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CHAPTERI

INTRODUCTION

1.1 Subject

Radiation is broadly used in modern scisnce and medicine. This use
often requires the calculation of energy deposited in the irradiated media.
The subject of this dissertation is an analytical study of energy deposition
from gamma-ray and electron transport in a mathematical, anthropomorphic
phantom. This study also considers in detail the transport and energy
deposition from secondary particles produced in gamma-ray and electron
interactions.

Energy deposition from radioactive sources in the human body and
the sffects of such dspositions are considered in the field of internal
dosimetry. Internal dose calculations are a two step process. The first step is
to make a model of the kinetics of the radionuclide in the body. Movement of
the radionuclide from cne organ to another until the nuclide is eliminated from
the body or until its residence time in the body exceeds the mean life of the
nuclide is of interest. When the mean life of the radionuclide exceeds 50
years, the movement of the nuclide for 50 years wiil be used in the model.
The body organs are considered as compartments into which nuclides move
in and out. The net input and output of the nuclide {including radioactive
decay) from a compartment is described by a system of first order difterential
equations. The solutions to these equations include constants that depend on

biochemical properties of the organs.

This Dissertation follows the style of Health Physics



The second part of the internal dose calgulation considers the
movement of radiation from a nucleus undergoing a radioactive decay to the
surrounding tissue. The radiation emitted in the transformation could be
alpha, beta, or gamma radiation. These radiations travel varying distances
from the site of their creation before an interaction takes place. The rasult of
an interaction can be a total or partial deposition of the radiation energy. The
organ in which the transfermation occurs is called the ‘source’ organ while
the organ into which the energy is deposited is called the 'target’. The
absorbed fraction of energy (AF), is a the number between 0 and 1 which
quantifies the amount of energy released in the source eventually deposited
in the target. Estimation of the absorbed fractions is done by the Monte Carlo
calculations. This research concerns the calculation of absorbed fractions.
1.2 Background

In 1968 the first publications ot the Medical Internal Radiation Dose
{(MIRD) Committee of the Society ot Nuclear Medicine appeared in the open
literature. Pamphlet No. 1 (Lo68) presented a schema for absorbed dose
calculations for biologically-distributed radionuclides. Pamphlet Nc. 2 (Be68)
presented data on photon energy deposition in a water medium. Photon
sources were assumed 10 be point isotropic, and nineteen moncenergies
were considered over the range 15 keV to 3 MeV. In these calculations, it
was assumed that energy lost by photons in scattering or absorption events
was deposited in the medium at the spot of interaction. The author justified
this assumption by showing that the distance traveled by secondary electrons
~was smail compared to the mean free path cf the photens. This assumption
was valid for the framework in which the calculations were performed. But,

this assumption may not be valid for more realistic situations.



Generally, factors considered in dose estimation include;

a) Initial activity of the radionuclides

b) Entry pathways into the medium (body)

¢) Decay schemes

d) Compartment models and biological removal rates, i.e.,

effective half lives.

The MIRD Committee recommended a basic framework for absorbed dose
calculations. In considering a radionuclide decay scheme, the framework for
dose calculations involved estimation of an "absorbed fraction of energy”
(AF). MIRD Pamphlet No. 3 (Br68) presented the data on photon absorbed
fractions for three organ models. These calculations assumed that
monoenergetic photon sources, in the range 0.02 to 2.75 MeV, were
uniformly distributed in the organ volumes, and results were presented as a
function of mass of the model. Pamphlets No. 2 and 3 have been used widely
for dose calculations related to the practice of nuclear medicine.

One of the most significant of the early MIRD publications was
Pamphlet No. 5 which presented estimates of absorbed fractions for
monoenergetic photon sources uniformly distributed in various organs cf a
heterogeneous phantom (Sn69). This pamphlet presented the first estimates
of absorbed fractions which were obtained in a realistic representation of the
adult human body. These estimates were much needed in nuclear medicine
and were quickly accepted and used in the profession. Pamphlet No. 5 was
issued in revised form in 1978 (Sn78). The revised version of Pamphlet No. 5
presented data on specific absorbed fractions (SAF) for monenergetic photon
sources distributed in the organs of an improved mathematical model of the

adult human. The SAF is defined as the quotient of the absorbed fraction and



the mass of the region of interest (called the" target”).

In both sets of data (i.e., MIRD-5 and MIRD-5, revised) no
consideration was given to the finite range of electrons and positrons
producsd by photon interactions in the tissue. As with previous calculations,
it was assumed that the electron ranges were small compared with the
diameters of most organs. Hence, for beta radiation the absorbed fraction is
assumed to be unity when the source and target organs are identical and
zero otherwise. It is clear that this assumption tend to over-estimate the
absorbed dose to the scurce organ {or to the organ in which the photcn
interaction occurred) and under-estimates the absorbed dose to organs
which may lie in the near vicinity (or in some cases, in contact with the organ
in question). Examples of these situations are numerous in the human body
and include the uterus-biadder, sections of the gastrointastinal tract, and the
bone marrow-skeleton. it is desirable to correct the inadequacies of
neglecting electron transport in dosimetic calculations. Previous treatments of
energy deposition from beta sources have used empirical or semi-empirical
methods (Ra82, Cr67). A more accurate treatment of electron transport and
energy deposition is the continuous slowing down approximation (CSDA)
(Be63).

A number of ceupled electron/photon transport codes using Monte
Carlo techniques and CSDA have been developed for a broad range of
applications. Most of these codes can be divided into four groups, the
SANDYL code (Co74) with its enhancements, the TIGER series of codes
(Ha79), the BETA code (Jo68), and the EGS code system (Fo78). In
consideration of electron transport all of these codes use the random walk

technique. The random walk model separates electron transport into particle



advancement (which includes energy |0ss) and an angular deviation model
(incorporating multiple scattering theory). The random walk model
theoretically considers a group of single interactions in one particle transport
step. Each code can be used to calculate the flux of electrons/photons
transmitted and reflected by an absorber. Although the codes also provide
information on energy deposited in zones cf the absorber, these zones
generally are too large for dosimetric purposes.

There is, therefore, a need o incorparate a more realistic treatment of
beta-emitting radionuclides and of charged particle interactions into existing
internal dosimetry computer codes. The tinal electron transport code should
allow the study of energy deposition in materials such as those present in the
human body and in regions small enough to be of interest from the standpoint
of biological effects. Also, since most dosimetry applications do not involve
maonenergetic electron sources, the code should accomodate beta spectra as
well as combinations of beta spectra from a variety of potential sources.
Ideally, the dosimetry transport cocde shouid allow combinations of
geometries that simulate the human body. These geometries would be similar
to those used in photon transport codes, e.9., those used to produce the data
published by the Medical Internal Radiation Dose (MIRD) Committee ($n69,
Sn75, Sn78).

1.3 Objective

it has been the purpose of this research to formally incorporate
existing knowledge to model the transport and energy deposition of electrons
and photons in internal dose astimation. A Monte Carlo code which can
simulate the coupled transport of photons and electrons, using either as

primary source of radiation, has been developed to mest the research



objective. The physics of all relevant interactions and the mathematical
description of relevant organs of an adult have been incorporated in the final
code used to generate the resuits of this research.

