
.269-08 
.2??-00 
.287-08 
-291-08 
.303-50 
0304-08 
.313-08 
-318-08 
.231-0* 
-346-08 
-360-08 
-373-08 
.406-08 
-41s-08 
-425-08 
r 41 8-08 
.431-08 
.431-0d 
-455-0U 
e444-08 
-464-08 
.475-08 
-40s-08 
.510-08 
-537-08 
-529-08 
.525-08 
-342-08 
.3S1-08 
e55tr-08 
-506-08 
.582-08 
.624-08 
m621-08 
645-08 

.b70-08 
e6at-08 
.655-08 
.7OS-O8 
71 5-00 
727-08 

0742-08 
.739-50 
-734-08 
e7.36-08 
-724-08 

.201-08 

.206-08 
-21 3-08 
.222-08 
-239-08 
-242-08 

241-00 
.251-08 
.260-08 
.264-00 
-272-08 
.282-08 

.297-08 
-2S9-08 

.314-08 

.327-08 
-341-08 
-356-08 
-367-08 
.400-08 
-405-00 
-419-08 
-413-08 
-424-08 
-424-08 

-4  37-0 8 

. zc6-o a 

.3o9-00 

-440-08 

m 4 5 t - 0 8  
e469-08 
-47s-01) 
.498-08 
-126-08 
.522-08 
.51e-oe 
-531-08 
-542-08 
.54&08 
. 55C08  
.571-08 
.611-08 
-6 I 2-0 8 
.635-08 
.659-08 
-679-08 
.68&08 
.698-08 
. lo@-08 
.720-08 
-735-08 
.7 35-3 a 
-732-08 

-126-06 
. t 3 6 - 0 ~  

.210-08 

.2IS-O8 . 219-08 

.224-08 
-230-08 
-237-08 
247-08 

e256-08 
-266-08 

-283-00 
291 -00 

m2S9-08 
e306-00 

313-08 
-328-08 
.337-00 
-3SZ-08 
-370-08 
396-08 

-391-08 
.426-08 
-446-08 
.450-06 
.449- 08 
m447- 00 

-445-00 
-458- 08 

.493-06 
475- 08 

.LIS-08 
e559-08 
.531-08 
-123-08 
-561-08 
.589- 08 
-573- 08 
.577-08 
.002- 08 
-630-08 
-656- 08 
685-08 

-734-08 
.761-08 

769- 58 
184-08 

-793-08 
.820-08 
-836-00 
.851-08 
.ass- 08 
-871-08 

.zts-on 

. a 2 -  on 

.46e-o~ 

. 401-08 

594 



APPENDIX F. (Continued) 
~ ~~ ~ 

En/MeV AEn/MeV Nylon 6.6/6 Lucite Liq.Musc Eq Yater Acetyl enc 

.110-04 .60)0-05 
-200-04 ,120-04 
-310-04 -200-04 
-630-04 .JC0-04 
-110-03 .600-04 
.200-0;1 .120-0. 
- 3 6 0 - 0 3  .200-03 
-633-03  .340-03 
.110-02 . 6 0 3 - 0 3  
.200-02 .120-02 
-360-02 .200-02 
.630-02 .340-02 
.110-01 .600-02 
.200-01 .120-01 
.360-01 .20+01 
-630-01 -340-01 
.820-01 -400-02 
.860-01 a400-02 
.900-01 -400-02 
.940-01 e400-92 
,980-01 .400-02 
.10s*00 . loo-01 
.115too .100-01 
.125*00 . loo-01 
.131+00 .100-01 
.145*00 .100-01 
.1ES*00 . . IOO-OI  
-165tOO .100-01 
.175*00 .100-01 
. 1 8 S * O O  . loo-01 
.135*00 . loo-01 
.210*00 .293-01 
.230*00 ,200-01 
.250+00 .200-01 
.270*00 .200-01 
.zso+oo . zco-a i  
.310*00 .200-01 
.330*00 -200-01 
. 350+00  -200-01 
.370*00 .200-01 
.390*00 . t O O - O l  
.420*00 .400-J1 
.460*00 -400-01 
.500*00 -400-01 
.545*00 .400-01 
.580*00 .40O-O1 
.620*00 .4CO- 01 
. t b O * O O  .4CO-01 
.700*00 . 4 J O - O 1  
.740*00 .400-01 
.780*00 ,400-01 

-4e4-11 
.37 1 - h  1 
.2P8- 1 1 
. Z t l - 1 1  
.26 0- I 1 
.3 12-1 1 
-444-11 
.654-11 
. l l E - 1 0  
.202-10 
-3S7- I 0  . t 12- 13 
. 104 -OY 
.17F-09 
.257-0S 
.462-05 
.558-09 
-577-09 
.555-05 
e 6 1 4 - 0 Y  
e631-05 
.Ctl-09 
.7Jl-O% 
-740-09 
-777-09 
-81 3-09 
-846-09 
-878-09 
.510-05 
.939-09 
. 9 b t i O S  
.101-08 
106-08 . I I I -0u 

- 1  16-00 
.121-Ct 
.125-0€ 
-129-08 
.153-08 
.137-C8 
-142-08 
e 1 4 5 - 0 8  
- 1  54- 08  
.160-08 
.165-08 
e171-06 
-177-08 

,188-08 
-193-08 
.157-C8 

.iee-08 

.103-I2 

. l78-12  
- 3 0  8- I 2 
92 9- I 2 

.+17-12 
0 1 e 6-11 
.298-11 
.521)-11 
.90a-l1 
-164-10 
. 2 Y 2 - 1 0  
.503-10 
-853-10 
. I  4 8-05 
e 2 4 U - O Y  
-382-05 
- 4 t 2 - 0 9  
-478-09 
-493-05 . SoY-00 
-623-05 
.5*0-05 
eii82-05 
-615-09 
-646-09 
.b75-09 
.704-05 
.730- 09 
m757-OS 

782-09 . dO6-09 . a41 -05 
.886-03 . Y 29-09 
-9 70-09 . I01 -08  
. I  0s- 00 
. I  09-08 
. I  12-00 
.lli-08 . i 20-08 
.12e-oe 
-132-08 
.133-08 
-133-08 
-143-08 
e14e-08 
e l  52-06 
e157-08 
-161-08 
165-08 

- 1 4 8 - 1 1  
. I  22-1 1 
.113-11 
. I  22-1 1 
-156- 1 I 
-259-11 
-392- 11 
0669-1 I 
-114-10 
.204-10 
-362-10 
.622-10 
. l O b - O Q  

183-05 
.303-09 
-470-09 
eC67-09 
,587- 09 
rb05-09 
.624-05 
-641-05 
e672-09 
e713-0% 

752-09 
.750-05 
-826-09 

860-05 
-052-09 
-524-09 
.954-05 
e583-09  
.103-0e 
.108-08 
.113-00 
. I  1 8- 06 
.123-06 