Both electrons and photons are dealt with because their transport in
material is strongly coupled. Incident photons set electrons in motion upon
interaction, at sufficient energiss electrons cause further ionization, excitation
or undergo radiative energy loss. Conversely, incident electrons, with
sufficient energy, produce bremsstrahlung photons on interacting with the
coulomb force of a nearby nucieus. These interactions constitute particle
energy degradation and, hence, contribute to the absorbed energy.

The objective of this research is to develop a code that corrects for the
inadequacies of neglecting beta transpart in previous calculations in internal
dosimetry. Results from this code will answer the questions ;

a) What contribution does the consideration of beta radiation

make to the estimation of the absorbed fraction of energy in photon
transport?

b} How much does the absorbed fraction of energy for electrons differ

from unity as a function of electron energy and medium (i.s.,

body organs)?
Answers to these questions would provide a better estimate of radiation
absorbed dose for use in radiation protection, radiation damage studies, and
nuclear medicine procedures.
1.4 Monte Carlo Method

Due to the stochastic nature of photon interactions, analytical
treatment of energy deposition in a phantom is not easily achieved. The

Monte Carlo method is now the method of choice for solving problems in



photon and electron transport. The method is essentially a theoretical
experiment which tracks each of a large number of photons through the many
interactions they undergo. This technique provides a way of including all the
fundamental interaction processes in a random nature according to the laws
of probability.

The problem of interest in this work is estimating the fraction of energy
emitted from a source organ which will be deposited in other crgans of the
phantom. In solving this problem using the Monte Carlo method, each photon
is completely characterized by a set of parameters which include position,
energy and direction of travel (called a "history"). Changes in these
parameters, due to interactions, are recorded. A lower limit is set for particle
energy and position, where the interaction process is stopped. Interaction

types are determined by the selection of a set of random numbers.



CHAPTER I

THEORY OF PHOTON AND ELECTRON INTERACTIONS
Interactions of photons and electrons with matter are strongly coupled
with one particle producing the other with varying probability that depends on
initial particle energy and the microscopic structure of the material through
which the radiation is passing. Interactions of interest are those which change
the direction of travel and/or the energy of the particle. Each of the interaction
events depend on a probability distribution which may be experimentally
or/fand theoretically determined. The derivation of cross sections used to
provide probabilty distribution functions for these interactions will be
discussed in this section.
2.1 Photon Interactions
Usually, gamma-rays with energy in the range of 1 keV to less than 10
MeV are of interest in radiation protection. Interaction mechanisms in this
energy range have been discussed in numerous publicaticns (e.g., Ev55). A
number of photon interaction mechanisms are known and include the
following:
a) Major processes
i) Compton scattering
if) Photoslsctric effact

iit) Pair production



b) Minor processes
i) Coherent (or Rayleigh) scattering
ii) Fluorescence radiation
iii) Bremsstrahlung
iv) Annihilation radiation
c) Negligible processes
i) Caoherent molecular scattering
ii) Elastic nuclear potential scattering
iii) Nuclear resonance inelastic scattering
iv) Photodisintegration of nucleus
Interactions which result in significant changes of particle energy and
direction of travel, are photoelectric absorption, pair production, and Compton
scattering. The relative importance of the three primary photon interactions as
a function of photon energy for water is shown in Figure 2.1. It is expected the
the behaviour of photons in a water medium will not be very different from
photon behaviour in tissue. From Figure 2.1, photoelectric absorption is seen
to dominate at very low photon energies while Compton scattering is more
pronounced at intermediate energies and above a threshold energy, pair
production dominates. It should be noted that the total mass absorption
coefficient (ratio of probability of photon absorption per incident particle per
unit path length, to medium density) decreases to a minimum at a photon

energy of about 0.01 MeV and levels off at energies
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beyond 0.01 Mev. This trend plays an important role in the nature of results
obtained in photon transport problems.

The total cross section for an atom is the sum of the partial cross
section for each of the interaction processes involving the atom and the
photon. The cross section for a material composed of a mixture of atoms is
assumed to depend only on the sum of the cross sections of the atoms
present in the mixture. The total cross section for a particular type of

interaction is ;

Z=(Ngop)/M percm
where N, = Avogadro's number
o = microscopic cross section of medium (cm? per atom)
M = molecular weight of medium (gm per mole)
p = material density (gm per cm?®)
2.1.1 Photoelectric Effect
Electrons in the various atomic shells are bound with different
energies to the nucleus. When an incident photon energy is greater than the
electron binding energy, the photon may eject the electron from the atomic
shell. The electron is ejected with kinetic energy, T, equal to the difference
between the photon energy and the binding energy of the electron.
Photoelectric absorption obeys the laws of conservation of energy and
momentum. In a photoelectric interaction, a photon is completely absorbed to

produce a photoelectron.
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When a photoelectric absorption occurs, the atom with which the
photon interacts is left in an excited state. When the atom. de-excites,
fluorescence photons or Auger electrons are produced. The extent to which
these particles are produced depends on the effective atomic number of the
medium in which the photon is travelling. Tissue has an effective atomic
number of about 7.4 . Fluorescence photons and Auger electrons produced
whan the atoms in tissue de-excite have little energies and travel only short
distances from an interaction site. Hetnce, these particles are considered to be
locally deposited.

Methods of evéluating differential photoelectric interaction cross
sections involve the use of quantum mechanical theory with approximate
wave functions for the bound electron, e.g., the Born approximation. In
general, determination of photoelectric cross sections involve the use of both
empirical and theorsatical methods. From experimental data on photoelectric
cross sections for atoms, three photon energy regions can be defined for
theoretical description of cross sections. These regions are :

a) photon energies below 0.35 MeV

b) photon energies from 0.35 to 2.0 MeV

¢) photon energies greater than 2.0 MeV
A comprehensive review of photoelectric effect has been given by Hall
(Ha36). Data for total photoelectric cross-sections have been compiled and

made available for use to the general public (St70). These data banks have
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been correlated with experiment and were used in our computations
involving photoelectric cross sections. Photoelectrons produced in
photoelectric interactions deviate from the incident photon path i.e., these
electrons are seen to exit the material at angles significantly different from that
of the incident photon. However, these angles are a function of the photon
energy. The determination of angular deflections of these photoelectrons will
complete the description of the photoelectric interaction.