128-0 3 

-157-08 
142-08 
-148-08 
.1C3-08 

.160-08 
-165-08 . 171 -08 
-177-0U 

. I  B Y - 0 8  
-144-08 
. I Y F - 0 8  

.132-oa 

. i t4-on 

. I u3-oa 

-146-12 
.241-12 
-415-11  
-714-1 2 

124-1 1 
224-1 I 

-402-1 1 
-701-1 1 
. I  22- 1 J 
.221-10 
.3Y4-10 
.677-10 
.115-09 
.IS F-05 
-330-09 
.512-0s 
-6  17-09 
eb3S-OS . e 5 8-09 
-678-09 
.657-05 
-730-09  
m775-05 . 8 1 7-0 Y 
. 8 5 b O S  
*807-09 . F 34- 09  
-969-09 
.100-08 
. l O l - O A  
.107-08 
.111-08 
-117-96 
-123-08 
.128-08 
. I  34-08 

139-08 
-144-08 
eI49-08 
. I  55-0 8 
,162-08 
-178-08 

174-08 
-179-08 
.185-08 
.lY2-08 

-204-08 
.210-08 
.216-08 

. I 75-oa 

.isa-oe 

.105-12 
-173-12 
.300-12 
-516-12 
.894- I.? 
.162-11 
.290-11 
.507-11 
. f l B J - l l  
.180-10 
.2C)S-l0 
.4 50- I 0  
-833-1 0 
-144-05 
.240-OY 

. 4 5 3 - - 0 Y  
e468-09 
.483- 0% 
e498- 09 
.512-05 

-570- 09 
-602-09 
.633-05 
.662-09 
- 6 s  0-09 
-71 6- 09 
e742-05 
.767-09 

790-05 
.82S-oY 
-869-05 
-91 1 -09 
-951-09 . P 8 5  -05 

103-00 
106-08 

-109-08 
. l l 2 - 0 8  
- 1 1  6-09 
.120-08 
.126-08 
-131-09 
.136-0U 

. 3 n - o i  

-537- 09 

-141-08 
146-08 

.151-08 
-155-08 . I 59- 08 
.163-0(1 

595 



APPENDIX F. (Continued) 

En/HeV AEn/HeV Nylon 6 . W  Lucite Liq.Musc Eq Water Acetylene 
.820+30 .400--01 
.t6O+UO .400-0& 
.900+00 . 4 C O - r ) l  
.940+00 -4OJ-Jl 
.983+00 .400-01 
.105+01 .100+00 
-1  15+01 .100+00 
.125+01 . l O U + O O  
-135+01 . l C O + O O  
.145+01 .100+00 
.155+01 .100+00 
.165+01 .100+00 
.175+01 .100+00 
.185+01 . l C 0 + 0 0  
.155+01 .lOU+00 
.210+01 .200+00 
.230+01 .ZCO+OO 
.250+01 .200400 
.270+01 .200+00 
.290+01 .POO+OJ 
.910+01 .2U0+00 
.330+01 .2ou+oo 
.350+01 .200+0O 
.370+01 .200+OO 
.35oto1 . 2 O O + U O  
.420+01 . 4 C O + O O  
.460*01 .4C0+00 
.500+01 .400+00 
.54OtOl .400+00 
.580+01 .400+00 
.620+01 .4CJ+00 
.610+01 .4CO+OO 
.700+01 .4CO+OO 
.740+01 . *00+00 
.780+01 . 4 C O + O O  
.820+01 .*oo+ou 
.860+01 .QCO+OO 
.900+01 .400+00 
.940+01 .4CO+@O 
.980+01 .4CO+OO 
.lOS+OZ .100+01 
- 1  l S + O Z  .lOO+Ol 
.125+02 . l O O + O l  
.135+02 . l O O + O l  
.145+02 .100+Ol 
.155+02 0100+01 
.165+02 . l U O + O l  
.17S+OZ .100+01 
.185+02 .100+01 
.lC5+02 .100+01 
.210+02 .200+01 
.230+02 .200+01 
.253+02 .20O+Jl 
.270+02 .200+01 
.250+02 .200+01 

.zon-oe 
.207-08 
.212-08 
2 17-08 

.224-08 
231-CB 

.239-08 

.248-08 
-260-08 
. Z l ? - C B  

274-08 
.282-08 
.2so-ot, 
-297-08 
.502-08 
-3  17- 09 
-325- 0 8 
.529-J8 
.358-08 
.384-08 
.382-03 
-41 5-08 
.434-50 
, 4 3 8 - O f j  
-435-08 
-441-08 
,423-03 
-441-38 
-446-0 8 
- 4  56-C 8 
.47Y-08 
-464-08 

47 3-08 
.506-C8 
-540-08 
.516-C8 
-512-08 

.568-0 8 
-558-08 

5 e4- c 8 
-55 2-08 
e621-08 
0642-08 
-6 74- 08 
7 13-00 

a737-08 
-746-08 
.I61-08 
-771-08 
.797-08 
.810-08 
.822-08 
.827-08 
a 8 3 t - 0 0  

-544-08 

-170-08 
-1 74-08 
-1 79-08 

. lCS- -QB 
-1 C 9-08 
.202-08 
.210-08 
-21 7-08 
*Zi?Z-O(l 
.Z29-08 
-2  36- C 8  
.241-08 
-249-08 
.2!52-08 
. 2 € 4 - C I )  
-2t3-08 
-280-08 
.255-08 
-317-08 
-313-08 
-348-08 
.362-08 
-367-OU 
.3t20-08 
-360-08 

-367-08 
-3f6-08 
-379-Ob 
-399-08 
.38 i -08  
.3SF-08 
-432-08 
.458-08 

-436-08 
-465-06 

-477-08 
-483-08 
51 4- 08  

-334-0I) 
-556-08 

-626-08 
.647-08 
.t 56-08 
m671-08 
-681-06 
.706-08 
.717-0& 
.72t-08 

7I3-08 
.735-08 

.i  es--08 

.354-08 

.43a-oa 

.485-08 

.sea-oe 

~~ ~ 

-205-08 
.210-08 
-21 7-08 
.227-08 
-246-08 
.249-08 
-246-0e 
e250-0b 
-265-08 
.2CF-OB 
-271-08 
-268-08 
.2Y1-08 
.903-0d 
.304-08 
-31 3-08 

-331-08 

-359-08 
-313-08 
.406-08 
.415-06 
-425-08 
.418-08 
-431-08 
431 -08 

.455-08 
-444-08 
-464-08 
- 4  75-0 8 
485-0 8 

.510-0a 
.538-08 

529-08 
.525-08 
,542-08 
.551- 08 
.555-08 
.568-08 

582-08 
8621-08 

622-08 
-646-00 
.670-08 
.GBB-08 
.656-08 

706-08 
-716-08 

729-08 
-743-01 
.741-08 
e735-08 
.7.38-06 
-124-08 

-318-08 

m346-08 

.2P2-08 

.228-08 
e235-0 8 
e247-08 

269-08 
e271-08 
-267-08 
-278-08 
-267-08 
-251-06 
-300-08 
-31 2-08 
-31 5-08 
-328-08 
.329-08 
-338-08 
-342-0 8 
-356-08 . lT0 -0d  
-382-08 
35 9-08 

e4.3-08 
.440-08 
.452-08 
-44 3-08 
-460-08 
.462-08 
.492-08 
.478-05 
.502-08 
.510-08 
.531-08 
.556-08 
-583-08 
.564-08 
-565-08 
.588-08 
. S 2 - 0 8  
.591-08 
-610-08 
.b26-08 
.612-00 
e661-08 
-686-08 

709-08 
-721-08 
.T26-08 
e73b-08 
.745-08 
-757-08 
.76S-08 
-762-08 
-752-08 
,753-00 
m734-08 

. lb7- 38 

. l l l -Ob 
-175-08 
-178-08 
.182-08 
.188-08 
-196-08 
-204-08 
.211-08 
.213-08 
-225-08 
.221-08 
-237-08 
-243-08 
m248-08 
-263-08 
269-08 
281 -08 

.2')8-08 
-326-08 
.313-06 

368-08 
-370- 08 
-365-08 
-357-08 
.340-08 
-353-08 
-361-08 
.369-08 
-355-08 
.370-08 
.373-08 
.405-08 
.460-08 
-426-08 
-414-08 
451-08 

.489-08 
0467-00 
-467-08 
**El-08 

520-08 
S40- 00 
S05- 06 
636-08 

8661-08 
-676-08 

.701-08 
-733-06 
m7U-08 
772- 08 
700-00 

.79O-08 

.349-oa 

b 692-08 
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APPENDIX F . (Continued) 

Ethylene Gas.fE.wcH~, En/kV AEn/kV Alr-Dry Alr H20 Sat CO 2 

.110-04 -600-05 .287-10 e L 8 3 -  1 0 -369-1 4 .189-12 147-11 

.200-04 .120-04 
-360-04 -200-04 
-630-04 .340-04 
.110-03 .600-04 
-200-03 .120-03 
-360-03 .L00-03 
-630-03 -340-03 
.110-02 .6Cd-03 
.200-02 .120-02 
-360-02 .2(i0-02 
-630-02 -340-02 
.110-01 .t00-02 
.zoo-01 .120-01 
-360-01 ,200- J l  
.630-01 -340-01 
.820-01 -400-02 
. 8 t O - O 1  -400-02 
-900-01 .400-02 
-940-01 .400-02 

.105*00 .100-01 

.115*00 .100-01 

.125*00 . 1 C 0 - 0 1  

.135+00 . l C O - O l  

.145*00 -100-01 

.165*00 .loo-01 

.165*00 .100-01 

.175*00 .10(t01 

.1e5*00 . lQO-01 

.195*00 .100-01 

.21 o*oo .200-01 

.230*00 .2C0-01 

.550*00 .2u0-01 

.270*00 .200-01 

.290*00 .200-01 

.310*00 .200-01 

.230*00 .200-01 

.350*00 .200-01 

.370*00 -200-01 

. 3 C 0 * 0 0  .200-01 

.420*00 .400 -01  
*460*00 .400-01 
.500*00 .400-01 
.540*00 .400-01 
.580*00 .403-01 
.620*00 .400-01 
.660*00 .4CI)-Ol 
.704*00 .400-01 
.740*00 - 4 0 0 - 0 1  
.780*00 .400-01 

.9eo-oi -400-02 

.2 14- 10 

.lSP-lO 

.120-10 
-916-11 
e68E-11 
-526 -  11 
-421-11 
e357- 11 
.330- 11 
.-'70-11 
-476- 11 
.688-11 
.108-10 
.170-10 
-256- 10 
-307-  10 
.318- 10 
-328-10 
-338-10 
-349- L O  
-367-10 
-394- LO 
.420- 10 
.445-10 
&70- I0 
,495- 10 
.520-10 
.S44-10  
e568-10 
592- 10 
627- 10 

-674-10 
-720-10 

764- 10 
-809-10 
-856- 10 
.507-10 
.9t25-10 
. 1 0 4 - O Y  
. 1 3 t - o 5  
-166-09 
-133-05 
-143-09 
.575-10 
-100-09 
.154-09 
-230-05 
.167-05 

148-09 
.14O-O5 

.210-10 
-157-1 0 
.115- 10 
. V 0 4 - 1 1  
-682-11 
-524-11 
.425--11 
-370-1 1 
.363-13 
.421-11 
.566-11 
a L H 3 - 1 1  
-135-10 
.2 15-1 0 
e325-10 
.391-10 
.4 04- 10 
.418-10 
.431-10 
-44 3-1 0 
-4C6-10 . e99-10 
.J30-10 
-511- 10 
-362- 10 
-622-10 
.651-10 . 0 80- 1 0 
.708-10 
.736-10 
-771-10 
.d32-10 
.886-10 . Y 37- 1 0 . sag-10 
.104-09 
.110-05' 
-1 16-09 
.125-09 
- 1  37-05 

157-05 
- 1  t6-09 
.122-05 
-125-09 
e175-05 
. Z E S - O Y  

1 53-0s 
.17bOY 

169-05 

.A 89-09 

-667-14 
e120--13 
-209-13 
-3t6-13 
-564-1 3 
-120-1 2 
.2OY-12 
-365-1 2 

664-1 2 
. I  15-1 1 
209-1 1 

-364-1 1 
-6C0-11 
.118-10 
.205- 10 
-266-10 
e279-10 
.251-LO 
.304-10 
. 3 1 6 1 0  
-333-10 
-370-1 0 
.402-10 
,433-10 
.465-10 
-497-10 
-528-10 
.560-10 
,552-1 0 
-623-10 
.672-10 
,737-1 0 

804-1 0 

. SQS-10 

.103--59 
-11 3-05 
-125-05 
-142-09 
-169-05 
-262-09 
e222-05 
.123-09 
.120-05 
-127-09 
.135-05 
rn 143-09 
-152-05 
-160-09 

. n74- I o 

-165-09 

-313-12 
-540-1 2 
-928-1 2 

161-1 1 
e291-11 
-522-1 1 
-91  2-1 1 
.159-10 
-287-1 J 
-512-10 
.ea1-10 
.149-35 
-259-09 
m425-09 

667-09 
.8OI-09 
-832-09 

85 8-05 
,884-09 
905-09 

-952-09 
.101-08 
.107-08 
. I  12-08 
. i i 7 - o e  
.122-08 
-126-08 
-131-08 
.135-06 
-139-0U 
.145-08 
-152-08 
.160-08 
-166-08 
-173-08 
-179-08 
.185-08 
.150-08 
-196-08 
.201-08 
.209-08 
.218-0 8 
-227-08 
-236-08 
.245-08 
.253-08 
-260-08 
.268-08 
.27EOU 
.282-08 

.122-11 

.112- 11 

.122-11 
-157-11 
239- 11 - 355-1 1 
667-1 1 
11 5-1 0 

.20t-10 
-365-10 
-628-1 0 

107-05 
-184-09 

306-05 
-478-09 - 574- O f  
-593- 09 
-61  2-05 
-631-09 
e649-05 
-680-09 
-721-09 
.761-09 
-799- 09 . 836- 05 
.870-09 