Generally, photoelectric absorption cross sections are given for
electrons in the K-shell of an atom. The differential cross section per unit solid
angle for the first region, for photon energies less than electron rest mass
energy, is given by (He54) ;

d o(hv,T, 6)=212 4r 2 ( Z5 /1374)(m, ¢/ hv)7"2sinp /[1-(pc/m, € 2 )cos 6 ] “dQ
(2.1)
where: pc = (T2+2m,c?T)'?2

T electron kinetic energy (MeV)

® = scattering angle of the photoelectron with respect to the
incident photon direction.

classical electron radius

_,
]

m, = electron mass (gms)

p = electron momentum

velocity of light (in vacuum)

(9]
|l
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Z = effective atomic number of the medium

hv = incident photon energy (MeV)
When the incident photon energy is near the K-shell absorption edge, the
electron binding energy is considered and a binding energy correction factor
is introduced into the cross section. The photoelectron is preferentially
emitted at 90° to the incident photon direction for low energy photons. This is
shown from the plot of eqn. 2.1 (see Figure 2.2). The total cross section,
obtained from integrating the differential cross section (eqn. 2.1) over all

scattering angles, is given by;
o(hv) =212 32/3 nr 2 (Z5 /137%)(m, ¢2 / hv)72 (2.2)
=2'2 4(8nr,2 /3)(Z5 1137%)(m, 2 / hv)72

In the first region, if the ejected electron is relativistic, Sauter showed the total

cross section is (Sa31):
o (hv) =3/2(8rr 2 /3) Z5 /1374 (m, ¢/ hf)72 (y2 -1)%?

{43+ (Y- (y+DI-12¥ (P -D"2 In y+( ¥ -2 y-(¥ -1)'?}

(2.3)

where : y = 1/(1-p%) =( hv - Be + mc? )/ m c2

Be = the electron binding energy.

B = ratio of electron velocity to velocity of light, v/c

14



15

(¥8uVY) 406 1& Alun 0} SBAIND BY) SBZIjeWLIOU UdIym juejsuoo e s 9
ABisus uosoeje Buisessou yum sejbue uoIss|we premio; sajesisn||l

Slelsjew Z mo| Joj suososieojoyd jo uonnquisip Jeinbuy ‘z'z einbi4

9,0
051 .06

P ,,(4)

UP
Ko



For a value of y approaching 1, Sauter's equaticn approaches the value for
the non-relativstic case. The condition of Sauter's equation is that the value
of Z/137 be much smaller than 1. This condition holds for light atoms.

For the second photon energy range, the photoelectric interaction
cross section has been determined empirically and numerically (Hu35).
Screening effects on the nucleus by the orbital electrons is included in the
derivations. Numerical calculations for discrete energy values have been
performed and graphed. Values for cross sections are read directly from
these graphs.

For photon energies in the third region, when the photon energy is
greater than 2 MeV, the total cross section cbtained using a relativistic
treatment with electron wave function expansion in powers of photon

wavelength is given as (Ha38):

a(hv) = [o°(hv) Aexp(ro-20%(1-Ina))] [(1-2/38, )/(1-5, /2)]

[exp(2a(tan(oy,) —e))(a*®~2*)] [( 81/8(7+4/a?)® (1+0.050: tan"1(0.63/cr)]

(2.4)
whers ; 3 =1-v/,
Y, =(hv+myc2)myec?

o =2/137, and

16



o°(hv) = cross section for the non-relativistic case (Eqn. 2.2).
Other approximations to this equation are available. However, Sauter's
equation is a good approximation to experimental results when the energy of

the ejected electron is greater than the electron binding energy. The Sauter

equation for o(hv) (Eqn. 2.3), when the incident photon energy is greater than

the electron rest mass energy, reduces to the equation (Ha36):

o®(hv) =22 32/3 nr 2 Z5 /1374 (m, ¢/ hv). (2.5)

The cross section varies over a wide range, decreasing with
increasing photon energy, except when photon energy equals the electron
binding energy of the shell involved. The instant jump in cross section value
at these photon energies is termed "edge effect". The total cross section per
atom, in units of cm?/atom, will include contributions from electrons in all the
occupied shells. K-shell electrons contribute most (80 - 90 %) to the value of
the cross section because these electrons are the most tightly bound in the
atom. The ratio of the photoelectric cross section of the entire atom to the

contribution from the K-shell electron is estimated by (Hu69):

a(hv) / o(hv), = 1+0.0148(In Z)? -0.00079(In Z2)3 . (2.6)

Data for total cross section, compiled by Storm and Israel, have been

used in this research to estimate cross section values (St70). As a first
approximation, the angular distrbution of the photoelectron, taken from

equation 2.1, is given for the non-relativistic case as :
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d N/dQ = sin(8) / (1-Bcos(8))4.

As the photon energy increases, forward emission of photoelectrons
becomes more favored as determined by the cosine term in the denominator
of the distribution equation (eqn. 2.1) above.
2.1.2 Compton Scattering

The laws of conservation of energy and momentum govern the
inelastic scattering of an electron and the incident photon. In the Compton
interaction, only a partial absorption of the photon energy occurs. Compton
scattering is the dominant scattering interaction at high photon energies with
the scattered electron being responsible for local energy deposition.
Expressions for the scattered photon energy as a function of scattering angle,
the energy of the recoil electron as a function of scattering angle, and the

relationship between scattering angles of the electron and photon are (Fi67):

hv' = hv/(1+ a{1- cos 8 )) (2.73)
T=hv-hv'=hva {1-cos 8 /{1 +c (1-cos 8)) (2.7b)
cot(, ) = (1+a) tan{es2 ) (2.7c)

where:  6_ = electron scattering angle ,
T = electron kinetic energy,

8 = photon scattering angle,

hv = incident photon energy,
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hv'= scattered photon energy, and

o= hvfmocz.
Figure 2.3 describes the Compton interaction. The electron binding energy is
assumed negligible compared to the incident photon energy. Cases when
this assumption does not hold are not considered in this report. All values of
photon scattering angle are allowed (i.e. 0< 86 <180°), and hence, the angle of

the Compton electron is constrained to »/2 > 6, >0. From equation 2.7b above,

the energy of the scattered electron would be 0 < T <hv(2 a }/(142 o).
The cross section for a Compton interaction resulting in an electron
scattered into unit solid angle was first calculated by Klein and Nishina using

quantum mechanical theory (Ev55). The Klein-Nishina relation is:

do(@) /dQ =(1/2)r 2 [ (1- cos?6 )/(1+a (1- cose))?|[1+{a?(1- cos 0 )%/(1+cos0 )

(1 + o (1-cos 0 ))}] . (2.8)

where:  a=hv/mc?,
® = photon scattering angle, and
- a2
ry= €2/m,c2.
At low photon energies, as a approaches zero, and the Compton cross

section reduces to :

da(6) /dQ =1/2 1 2 (1- cos?e ). (2.9)
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Figurs 2.3 Compton scattering of an incident photon from a
free slectron.
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Figure 2.4 shows the plot of Klein-Nishina angular distribution. Forward
anguiar écattering is more prominent at high photon energies. Angular
distribution of the Compton electrons can be obtained by substituting the
relationship of the elsctron and photon scattering angles into the form of the
Klein-Nishina equation given above.

The differential energy scattering probability is given by multiplying

the Klein-Nishina equation by the fractional scattered energy (i.e., hv'/hv).