903-09 
-935-09 
.566-05 

995-09 
-104-08 

109-08 
.115-08 
.120-0e 
.124- 08 

129-08 
-134-08 
-138-0d - 143-08 

148-08 
15s-08 
162-08 

,163-08 
e16S-08 
-1 75-08 
.181-08 
-157-08 
192-08 
197-08 

-203-08 

597 



APPENDIX F. (Continued) 

e8201.00 .400-01 
.860+00 -403-01 
.900+00 .400-01 
.F43*00 .400-01 
.580*00 .4CO-01 
.105*01 .100+00 
. l l Z * O l  .100*00 
.125*01 .105+00 
.135*0l .lOJ*OU 
.145+01 .135*00 
.l55.*01 .1Ui)*OO 
. l t 5 + 0 1  .103*0J 
.175*01 .105*00 
. ld5*01 .100*00 
.155*01  .100*00 
.210*01 .203*00 
.230*01 . Z C O + O O  
.250+01 .200*00 
.Z7O+Ol .200+00 
.250*01 .2CO*OO 
.310*01 .200+00 
.230+01 .2CO+OO 
.350*01 .200+00 
.370*01 .200+00 
.390*01 . 200*00  
.420*01 .4CO*OO 
.460+01 .430*00 
.500+01 .4CO+OO 
.5*0*01 . ~ U O * O O  

.620*01 . 4 C O * O O  

.6tO*Ol . 4 O U + O O  

.740+01 .4CO*OO 

.780+01 .400*00 

.&20*01 .4CO+U0 

. B € O * O l  . 4 C O + O O  

.900*01 .4CJ+OO 

.540*01 .400+00 

.98>+01 .4C0+00 

.105*02 .100*01 

.115*02 .100*01 

.135*02 .100*01 

.145+02 .100*01 

.155*02 .100*01 

.165+02 .100*01 

.175+02 .100+01 

.145+02 .100*01 

.195*02 .100*01 

.210*02 .200*01 

.230+02 .200*01 

.250*02 .200*01 

.270*02 .200+01 

.290*02 .200*01 

.5 d 3 + o I .4 a o+ o o 

.7oo+oi . 4 a w o o  

.125+02 . i a o + o i  

.13L-OC 

.123-05 
-133-09 
-141-0F 
.203-05 
.251-05 
-154-05 . l S ' - O 5  
.378-09 
-357-09 
.2%1-05 

.3e5-55 

.341-0'3 
300-05 

-328-09 
-35 3-05 
-4  Oe-09 
-583-09 
.6?8-09 
.t)48-05 
.576-05 
-11 6-08 

-126-08 
141-08 

.110-oe 

.5 F 1-05 
-860-09 

.2es-a9 

.iio-oe 

.esi-os 

.sn8-09 

.800-0% 
.944-09 
.120-38 
. I  11-08 
-104-08 
.1O8-03 
.113-0& 
.118-08 
-131-08 

-174-08 
.156-08 
.2l'i-08 
-239-08 
,254-08 
.265-08 
.2?0-00 
.2 i 4-0 e 
.310-00 
0328-08 

241-08 
-348-00 
-357-08 

. a e - o d  

-359-08 

-1t6-09 
. I  C4-0S 
165-09 

-1 74-05 
.235-05 
- 2  36-09 
. i 2 S - O S  
.230-09 
.41'-05 
-393-09 
.330-05 
-325-09 
.424-05 
.5e3-09 
-342-0s 
-312-09 
e436-09 
ma51-09 
.628-OF 
.723-05 
ed53-09 

.121-0e 

.115-08 
130-08 

.146-08 

.115-08 

.1U5-08 
-9  1Q- 09 
'31 0-09 

. l O S - O 8  
a 6 8 4 - 0 S  
. l O l - O t )  
-127-08 
.113-OB 
. l l l - 0 8  
.115-00 
. l Z O - O t )  
.125- 08 
.138-0(1 
*154-08 

.2 02- Ob 
-226-08 
0245-08 
-261-08 
.272-03 
.28COO 
e300-00 
-316-06 
.334- C 8  
.347-08 
-354-08 
.362-08 
-3t  5- 08 

. a oz-o.9 

. i  ai-oe 

0153-OF 
.21S-05 
-282-09 
.421-OC 
-345-09 
.265-oP 
.28P-09 
.EBZ-OS 
-246-09 
0253-49 
.2U8-09 
0252-05 
.305-05 
-261 - 09 
-273-09 
0 1 S 6 - 0 5  
e228-09 
-283-09 
-355-09 
-363-09 
0656-05 
.680-09 
.705-09 
.544-09 
.551-05 
e426-09 
.S67-09 
-375-0Y 
. x t - o s  
eS74-OY 

e753-09 
.102-08 
.569-09 
.831-09 
0542-05 
- 1  J6-08 

e117-0d 
.129-08 
.165-08 - 163-08 
.187-08 
.215-0b 
-23'3-08 
-251-08 
-262-08 
276- 08 

-290-08 
.312-08 
.315-08 

.%F-08 
-325-08 

. ~ O ~ - O S  

. ia i -oe 

.32o-on 

En/MeV AEdMeV Air-Dry A i r  H,O Sat Ethylene Gas.TE.wIX1, 
.Ed9-08 0208-08 
.25€-08 
0302-08 
-308-08 
-316-08 
-325-08 
-339-0 8 
e352-08 
.365-08 
377-00 

-388-08 
-399-08 
-410-08 
e420-08 
0420-08 
e 4 5 0 - 0 8  
-463-08 
-4  82-08 
-554-08 
5 27-0 8 

0570-08 
.593-06 
.E00-08 . eor -08 
.559-08 
.5%9-08 
-610-08 

e637-08 
-6C6-08 
.648-08 
-6554-08 
-691-08 
.742-08 
.713-08 
-704-08 
-747-08 
.778-08 
-760-0M 
.7L3-08 
-789-08 
-826-00 
.846-08 
08Cl1-08 
.929-08 
-958-08 
.OL6-08 
.980-08 
.91)8-08 
.102-07 
.103-07 
.105-07 
. I 0  5-07 
.106-07 

.sia-oa 

.624-00 

0 21 2-09 
.2 l I -08 
-226-08 
-239-08 

244-03 
-247-08 
e257-08 
267-08 

-273-08 
-2bO-08 
-290-08 
-256-08 
.305-08 
w 309-03 

322- 08 
-328-06 

o 3p-08 
-360-08 

383-08 
0417-08 
-431-08 
0430-08 
.436-08 
0439-08 

452-08 
~451-  08 
466-08 

-486-08 
0482-08 
.49c- 08 

527-08 
.544-08 
.spa- 08 
-533-08 
-557- 08 
-573-08 
.5?1-08 
05b0-08 
.614-04 
625-08 

-652-08 

-713-Od 
130-08 - 760- 08 

m753-08 
763-00 

.785-08 
791-08 

-796-08 
.goo-08 
.800-08 

.se-oa 

.m7-00 

.6ei--~e 
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Index 

A- 150 plastic, see Tissue-equivalent plastic 

AAPM , see American Association of Physicists in 

Absorbed dose: 

(A- 150) 

Medicine (AAPM) 

buildup of, in phantom exposed to x-rays, 

definition of, 26-27 
integral, 27, 56-59 
in radioactive media, 80-100 
relation to collision kerma, 69, 76 

72-74 

Absorbed-dose index, 36 
Absorbed fraction, 81-85 
Accuracy, see Dosimeter(s). accuracy of 
Activation, see Radioactivation 
Activity, 101- 102 

Adipose tissue, composition of, 532 
Air, composition of, 532 
Air kerma rate constant, 12 1 
Albedo dosimeters, 493-494 
Alpha emission, 86-88 

absorbed dose from, 88 
American Association of Physicists in Medicine 

Andersson-Braun rem counter, see Neutron 

units of, 102-103 

(AAPM), 347 

dosimetry, by rem meters 

Angular distributions, 13- 14 
Annihilation, see Posiuon(s), in-flight annihilation 

Atmospheric pressure, 326 
Atomic number, effective, 307-308 
Atomic shell binding energies, see Binding 

Attenuation : 

of 

energies, atomic 

broad-beam, 42, 44-59 
exponential, 38-59 
of fast neutrons in steel, 5 1 
of gamma rays in water, 49 
ideal broad-beam, 45-46 
ideal narrow-beam, 44 
law of exponential, 39 
narrow beam, 42-44, 46 
of photons and neutrons, 38-59 

Anenuation coefficient, 39, 14 1, 154- 158, 
537-562 

537-555 
for Compton effect, 133, 141, 154-155, 157, 

mean effective, 54- 56 
for pair production, 141, 150, 154-1515. 157, 

partial linear, 40-42 
for photoelectric effect, 140- 14 1, 154- 155, 

538-555 

157, 538-555 
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600 

Attenuation coefficient (Continued) 
for Rayleigh scattering, 141, 153-155, 157, 

538-555 
Auger effect, 143-144, 146, 162 
Auger electrons, see Auger effect 

Becquerel, 103 
Beta rays : 

dose deposited by, 90-93, 457 
emission of, 88-96 
spectrum of, 88-89 

Bethe-Heitler formula, see X-rays, Bethe-Heitler 
formula for bremsstrahlung production of 

Bethe stopping power formula, see Stopping 
power, Bethe formula for 

BF, counters, 489-492 
B-G, see Bragg-Gray 
Binding energies, atomic, 145, 206, 527-530 
Bone, composition of, 532 
Born approximation, 166, I7 1 
Borosilicate glass, composition of, 532 
Bragg-Gray : 

cavity, 234 
chambers, see Bragg-Gray, cavity; Cavity 

chambers 
conditions, 232-233 
corollaries, 235-236 
relation, 232-236 
thmv,  231-239 

Spencer's derivation of, 237-239 
Bragg peak, 168, 195-197 
Bragg rule, 156, 178 
Bremsstrahlung x-rays, see X-rays, 

Broad beam: 
bremsstrahlung 

attenuation, see Attenuation, broad-beam 
geometry, 42,44-59 

ideal, 44,46, 50 
Buildup, of absorbed dose in phantom exposed 

Buildup cap, 348, 350, 356, 380 
Buildup factor, 53-55 
Burlin cavity theory, 248-255 

to x-rays, 72-74 

c,, 385-388 
Cx, 369-374 
Cadmium ratio, 465 
Calorimeters, see Calorimetric dosimeters 
Calorimetric dosimeters, 426-436, 480-48 1 

absorbed-dose type, 428-433, 480-481 
adiabatic, 427 
advantages and disadvantages, 435 

INDEX 

energy-fluence type. 433-434 
for measuring source power output, 434 
temperature measurement in, 426-427 
thermal defect in, 426, 480-481 

Capacitor chambers, see Cavity chambers, 

Capacitors, for charge measurement, 3 19-320 
Cavity chambers, 277, 304-315,346-393 

absolute, 277, 546-347, 380 
absorbed-dose calibration of, 356-357 
&-equivalent, 307-308,367, 385-388 
capacitor type, 309-3 1 1 
conductive coatings in, 308 
effective center of, 382-385 
exposure calibration of, 347-350 
extrapohtion, 311-314 
flat, 311-315 
gas flow in, 306 
N, calibration of, 350-356 
non-hydrogenous, 492 
Richardson effect in, 3 12-3 13 
wall material of, 307-308 
wall thickness of, 306-307, 347-348 
x- or y-ray calibration of, 347-357 

capacitor type 

Cavity-gas calibration factor, Ngy. 278, 288, 

cavity theory, 231-263 
Cerenkov radiation, 161-162 
Chamber-shift correction, for cavity chambers in 

charged-particle beams, 382-385 
Characteristic x-rays, see X-rays, fluorescence 
Charge and current measurements, 315-326 
Charged-particle equilibrium, 65-77, 179, 188, 

351-356, 376-380, 388-391 

266-268, 306-307, 365-366, 463, 
467-468, 476 

for distributed sources, 65-67 
failure of, 72-77, 365-366 
for y rays, 179, 188, 275-276, 307, 387-389 
for indirectly ionizing radiations from external 

sources, 67-77,266,306-507,365-366 
in measurement of exposure, 70-72, 267, 

relation of dose to collision kerma for, 69,266, 

relation of dose to exposure for, 71-72, 267 
relation of doses in different media for, 70,267 
transient, 75-77, 266-268, 365-366 

Bragg peak in depth-dose curve of, 195-197 
CSDA range of, see Charged particles, range of 
dose deposited by, 187-199 
dose deposited in foils by, 187- 195 

307-308, 365-366 

365-366 

Charged particles: 
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dose us. depth for beams of, 195-199, 461 
energy straggling of, 184 
farthest depth of penetration of, 180-181, 184 
hard or “knock-on” collisions of, 162- I63 
interactions of, in matter, 160-199 
multiple scattering of, 183-184 
nuclear scattering of, 163-164 
pathlength of, 160, 180- 18 1 
projected range of, 180, 183- 184 
range of, 161, 180-187, 275, 563-586 
range of electron, 563-586 
range of heavy, 181-182, 275 
range straggling of, 183-184 
soft collisions of, 16 1 - 162 
types of interactions of, 161-165 

Chemical dosimeters, 270-27 1 ,4  18-425 
absorbed dose dependence of molar 

concentration in, 421-422 
advantages and disadvantages of, 424-425 
effect of vessel wall in, 270-271, 419-420 
Fricke ferrous sulfate type of, 277, 421-423 
G-value of, 418-419, 422 
optical density of, 422 
radiation chemical yield G (X) of, 418-419 
various types of, 423-424 
vessel preparation for, 419 

Chord length, mean, in convex volume, 19,250, 

Cobalt-60, y-ray emission from, 120 
Coherent scattering, see Rayleigh scattering 
Collision interactions, 165 
Collision kerma, 24-25 