The expression obtained is :

do(e) /da = (1/2)r ,2{ (1- cos 26 )/(1+a (1- cos 6))3][ 1+{c?(1- cos 0 )2/(1+cos?)
(1 +a(1-cose )] {2.10)

From the above eguation and the equation relating the scattering angles of

the electron and photon, the differantial energy scattering cross section for

the Compton electron can be expressed as:

do(hv,T) /dT = #tr 2/ahv [ 2 + (T2/ (h'v-T {1/ o + (hv -TY/hv - 2(hv- TV oT }].

@.11)’

The total Compton electronic cross section is obtained by integrating the
differential cross section over all the scattering angles. Quantities such as
average energy and average directional changes per scatter for the photon
and reccil electron can be obtained similarly (Ev55). Since only partia.ll
absorption of the photon occurs, the differance between the total and

scattered cross section is the absorption ¢cross section.
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Figure 2.4. Differential cross sections per unit angle for Klein-Nishina
scattering of photons at various energies. Compton electron angular
distribution shown on top and scattered photon distribution shown
on bottom. (AnB4).



At low photon energies, very little energy is lost by a photon in
Compton scattering, i.e, the scattering cross section is equal to the total cross
section and approaches a constant. The value of this constant cross section
equals that obtained from the Thomson classical scattering cross section.
The direction of travel of the recoil electron becomes more forward peaked as
the incident photon energy increases and the Compton total cross section
decreases with increasing photon energy.

2.1.3 Pair Production

Complete absorption of the incident photon energy may occur when
the photon interacts with the slectrostatic field of a nucleus, or an electron. In
the nuclear coulomb field this interaction occurs at photan energies in excess
of 1.022 MeV and results in the creation of positive and negative electron pair
to replace the photon. For pair production near the nucleus, and at high

photon energies, the racoil kinetic energy of the nucleus is negligible and the

electron and positron pair share the excess energy (hv - 1.022 MeV). Each

member of the pair may have energies ranging from zero to a maximum value

(hv -1.022 MeV). However, Itis most probable that the positron-electron pair
share the excess energy equally (Fi67). The positron upon lasing all its
Kinetic energy combines with a free electron 1o produce two photons (each of
energy 0.511 MeV) in an annihilation process.

Pair production in the vicinity of an electron may be neglected in this

study. The threshold energy of such an interaction is high; 2.044 MeV (Ang4).
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The contribution from the electron is less than 0.5% in the energy region of
interest. However, it can be included by replacing Z2 by Z(Z+1) in the cross
section formulae obtained from consideration of pair production in the vicinity
of a nucleus (Ga50).

The cross section for pair production in the vicinity of a nucleus of
charge Z is proportional to Z2 tor photan energies less than 20 MeV (Be34).
The theoretical expression far the pair preduction cross section per unit solid
angle per energy is obtained by using a plane wave approximation. This

cross section as a function of photon energy is given as:
d2ardQdT =22 r 2o/ [ (1+{(T+m, c?) my c?)sin® 6)?] F(hv,T7,6,2). (2.12)

F(hv,T1,8,2) is a complicated function determined by the electronic screening
effect. Howevaer, the elactron angular distribution is more forward peaked with
increasing photon energy (Be34). Integrating the differential equation over all

solid angie and electron energy results in the squation :
o) =2 r % Ide JldT F(hw,T,0,2) L (219)

=ZrZa H(tw2)

In the limit when hv is much greater than mocz, H(hv,Z) is approximated by;

H(hv,Z) = [28/9 In(183/272 ) - 2/27)].
The angular distribution of the positron-electron pair becomes more forward
peaked as thsir kinetic snergy, T, increases. Generally, the roct mean square

of the angle between the incident photon and the outgoing pasitron-electron



pair is of the order of 8, where as a first approximation (Te72):

® =m,c?/T radians (2.14)

where: T = electron kinetic energy (MeV).

2.2 Electron Interactions

Charged particles, in general, will interact with the coulomb field of
atomic electrons and the nucleus. The relevant interactions of electrons
below 10 MeV are a) inelastic electon scattering from atomic electrons, b)
inelastic nuclear scattering, generally called radiactive interaction or
Bremsstrahlung, ¢) elastic nuclear scattering, and d) positron annihilation.
All electron interactions which result either in changes in particle direction or
energy can be included in the above categories. Elastic collisions with orbital
electrons are dominant when the particle energy is such that ionization and
excitation are unlikely. To determine the probability and magnitude of
changes in direction and energy, the appropriate cross-sections must be
determined. Electron interaction cross sections are determined by a
combination of theoretical and empirical methods. Various factors are
introduced on the basis of comparision with experimentally obtained data.
2.2.1 Inelastic Scattering From Atomic Electrons

Inelastic scattering of electrons from atomic electrons results in energy

loss by the incident particle and ionization and excitation of atoms in the



medium. Fast electrons lose most of their energy by this process. Inelastic
scattering is classified by the fraction of incident energy lost per interaction.
When large fractional energy loss occurs substantial directional change also
occurs and the scattered electron carries a significant amount of the total
interaction energy. This high energy electron is called a delta ray or a
knock-on electron. The minimum energy transfer that will be of significance
for the creation of a delta ray will result in ionization of the atom.

The interaction cross section for inelastic scattering, resulting in
delta-rays and/or free low-energy electrons, can be used to estimate the
amount of energy lost per unit distance travelled in the medium, the scattering
angle and the probability of secondary events of interest occuring. Moller
(Mo32, Me70) derived the differential energy cross section for inelastic
scattering from atomic electrons by considering incident electron energies
above some threshold energy Ag. This relation for the scattered electron
having energy between E and E+dE is:

do(e)=2rZr2 {(T+1)2 /T2 (T+2)}
[1/e-1/e (1- & }{(2T+1)AT+1)2 )+1/(1-2 )2 +T2/(T+1 2 ]de.
(2.15)

where: e = fractional energy transfer (., = 1/2)
r, = @4/m, ¢? = classical electron radius

T =(E - m,c?)/m c?;
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E = incident election total energy (MeV); and,

el =  Kinetic energy of lowest energy electron.

The two electrans are indistinguishable hence the cross secticn is
symmetrical with the interchange of ¢ and (1- ¢ ). The fractional energy
transfer ¢ is therefore constrained to vary between 0 and 1/2, and the slectron
with the higher energy is considered the primary electron. When ¢ is zero, the
cross seclion for Moller interactions becomes infinite. By setting a low
electron energy limit for Moller scattering, such that the scattered electron
has at least a cutoff energy, Ag, the cross section will have a finite value.
Henca, Moller interactions are threshold interactions with minimum incident
electron energises of :

E=2T + mc? . (2.16)
where;  T=Ag -m?

Ag = cutoff energy.

The total Mgeller cross section ¢an be obtained by integrating the differential

cross section over the minimum and maximum electron energies, (Ag, eE).