Compositions of mixtures, 532 
Compton effect, 125-138, 141, 154-158,537 

254 

relation to absorbed dose, 69, 76 

attenuation coefficient for, 133, 14 1, 154- 158 
electron angular distribution for, 136 
energy-transfer coeffiaent for, 135, 537 
kinematics of, 126- 129 
Klein-Nishinacross section for, 131-138. 

mean fraction of photon energy given to 

scattered-photon angular distribution for, 

starting electron energy spectrum from, 

531 

electron in, 134-135 

131 -1 32 

136-137 
Compton scattering, see Compton effect 
Compton scattering cross-section, 537 
Condenser chambers, rec Cavity chambers, 

Constants, physical, 525 
capacitor type 

60 1 

Continuous slowing-down approximation 

Conversion factors, 526 
Coulomb force: 

(CSDA), 160, 180-182, 237-238 

in charged-particle interactions, 160-164 
in pair production, 146 

Cross sections, photon interaction, 537-555 
CSDA range, see Chatged particles, range of 
Curie, 102-103 

Dead-time, see Geiger-Mirller (C-M) counters, 

Delta rays, 3, 162-163, 188, 242-248, 275-276, 

Density: 

dead - time in 

386-388,444 

of compounds and mixtures, 531 
of elements, 527-530 

Density effect, see Polarization effect 
Diode detectors, see Semiconductor dosimeters 
Displacement correction, A,, 357459,367-368. 

Dose, see Absorbed dose 
Dose equivalent, 34-36 
Dose equivalent index, 26 
Dose-equivalent meters, see Rem meters 
Dosimeter(s): 

376-377’380 

absoluteness of, 277 
accuracy of, 277-278 
background readings of, 279-280 
calibration of, 277 
calorimetric, see Calorimetric dosimeters 
characteristics of, general, 277-290 
chemical, see Chemical dosimeters 
Compton-current, 309 
definition of, 264-265 
dose limits of, 279-28 1 
dose-rate limits of, 281-282 
for dose-rate measurement, 282 
energy-dependence of, 283-289 
fading of, 283 
interpretation of 

for charged panicles, 274-277 
for photons and neutrons, 266-274 

LET dependence of, 285-288 
photographic film, see Photographic-film 

precision of, 277-278 
reusability of, 290 
scintillation-type, see Scintillation dosimeters 
semiconductor, see Semiconductor dosimeters 
sensitivity of, 279 
shape of, 290 

dosimeters 
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Dosimeter(s) (Conlinuad) 
shelf life of, 282. 399-400 
simple model of, 265-266 
size of, for charged panides, 275 
stability of, 282-283,599-400 
thermolumineumt, see Thennoluminescent 

d-attenuation comCfion for, 273-276 
wall thickness of, 273-276 

media matching in, 268-272 
neutron. 271-272 

dosimeters 

Dosimetry: 

lNDEX 

Energy-absorption coefficient, 25, 556-562 
Energy conversion factors, 526 
Energy dependence. 50-52 
Energy fluence, 9-10 

Energy tluence rate, 10 
Energy flux density, 10 
Energy specaa, 11-13 
Energy-transfer coefficient. 22-25.556-561 

measurement of, 192-193,425,4SS-4S4 

average, 23 
for Compton effect. 135,537 
for pair production. 152 
for photoelectric &a. 146 

Energy-mfer cross section, for Compton 

Energy m f d ,  21 
net, 24-25 

Energy units, conversion of, 10, 526 
Equilibrium: 

effect. 134-135, 537 

charged-panicle, sce Charged-parride 
equilibrium 

radiation, 61-65 
Equilibrium spectrum of charged particles. 

Equilibrium-thickness menuation correction, 

Etch pits. see Neutron dosimetry, by track etching 
Evaporation. nudear, 164 
Excess-scatter correcrion. (ESC), 375-576 
Excitation potentid. mean, 166-167,527-531 
Expeaation d u e .  5-8 
Exponential menuation, su Attenuation, 

Exposure. 29-34 

234-255,237-238,244-246 

Aq. 354,362,567-368.376-377 

exponential 

measurement of, with free-air chamber, 
292-304 

Exposure calibration factor, 329-350, 548-349 

Extracameral a, see Ionization chambexs, 

Extrapolated range of electrons, 183, 186 

Expos~re-rate con.%tult, 117-121 

exuacameral &ect in 

Effective atomic number, see Atomic number, 

Effective attenuation coefficient. see Attenuation 

Electret, 309 
El& field strength us. ion-chamber geometry, 

Electromagnetic radiion. see Gamma rays and 

Electrometers, 316-317 
use of, 316-326. 350 

Elearon beams: 
calibration of, in phantoms, 196-199, 

energy fluence measurement with chemical 

effective 

coefficient. mean effective 

335-354 

X-rays 

380-391 

dosimeters, 425 
Electron-capture transitions, 93-96 

Electron density: 
absorbed dose due to, 94-96 

of compounds and mixtures, 53 1 
of elements, 527-530 

Electronegatke gases, 392,440 
Electron-fluence scamring comaion, see Hardez 

Electron obliquity effect, 15-17.381-382 
Electrons: 

effect 

backscattering of, 193- 195 
bremsstrahlung generation by, 163-164 
dose-correction for path lengthening due to 

scattering of, in foil, 189-192 
dose us. depth in beams of, 197-199 
extrapolated range of, 183, 186 
radiation Len& of, 189-190 

scattering of, 163-164. 189-195 
stopping power or mass stopping power of, see 

G U I ~  Of. 183-186, 275,563-586 

Stopping power. for electrons and 
positrons 

Elements, table of, 527-530 

Fano theorem, 238, 251, 255-257 
Fat, see Adipose tissue, composition of 
First-collision dose, see Neutron Lerma factor 
Fission foils, 483-487 
Ruence, 8, 15 

energy, 9-10 

Fluence rate, 8-9 

Fluorescence x-rays, see X-rays, fluorescence 

PI=. 15-1 7 

energy, 10 
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Fluorescence yield, see X-rays, fluorexence yield 
of 

Flux density, 8-9 
energy, 10 

Fricke ferrous sulfate dosimeter, see Chemical 
dosimeters, Fricke ferrous sulfate type of 

Gamma-ray interactions, sce Photon interactions 
Gamma-ray sources, dara for selected, 118 
Gamma rays: 

absorption of, from internal source in tissue 
sphere, 83 

backscanering of, 84 
Gas gain, 439 
Gas multiplication, 438-441 
Geiger-Miller (G-M) counters, 438-442, 

446-450, 495 
dead-time in, 447-440 
energy dependence of, 449-450 
for neutron dosimetry, scc Neutron dosimeuy, 

Ce(Li) detectors, scc Semiconductor dosimeters 
G-M counters, scc Geiger-Miller ( G M )  counters 
“Good” geometry, scc Narrow-beam geometry 
Gradient correction, 377, 380 
Grenz rays, u e  X-rays, soft 
G-value, see Chemical dosimeters. G-value of 

by C-M counters 

603 

Half life, 103- 105 
Harder effect, 381-382 
Health physics, see Radiation protection, 

Herz, I03 
Humidity, relative, 326 
Hurst proportional counter, 488 

Ideal broad-beam attenuation, scc Anenuation, 
ideal broad - beam 

Ideal broad-beam geometry, see Broad-beam, 
geometry, ideal 

Ideal narrow-beam attenuation, sec Attenuation, 
ideal narrow-beam 

Impact parameter, 16 1 
In-flight annihilation, see Positron 
In-scattering, 45, 38 1 
Insulators : 

quantities for 

dose perturbation by stored charge in, 65,309 
electrical, 308-309 

Integral dose, scc Absorbed dose, integral 
Interfaces, dose near, 259-262 
Internal conversion, 96-99 

absorbed dose for, 97-99 

Inaanudear cascade, 164 
Ionic recombination, 310, 330-339.357-358 

correuion for, by exuapoltion, 335-336 
g e n e 4  or volume, 332,334-336. 338 
initial or columnar, 332.336 
of pulsed radiation, 337-338 

Ionic velocity, 332 
Ionization chambers, 292-393 

air density in, 326-327 
amplifying, 441 
atmospheric correction for, 326-330 
Mx-type free-air, 300-302 
beam-monitor type. 315, 360-361 
cabla for, 317-318 
cavity type, see Cavity chambers 
extracamed effect in, 313-314 
free-air, 292-301 

high voltage for, 317-318 
humidity in, 326-330 
measurement of charge h m .  315-323 
measurement of current from, 315-319, 

saturation of, 330-331 

fully guarded, 505 

323-326 

Ionization potentials for various gases. 341 
Ionizing radiition : 
angular and energy distribution of, 10-1 1 
biological action of, 4 
directly- us. indirectly-, 4 
energy spectra of, 11-13 
types and S O U K ~ ~  Of, 2-5 

Isobar. 88 
Isomer. 97 

Jesse effect, 328, 343 
Junction detcnon,sec Semiconductor 

dosimeters 

Kearsley cavity theory, 258. 277 
Kerma. 21-26 

components of, 24-26 
relation of, to fluence, 22-24 

Kerma factor, scc Neutron kerma factor 
Klein-Nishina cross d o n ,  131-138, 537 
Kramers spectrum, see X-rays, Kramers spectrum 

of 

Latent image, 412 
LET-dependence, of dosimeter response, sec 

Light, velocity of, 2, 525 
Light pipes, 450, 454 

Dosimeter(s), LET dependence of 
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Linear attenuation coefficient, scc Attenuation 

Linear energy-absorption coefficient. see Energy- 

Linear energy transfer, 34, 179-1 80.332, 

Linear energy- transfer coefficient, scc Energy- 

Lithium fluoride, see Thennoluminescent 

Long counters, 49 1 

Mass attenuation coefficient, scc Attenuation 

Mass energy absorption coefficient, see Energy- 

Mass energy-transfer codticient, see Energy- 

Mass stopping power, see Stopping power 
Mean effective attenuation coefficient. 54-56 
Mean free path of uncharged particles. 40, 

Mean life, 103-105 
Mesons, f ,  scc Pions 
Metastable state, 97 
Microdosimeuy, 443-445, 501-504 
Monitor chambers, uc Iodat ion chambers, 

Muscle, composition of, 532 

Narrow-beam attenuation coefficient, see 
Attenuation coefficient 

Narrow-beam attenuation of uncharged 
radiation, 42-44, 46 

Narrow-beam geometry, 43-44, 46 

National Bureau of Standards (NBS), 347, 356 
Net energy transferred, 24-25 
Neumnos, 20-21 
Neutron dose in the body, 472-475 
Neutron dosimetry, 403,412, 415-416, 418, 

coefficient 

absorption coefficient 

50 1-503 

transfer coeffient 

dosimeters 

coefficient 

absorption coefficient 

transfer coefficient 

1 86- 1 87 

beam-monitor type 

ideal, 44 

443-446, 450, 452, 456, 461-504 
by activation of foils, 482-484 
by chemical dosimeters, 48 1 
by G-M counters, 450, 495 
insensitive to y-rays, 482-492 
by LiF TLDs, 403 
by nudear trackemulsions, 412.415-416.418 
by proportional counters, 443-446. 480, 

by rem meters. 489-491 
by scintillation dosimeters, 452, 456, 48 1-482 

488-492 

INDEX 

by silicon detectors, 461-462, 488 
by thennoluminescent dosimeters, 493-494 
by tissue-equivalent calorimeters, 480-48 1 
by tissue-equivalent ion chambers, 479-480, 

by track etching, 484-488 
495-498 

Neutron + gamma-ray mixed-field dosimeters, 

Neutron + gamma-ray mixed-field dosimetry, 

by paired dosimeters, 477-479,495-501 

response equation of, 476-477 

475-501 

Neutron h a  factor, 23-24, 464-468, 

Neutrons : 
587-598 

energy of, 464-465 
filters for removing thermal, 464-465, 494 
interactions of, in tissue, 465-468 
quality factor of, 472,474 
sources of, 468-472 

Np, scc Cavity-gas calibration factor, Ng 
Nudear track emulsions. 412, 415-416, 418 
Nudear track regisaation, see Neutron dosimetry, 

by tradr etching 

Optical density, see Chemical dosimeters; 

Out-scattering, 45, 381 
Photographic film dosimeters 

Pair production, 146-152, 538-555 
attenuation coefficient for, 141, 150. 154, 

in electron field, 150-152, 538-555 
energy-transfer codticient for, 147, 152, 

in nuclear field, 148-150, 538-555 

156-157,538-555 

155-157 

Partial linear attenuation coefficient, 40-42 
Phantoms: 

calibration of electron beams in, 380-391 
calibration of photon beams in, 366-380 
definition of, 48 
dose perturbation by stored charge in, 65,309 
plastic, 372-376 

Phoswiches, 456 
Phot~elecai~ effect, 138-146, 538-555 

auenuation coefficient for, 140- 14 1, 154, 

energy transfer coefficient for, 146- 147, 

energy-transfer cross section for, 142-1 46 
interaction cross section for, 139- 142, 

kinematics in, 138-139 

157-158, 538-555 

155-157 

538-555 
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Photographic film dosimeters, 281, 283, 
41 1-418, 494-495 

advantages and disadvantages of, 416-418 
chemical processing of, 412 
emulsions in, 4 1 1-4 12 
exposure range of, 414 
for y-rays in presence of neutrons, 

latent-image fading in, 283 
neutron dosimetry by, 412, 415-416, 418 
optical density of, 412-414, 418 
reciprocity law failure in, 28 1, 41 7 
response cuwes of, 4 14 
standard density (SD) of, 413 
x-ray energy dependence of, 4 14-4 15 

Photomultiplier tubes, 450, 454-455 
Photon interactions, 124-158, 537-562 
Photons, energy us. wavelength of, 2 
Physical constants, 525 
Pions, 164, 196-197, 461 
Planar h e n c e ,  15-17, 457 
Planck’s constant, 2 
Polarization effect, 171-175, 372 
Positron(s): 