The angular deviation of the scattered electrons is given as:

a) For electrons of lower energy,
cos g = (¢ (T+2)/eT+2)12. (2.17a)

b} For higher energy electrons,

€08 8y =((e+1) (T+2)/ (1-e)T +2)12, (2.17b)



The energjy loss per unit distance travelled for an inelastically
scattered electron was determined by Bethe (Be63). By using the Moller cross
sections for the region where the interacting electrons can be considered as
free, the complete expression for the restricted stopping power equation for

an electron or positron of Kinetic energy, T, is given as (Ro54);
-dT/dx =2nr 2 (m,c?/ BN Z[ In[2( < +2)f(ladi/m°c2)2 J#+F*(r.a) -8]  (2.18)

where;

N = atoms/cm?® of scattering medium

m, = mass of an electron

laqj = @verage excitation potential of the atem (MeV)
§ = density effect correction |

B =vic

¢ = velocity of light in free space

v = velocity of incident election

T= v—1

y=F m,c?

A = restricted maximum energy transfer

Tg = kinetic energy cutoff in units of mc?

F(t,a) =-1 32 #In[{t— 8 ) & 4+ v/(1—a }[a22+(2c+1)In{1-a )] / ¥, and

Ft{z,a) =Infza ) -p2 / v [++2a-3a2y/2-(a —a3/3)y2-( A% 21 A3/3+ a44) y3 ]
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where; y=(y-1)".
F (r,o) applies to electron-electron inelastic scattering and is obtained from

the Moller scattering cross section. F*(r,A) applies to electron-positron
interactions and is derived from Bhabha cross sections for electron-paositron
inelastic scattering. The stopping power of a compound or mixture is obtained

from the Bragg additivity relation (Fi67);

N
-dT/dx .Z P (ﬁf‘)j (2.19)
X

where p; =weight fraction of the ith element in the mixture.

Average values for the ionization potential for mixtures and compounds are

given in tables or calculated from the additivity relation (St84);

nig=2P1Z1 N @) [} 0,2 (2.20)

= il
p, = fraction of the it" element present in compound or mixture
n = total number of elements present in compound or mixture.
Values of |, for the elements are given in tables (Be83, ICRU84).

The density effect gives a correction for reduction in mean energy loss
caused by polarization of the medium. The electric field of the incident
electron decreases due to medium polarization, resulting in reduction in the
ionization loss process. This causes a decreased energy transfer along the

electron path. Analytical expressions for the density effect for solids, liquids



and gases were derived by Sternheimer (St56, St66, St84).

Delta rays are formed along the path of the electron. The number of
delta rays with kinetic energy between T and T+dT formed along the path of
an electron is given by (Bu63);

dn=2xNZe*/(m,v? T?) dT. (2.21)
The total number of electrons with energy in excess of T is, therefore;

n=[2zNZ e*/ (m, v2 [(1/T) - (1/2m, v )] (2.22)
where,

N = atoms per cm® of scattering medium

Z,e,m, T,v are as previously defined.

The scattering angles for lower and higher energy electrons are as given
previously.
2.2.2 Inelastic Nuclear Scattering (Bremsstrahlung)

Bremsstrahlung is a radiative energy loss process which occurs when
a photon is emitted by a free electron in a coulomb field. Classical
electromagnetic theory predicts that an accelerating charged particle will emit
electromagnetic radiation. Quantum mechanical theory of bremsstrahlung,
formulated by Bethe and Heitler (Be34, Hed44), confirmed that the emitted
radiation has intensity proportional to the square of the product of the charge
and its acceleration. For the non-relativistic case, the intensity of the emitted

photon is given as (Pa55);
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I=(Ze)? a2 /(6 ne C?) | (2.23)
where ; a = particle acceleration
g,= dielectric constant.

The acceleration from a coulomb interaction is proporticnal to Ze2/m. The
energy radiated by an electron and some other particle of mass M in a similar

coulomb field would compare;
I,,/1 =(mM)?2,

Hence, radiative loss for electrons or positrons is considerable when
compared with loss from heavy charged panicles in the same coulomb field.

At low électron energies, collision ioss mechanisms dominate while
at high energies bremsstrahlung processes are more important. When the
two processes contribute equally to energy loss per unit length travelled, the
electron energy is equal to the critical energy of the material. The expressio.n
for the critical energy is derived from (Be34):

(dE/dX),, , (AE/DX),, =ZE/1600 (2.24)

and E_. =16C00/Z, where Eisin MeV.

crit
The fraction of incident electron energy converted into radiation is (Ko58):
f=(3 x109ZT/{1 +(3 x104ZT) (2.25)

where T= initial electron kinetic energy/m,c?.

Deflection of the incident electron due to the bremsstahlung process is

31



negligible when compared to deflections from the more frequent elastic
scattering by the nucleus or orbital electrons. The scattering angle of the
bremsstrahlung photon is forward peaked, i.e., in the direction ¢f the incident
electron. In general, the polar scattering angle for this process is assumed to
be zero.

The energies of the emitted photon vary from zero up to a maximum
equal to the kinetic energy of the incident charged particle. The interaction
cross sections with various approxmations are given in the paper presented
by Koch and Motz (Ko59). For electrons below 50 MeV, cross sections
obtained using Born approximations with empirical corrections give good
agreement with experimental values. Empirical corrections applied to the
Bern cross section are classified as a) coulomb correction, b) high frequency
Jirnit corréctions and c¢) screening correction.

The screening correction is included in the cross section via the form
factor which is derived from the screening contributions of all orbital electrons.
The cross section is usually expressed as a function of photon energy and v,
the screening factor. For relativistic incident electrons, expressions of the
differential cross section with screening corrections are given by Bethe for
different orders of screening (Be34). The screening factor is given as;

y =100 k m,c*(E,EZ 1?)

where: E, =incident electron energy

E = final electron energy
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k = photon energy
a) when y=0:complete screening occurs ,and the cross section is expressed
as,;
d o /dk = (Z2r,2 /137)4/k{[1+(E/E 2 ) -2/3(E /E, )][In(183 Z13) +1/9 (E/E,)]}
(2.26a)
b) when y <2 : intermediate screening occurs. The cross section is expressed

as;

dafdk=(22r°2f‘1 37 YA/K{[1+(E/E2 ) [@,(y) -1/3In Z]-2/3(E /E,)[ ®,( ¥ )/4- 1/3In(Z)]}
(2.26b)

c) when 2< y <15, the expression for the cross section is;

do /dk =(Z2 1,2 137 J4/K{1+(E/E ;2 ) -2/3(E /E, )][In( 2E, E/m, ¢?k ) -1/2-¢( )]
(2.26¢)

d) and when y>15,i.e., y>> 1, no screening occurs, and the cross section is

expressed as;
d o /dk =(22 r 2 /137 JAK[1+(E/E 2) -2/3(E /E, )][In( 2E, E/m, c® k ) -1/2].

(2.26d)

The functions @,(y) and @,(y) used in equation 2.26b are Bethe-Heitler

screening functions based on the Thomas-Fermi atom (Bu60). Equation
2.26b is generally used to express the screen corrected cross section. These

functions are expressed as,
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®,(y) =20.867-3.242 vy +0.625 ¥, or
=21.12 -4.184In(y +0.952) , when v is less than or equal to 1.
®,(y) =20.029 - 1.930y -0.086+v*, or

=21.12 -4.184In(y +0.952), when y is less than or equal to 1.

The coulomb correction factor modifies the cross section for coulomb
distortions of the plane wave used in the Born approximation. The correction
term, derived by Davis and coworkers, is given approximately as (Da54):

f, (Z)= a2 [(1+ a?)"" +0.20206-0.0369 a? -0.0083 a*-0.002 a%] (2.27)
where , a=Z/137.

The Elwert coulomb correction factor is important at low electron
energy, i.e., electron energies less than 2 MeV. It is recommended that the
Elwert corrections factor be included in the derivation of the cross section
when low energy electrons play an important role in the problem to be solved
(Ko59). The Elwert correction factor, as a function of incident and secondary

electron energies and material atomic number Z, is given as;

fe=p [1-exp(-2x a B, )] / [3(1-exp(2rap))] (2.28)
where, B.=v,/C

B =vic

v,=velocity of incident electron
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v =velocity of final electron

a= Z/137 and a(p~'-p,!) is much less than 1.

The above correction is limited to low energy electrons and is used for
electron energies below 0.1 MeV. For electrons of energies between 0.1 and
2 MeV, empirical corrections used are estimates by Koch and Motz as refined
by Berger and Seltzer (Be64).

High trequency corrections are based on the bremsstrahlung process
at high electron energy (Fa58). The particle energy limits considered in this
research are 10 MeV and below. Neglecting contributions from high
| frequendy corrections will introduce minimal error to estimates of the cross
section for the range of beta energy considered. From equation 2.25, less
than 4% of the electron energy is converted to bremsstarhlung photons for a
10 MeV electron. The radiative stopping power is expressed in terms of the
average energy radiated by a electron. Therefore, the stopping power is
written as a product of the number of target nuclei per unit area and the

energy radiated per electron, per target, per unit area;
' T
-dT =n, dx| kdo(k)/dk

0

where an appropriate cross section is used to express do (k), and ny, is

number density of target nuclei.
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2.2.3 Elastic Nuclear Scattering

Elastic scattering contributes most of the angular deflection a beta
particle experiences in its interaction processes. From classical collision
theory, the differential cross section per atom for an electron scattered from a

pure unscreened nucleus is given as (Di30 ),

do(0) = (2r €422 /p?v?)(sin 6 de)/(1- cos 8))? (2.29)
where p is the momentum of the incident electron and v is the electron
velocity. The classical differential cross section is usually called the
Rutherford scattering cross section. Using quantum mechanical theory, a
more exact formula for the cross section was developed by Mott (Mo32). The
Mott expression applies relativistic Dirac theory and the Born approximation
but neglects the screening effect on the nucleus. The expression used for this
cross section is an approximation given as (Mc48);
do /dw=2Z2 /4r 2 (1-B%)/p*(1/sin® 6/2 ) [1- %sin? 6/2+r BZ/137 (1-sine/2)sin 6/2]

(2.30)

where; dw =2r sin 6 de, and

f =vic.
The limiting condition of the above equation is that g is approximately 1 and
Z/137 be less than 0.2. This condition holds for material of low atomic
number through which relativistic particles travel. Generally, the cross section

decreases with increasing beta energy, as the sin*e/2 factor discriminates
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against large angular scattering. The majority of the elastic scattering
interactions _invotve small angular deflections. Hence, the net angular
deﬂectidﬁ is.a result of a2 large number of small deflections. When the net
deflection is large, an inelastic collision is thought to have occurred with only
a few small angled elastic scatterings, if any at all. Several small angle
scatterings are grouped together and described by the theories of "multiple
scattering”.

The screening corrections may be applied to the Born approximation

for elastic scattering by replacing Z by (Z - F(e)) in equation 2.30 (Be&0). F(e)
is the atomic form factor. Several other metheds of including the screening
correctioﬁ to the Barn appproximation have been developed. The Goudsmit
and Saunderson method results in a screened cross section expressed as

(Go40y; .
do(6) =(2re*Z2 /(p 2 v 2))(sine d6) / (1-coS8+ 8,/2)?) (2.31)

Where 8, = h/2rp = screening angle and p is particle momentum.

Moliere's method of including the screening correction also involves a

sCreening angle similar to that of Goudsmit and Saunderson. The screening

angle 8, derived by Moiiere is expressed as;

0,2= [Z13/0.885(137)]2 [(1-B2)/B%1 [1.13 +3.76(Z/137p)?)]. (2.32)

A large number of interactions occqur which limits the practical

37



application of the screened cross section of single atoms. A collection of the
single atomic scattering is treated together. A net anqular multiple scattering
defliection is then used to replace the combined effect of many small
_deflections. The choice of multiple scattering theory determines the extent of
¢correction needed (Go40, Scb5). In this research the Moliere multiple
scattering theory is used.

When elastic scattering with the nucieus occurs, the incident electron
looses some of its energy to the nucleus. The change in incident particle
energy is negligible because the target nucleus is massive compared to the
glectron. However the electron undergoes a considerable deflection from its
incident path. Hence, only a scattering effect is attributed to elastic scattering.
2.3 Continuous Slowing Down Theory

Charged particles lose snergy by collisional and radiative energy loss
processes. The collisional energy loss process involves ionization and
excitation while the radiaﬁve loss process generates bremsstahlung. It is
assumed that charged particles lose energy continuously along their path.
This continuous loss rate is obtained from the Bethe-Bloch equation and the
assumption is called the "continuous slowing down approximation”. When the
energy of a charged particle exceeds a c¢ertain value, it is assumed to be
capable of producing secondary particles by discrete interactions”such as the
production of knock-on electrons and bremsstrahlung. Charged particles with

energy below such cutoff value lose energy by slowing down only.
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Secondary particles produced are treated similarly to energy loss by discrete
Or continous processes.

When charged particles travel even through a thin layer of matter, a
large number of small energy losses and a relatively small number of
"catastrophic” collisions occur, Describing the many electron interactions,
collision by collisicn, though possible is laboricus. Hence, the process is
replaced by a multiple-interaction model termed the "random-walk” (Be63).
The random walk model considers the particle parameters after two or more
interactions have occured. Multiple interaction processes account for
accumulation of a large nu.mber of collisions made by an electron in travelling
a small fraction of its range. The actual particle path can be traced accurately
| if the pathlength is replaced by several small steps, of approximate straight
lines, with an appropriate angular deviation associated with each step.

2.3.1 Energy Loss By Electrons

The random-walk method describes an approximate point to point
motion aSCribed. to charged particle transport. Bethe's continuous slowing
down approximation (CSDA) is used to describe the electron energy (0ss
along its path.I The average energy loss per unit distance travelled {stopping

power) includes the contributions of bremsstrahlung and ionization (Ro54).
(-dE/dx)p1, =(-dE/AX),,q + (-E/AX)p) (2.33)

lonization and radiative contributions to stopping power are derived

from appropriate corrected cross sections. The electran pathlength is
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obtained from:
To

1
Ax='f [-dE/dX] dE
T

where, Ax =step size, (x;-X,)
T, = kinetic energy of electron at the beginning of step,

T, = kinetic energy of electron at end of step.