494-495 

in-flight annihilation of, 24, 163-164 
stopping power of, 174, 563-586 

Potentiometers, standard, for use with 
electrometers, 320 

Precision of radiation measuremenu, 6-8. See 
also Dosimeters, precision of 

Proportional counters, 438-446, 480 
pulse-height analysis in, 443-445 
Rossi, 444-445, 46 1. 480 

non-hydrogenous, 480 
Protons, range of, 181-182, 275 
Pulse-shape discrimination, see Scintillators, 

pulse-shape discrimination in 
Pyrex glass, see Borosilicate glass, composition of 

Quality factor, 34-35, 472 

Radiant energy, 21 
Radiation dosimetry, see Dosimetry 
Radiation equilibrium, 61-65 
Radiation length, 189-190 
Radiation protection, quantities for, 34-36 
Radiation transport equation, 256-257 
Radiation yield, 177-178, 563-586 
Radiative energy losses, 24-26 
Radioactivation, 115-1 17, 482-484 
Radioactive decay, 101-121 
Radioactive decay constants, 101-102 

Radioactivity: 
disintegration processes for, 86- 100 
parent-daughter relationships in, 105- 1 15 
removal of daughter products from sources of, 

secular equilibrium in, 109, 112-1 13 
time to maximize daughter activity for source 

time when parent-daughter activities are equal 

transient equilibrium of, 109- 1 14 

114-1 15 

of, 107 

for source of, 107-108 

Radionuclides, output data for, 533-536 
Radium, decay of, 86-88 
Range, see Charged particles 
Rayleigh scattering, 153 
Reciprocity law, see Photographic film dosimeters, 

Reciprocity theorem, 55-59, 65, 81-82, 84 
Recombination, see Ionic recombination 
Relative biological effectiveness (RBE), 34 
Relaxation length, see Mean free path of 

Rem meters, 489-491 
Replacement correction, Prep\, 356,376-378, 

Resistors, high-megohm, 323-324 
Response function, 50-52 
Rest energy: 

of electrons. 86, 526 
of heavy particles, 170, 526 
of one atomic mass unit, 86, 526 

reciprocity law failure in 

uncharged particles 

380 

Richardson effect, see Cavity chambers, 

Rossi proportional counters, see Proportional 
Richardson effect in 

counters, Rossi 

Scintillation dosimeters, 450-457 
Scintillators: 

light output efficiency of, 451-452 
pulse-shape discrimination in, 456-457, 482 
types of, 450-453 

Secular equilibrium, 109, 1 12- 1 13 
Semiconductor dosimeters, 457-462 
Shutter timing error, correction for, 358-360 
Silicon diodes, see Semiconductor dosimeters 
Si(Li) detectors, see Semiconductor dosimeters 
Solarization in photographic film, 418 
Specific y-ray constant, 117-121 
Spencer cavity theory, 242-248 
Spur, see Delta rays 
Standard doviation (S.D.), 6-8 
“Stars,” production of, in pion interactions, 165 
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Stochastic and non-stochastic quantities, 
charactaiSticS Of. 5-6 

Stodratic quantities. 503-504 
Stopping power, 165-180.239-241,563-586 

avenging of, in cavity theory, 239-241 
Bethe formula for, 166-167 
collision, 165-175.563-586 
in compounds, 178,574-586 
for electrons and positrons, 171-180.563-586 
for heavy charged particles. 168- 17 1 
polarization effect in, 17 1-1 75.563-586 
radiative, 165. 175-177.563-586 
resmcted. 179-180,354455,378, 389-391 
shell correction of, 171-172 

INDEX 

Technetium-99m, 110-1 12 
Thermal capacity, 426 
Thermal defea. see Calorimetric dosimeters. 

Thermal-neutron filters for dosimeters, 
thermal defect in 

464-465. 494 
Thermistors. 427-428 
Thermoluminescence: 

@OW Of. 397-399, 402. 405 
Randall-Wilkins theory for. 396-399 

thermal quenching in, 397-399 
spurious, 4m 

Thermoluminescent dosimeters. 395-41 1. 
493-494 

advantages and disadvantages of, 410-41 1 
calibration of. 405-409 
for neutrons, 493-494 

Thermoluminescent phosphors, 395-396,400. 
403-406 

inmnsic efficiency of, rHH) 
trap stability in, 283. 399-400 

Thimble chambers, see Cavity chambers 
Thomson scattering, 127. 129-132 
Time-constant of dosc-rate meters, 282 
Tissue, composition of, 465-466 
Tissue-air ratio, 363 
Tissue-equivalent gas. 480. 498. 532 
Tissue-equivalent ion chambers, see Neutron 

dosimeay. by tissue-equivalent ion 
chambers 

Tissue-equivalent liquid, composition of, 532 
Tissue-equivalent plastic (A-150). 445, 

Track-etch dosimeay. see Neutron dosimeay, by 

Transient charged-panicle equilibrium. 75-77 

479-481, 497, 532 

track etching 

Transient equilibrium, of parent-daughter 

Triplet production. see Pair production, in 
activity, 109-1 14 

electron field 

Uranium-238 decay series, 1 13 

Victorecn r-meters, see Cavity chambers, 
upaatator type 

Void correction in phantoms, see Displacement 
correction. A,; Rcplawment correction, 
p+ 

Water, vapor pressure of, 326 
W, Wle, 30-31,327-330.339-313 

definition of, 339-340 
for dry air. 31, 327 
energy dependence of, 342-343 
for gas mixtures, S43 
Plauman calculation of, for helium, 340-341 
for semiconductors, 343 
value of, for gases, 341 

Wheatstone bridge, 429, 432 

X- and y-ray beams, calibration of: 
in free space. 357-366 
in phantoms, 366-380 

X-ray film dosimeters, see Photographic fdm 

X-ray interaaions. see Photon interactions 
x-rays: 

dosimeters 

Bethe- Hekler formula for bremsstrahlung 

brcmsstrahlung, 22. 163-164.204.207-208. 

charuxerirtic. zcz X-rays, fluorescence 
continuous specuum, see X-rays, 

dependence of fluorescence output on 

directional dependence of emission, 207, 

dose vs. depth in water, 229 
Duane and Hunt’s Law for, 21 1-212 
equivalent photon energy of, 226-228 

fluorescena, 93.142-145.162.203-209.219, 

production of 175. 216 

210-229,561-584 

bremsstrahlung 

electron energy, 207-209 

21 7-2 I9 

filmtion of, 219-221.223-225 

223-244 
generated by protons, 204-205 

fluorescence yield of, 93, 142-143.204 
half-value layers of, 222-228 
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homogeneity coefficient of, 226 
Kramers spectrum of, 214-216 
mean energy of fluorescence, 145 
production of, 203-219 
qudity of b e a m s  of, 203, 2 19-229 
radiation yield of bremsstrahlung, set Radiation 

soft, 3 
yield 

60 7 

spectral distribution of, 203, 206, 21 1-229 
spectrum of bremsstrahlung, 21 1-229 
from tungsten. 206 
tungsten fluorescence, 206-207 

“white”, see X-rays, bremsstrahlung 
fype of, 3 

Yang correction. for electron scattering, 189- 192 