The energy loss between two steps is determined from
x2

AE =Ey -E 2 =-J (dE/dx),, dx

X1

Contributions from catastrophic collisions result in the straggling effect
(La44). Rigorous treament of the straggling effect is omitted because of the
random nature of the solution from a Monte Carlo calculation.

2.3.2 Multiple Scattering

Electrons will undergo a large number of elastic and inelastic
interactions when passing through a medium. The grouping of many steps of
actual physically random collisions into a single step of a condensed random
walk requires an appropriate multiple scattering theory. Several scattering
modeis_ describe electron angular deflections with a varying degree of
approximation. The most commonly used models are the Moliere (Be53)
and Goudsmit-Saunderson (Go40) theories. In general, anly deviations in the

polar angle are considered in the multiple scattering theory. Deviations in the

40



azimuthal angle are always assumed isotropic. The Moliere multiple
scattering model was used in this research. A brief treatment of this model is
presented below.

The electron path is approximated by a series of straight lines. In
approximating the actual pathlength, the step size must be restricted to
reduce the error of the approximation. The Moliere scattering modal
transports slectrons in a straight line along a direction related to the intial
direction by the scattering angle. The Moliere scattering angle is sampled
from a probability distribution function that depends on particle energy, the
distance travelled into the medium and the material of the medium through
which the particle travels. Schemes for sampling the scattering angles are
based on the approach of Messel and Crawford (Me70). Elastic collisions
with atomic nuclei contribute most of the deviation in the multiple scattering
process.
2.3.2.1 Mollere Multipie Scattering Mode!.

At the end of a transport step, an electron would have deviated from its
incident path by an angle & (see Figure 2.5). An energy dependent probability
distribution function (pdf) is associated 'with this angle. In Moliere scattering
theory, the energy dependent pdf f(®) is expressed in terms of an energy
independent pdf f(e) of a reduced angle . The reduced angle o is related tc ®
by,

0=0/,B" . (2.34)
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The variables x, and B are evaluated on the basis of the screened scattering

Cross sebtion par atom developed by Moliere. The variables are functions of

the particle energy and the pathlength travelled in the medium. The pdf f(e ),
is a modification proposed by Bethe for f (@ ), the Moliere's pdf for the
séattering angle. The relationship between the two pdfs is given as (Be53);
He)=1, (8)((sine ¥o)'?2, (2.35)
The factor ((sin )/ @) in the above equation corrects the Mcliere theory for

large angle scattering that occasionally occurs. The pdf f (@) is sampled by
first sampling o from 1, (8) and then, by using equation 2.34, the scatter‘ing
angle @ is obtained. Then, the pdf for the Moliere scattering angle f_ (e ), is
related to that of the reduced angle f, (o) ;ay;

| J f. (8)e de =1 (s) o do. (2.36)

The pdf for the reduced angle is expressed in terms of the first three
terms of an expansion in the inverse of the variable B (Be53). The form used
is;

f, (8)=[1(8) + 1/B{'(8) +1/B?3(6) ] (2.37)

Where the general form of the function () is given as;
S :
n 1 2 2
@)= ) [ uduy (Ou) exp{ (45) L n))
0

n

(2.38)



Whenn=0 , 1 ({8) =2 exp(-6?).
This term is the gaussian distribution which predicts a bell shaped forward

scattering distribution. For higher values of n {i.e., 1 and 2), the solution for
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equation (2.38) is obtained by numerical methods. Tables of the solutions 2

have been compiled for general usage (Be53).

The parameters B and x_ are needed to determine completely the

values of the reduced pdf f(8). B is obtained from the transcendental
relationship (Be53);
B4n{B) =b ' (2.39)

where; b =In(a,)
0, ={x21.167 1,2 = b, v/ pZ.

x2isa parameter dependent on material and is defined as,

¥

fx (E)|d dE

1o 2= 4nNZ2 /(p? v?)

12=2aZ 23[1.13 + 3.76(2/13783)7]

=6.8x10° .
Eo -1

Iogxe:='%'fj 2 E ) eexiE) || o

This transcendental equation relating B to a given value of b is solved by



iteration techniques.
The limitations of Moliers theory are ;
a) the number of scatterings in a step must be large enough (i.e., 20 to 30

collisions) to represent true multiple scattering. The variable Q, is related to

the number of scatterings that take place per step, i.e, @, >20.

b) the step size must be restricted such that (Be53),

12B= /6 <.

Therefore, the maximum step size is such that, x 2 B =1. Generally, errors
resulting from approximating transport along a curved path by a straight line
must be minimal. A maximum allowed fractional error is usually chosen

randomly.

2.4 Calculational Models In Internal Dosimetry

Energy deposition in organs of the body from internally deposited
radionuclides can be estimated by either the cléssical method (ICRP59} or by
a methqid developed by the Medical Internal Radiation Dose (MIRD)
Committee (Lo68, Lo76).

The classical methed is based on the concepts of a maximum
pérmissible concentration of radionuclide, maximum permissible organ or
body burden and critical organs. The maximum permissible organ burden of

a radionuclide is defined as the quantity of the radionuclide that will deliver to
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the organ the maximum permissible dose rate limit. In the determination of the
maximum permissible organ burden, g, an effective absorbed energy per

disintegration of the radionuclide is defined, i.e., (ICRP59).

q=2.8x 103 mR/(f,¢e) (2.40)
where q has units of puCi
R= permissible dose equivalent rate limit {rem /week)
m = mass of organ in grams
f,= fraction of body burden in organ of interest
The effective absorbed energy per disintegration ¢, is defined as;

e=Y EF(RBE)n

where ; E = total energy absorbed in the organ per disintegration

RBE = relative biological effectiveness

F= ratio of activity of daughter to activity of parent in the crgan of

interest.

n = relative damage factor.
For photons, the classical method considers the energy absorbed in an
organ of a specified effective radius as;

E=E, f (1- exp(-:x)) (2.41)
where, E, = gamma ray energy (MeV)

f = fraction of disintegration that gives the photon type considered.

u = total coefficient of absorption
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x =effective radius of organ (cm).
For alpha and beta particles, the average energy absorbed in the organ of

interest is defined as;

E=E_f; foralpha radiation (2.423)

where E, is the alpha particle energy (MeV),
and E=1/3E,, f(1-Z2V2/50)(1+ E_1/2/4); for beta radiation  (2.42b)

where Emax i Maximum energy of emitted beta particle.

in using the classical method, all the factors needed to compute the maximum
permissible organ burden for a standard man are given for about 250
radionuclides (ICRPS9).

The MIRD method attempts to reduce internal dose calculations to a
fow elementary operations using knowledge of decay schemas and
compartrﬁental models of radionuclides. The scheme introduces the term
absorbed fraction to define the fraction of the energy released in the source
which deposits in the target. The organ containing the radioactive material is
called the source while the organ irradiated is called the target organ. The
calculation of absorbed dose to the target requires the determination of the
total number of nuciear transformations that occur in the source within the
time period of interest. '

The calculation of radiation abscrbed dose can be viewed as the

canversion of activity into emitted energy and then into energy absorbed per
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unit mass. For a radionuclide emitting one radiation type, the mean abscrbed
dose D is,
D =k(A E ¢y/m
where; A = cumulated activity (uCi - hours)
- E = particle average energy (ergs or joules)

m = mass of target organ (grams)

k = conversion factor

¢ = absorbed fraction of energy in target organ.
A complete dose estimate for a target organ requires summation of the
individual contributions from all source organs. The MIRD dosimetry scheme
becomes complicated when a radionuclide emits many kinds of radiation.
| When different source organs contain different proportions of the same or
different radionuclides, the MIRD scheme becomes turther complicated. The
mean absorbed dose to a target organ r, from a source organ r, can be

written as

D(rkg.rh) = ﬁhz Einiq’i(rk“rh)
mg !

where, n; = number of type i particles emitted per transformation
o, {r.e )= absorbed fraction in target region r, from source region r,

for type i radiation.

and E;, A, and m, are as previously defined.
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In more convenient notation, the mean absorbred dose is written as,

Diryerrn) = An D, & @ (e Th)

where , & = n; E; = mean energy per transformation
o, = o,/ M =specific absorbed fraction.
The mean absorbed dose can be written in terms of unit accumulated activity

in the source;
D(ree—ry) =A, S{rer,)

where;  S(n «r,) =X A (n e 1)

The value of the absorbed fraction will depend on the type and energy
of the radiation, size and shape of the source and target organs, the distance
between sourca and target, and the composition of the intervening tissue.
However, the value of the abscrbed fraction will fie between 0 and 1. When
radiation energy emitted in a source coa:itributes a significant dose to organs
other than itself, the radiation is called pernetrating. When the dose
contributed to other organs is not significant, the radiation is called
nonpen.e'trating. In developing data for the absorbed fraction for
nonpenetrating radiation, the source organ has been considered as the only
target organ, and the absorbed fraction is unity, while for any other target the

absorbed fraction is zero.



More accurate estimates of the absorbed fractions for beta particles
and weak photon emitiers are needed to beiter estimate doses in the fields of

radiation therapy and radiation protection.

o0
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CHAPTER IlI

ELECTRON-GAMMA SHOWER (EGS) MODEL

3.1 Introduction

The EGS system of computer codes is a general purpose package for
the Monte Carlo simulation of the coupled transport of electrons and photons
in any arbitrary geometry. The code can simulate, with good accuracy,
radiation with energy from above a few keV up to several MeV. The third
version of the EGS code was introduced as a package in 1978 and called
EGS3 (Fo78). The EGS3 code was developed for simulation of
electromagnetic cascade showers in high energy physics. One attractive
feature of the code is that it allows particle simulation in any user defined
geometry. One limitation of this code is that it can only accurately simulate
photons and electrons above 0.1 and 1.0 MeV repectively. With recent
developments, the lower limits have been extented in the new version called
EGS4 (Ro85). The lower energy limits for the EGS4 code are kinetic energies
of 10 keV for electron and 1 keV for photon simulation. These present cutoff
energies make EGS4 suitable for work in internal dosimetry. The code is
written in the FORTRAN 77 language but a version in an extended FORTRAN
language called MORTRAN is also in circulation.

The code simulates the transport of electrons using the condensed

history technique (Be63). Creation of secondary electrons (above a cutoff

energy, Ag) is simulated and all generations of electrons are followed down
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in energy to a cutoff (ECUT) at which point the remaining energies are
depaosited locally. In transporting photons, the distance hetween collisions are
randomly determined and photon does not lose energy betwaen collisions.
The distance to the next collisicn site is the product of the randomly
deiermimiad number of mean free paths traversed and the value of the mean
free path for the medium at the photon energy considered. Results obtained
u.sing thé EGS4 code compare well with results from other codes, e.9.,
ETRAN (Be&9, Se74, Ro84).

EGS4 has features that make it versatile and easy to use. The code
considers all the physical processes important in the transport of electrons
and photons with energies above 10 keV. For photon interactions, the code |
considers Compton scattering (using Klein-Nishina's cross sections applied
to free e_lectrons), pair production (with an approximation for triplet
production), and the photcelectric effect (with chactacteristic x-rays and Auger
elactrons considered to be locally deposited). An opticn for the consideration
of coherent scattering exists also. Cross sections from tables compiled by
Storm and Israel are used in the photon simulation ($170).

Electron-positron transport is simulated using the condensed history
technique. The restricted stopping power equation is used to account for
co_ntinuous energy loss along the particle path (Be64). Bremsstrahlung
prodUction, positron annihilation, elastic Moller and Bhabha scattering from
electrons, and Moliere multiple scattering from atomic nuclei are all taken into

account. The main features of EGS54 include;
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1) Electron and photon showers can be simulated in any element,
compound, or mixture.

2) Tha code is not specific to any given medium. The data preparation
code (PEGS4) permits the user to generate cross sections, which are
used directly in EGS4, for the processes of interest for virtually any
material.

3) The code is fully three dimensicnal and no restriction is placed on the
geometrical configuration defined by the user.

4) A user written scoring routine allows for inclusion in the output of any
desired variable or groups of variables, and statistics.

5) The code allows the user to set values for several variables which
include;

i) cutoff energies for particles transported in various media,
ii) desired maximum allowed percent energy loss per step
{(ESTEPE) due to continuous slowing down of the electron.
iii) initial parameters for incident particles, i.e., monoenergetic or
spectral energy distribution, isotropic or beam of particles.
iv) initial incident particle to be transported, i.e., photon or electron.
6) The user can include any form of importance sampling or variance

reduction technique.
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3.2 Calculational Methods

The random nature of electron-photen interactions is a fundamental
reason for the use of the Monte-Carlo method in particle simulation. EGS4
takes a simple approach towards simulating the actual processes as closely
as possible by using the Monte Carlo method. No variance reduction
technigue is used in this research, hence the results obtained should show a
real life fluctuation. EGS4 transports individual electrons and photons through
the user defined geometry comprising any variety of materials. The type of
interaction that occurs at any point in the medium is sampled from the
branching ratios of the competing interactions. After the choice of an
interaction type is made, the properties of the products of such an interaction
are calculated from the appropriate equation and stored in the stack, ready for
transport at a later time.

Properties of the secondary particle, produced by the incident particle
interaction, are stored and processed on a "last-in, first-out" basis. Initially,
only the incident particle is in the stack. This top particle is transported until an
interaction occurs, until its energy drops below the cutoff value, or until the
particle enters a predetermined portion of the geometry. When the particle
interacts producing more than one secondary particle, the one with a lower
energy will be placed at the top of the stack. In the latter cases, particle
energy is deposited and simulation continues from the particle on the top of
the stack. Processing of the incident particle ends when the stack is empty,

then simulation of the next history can be started.
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3.2.1 Photon History
Photon interactions considered in EGS4 are pair production, Compton
écattering, photoelectric effect, and coherent scattering. Photons travel in
straight lines and lose no energy beween interactions. To describe photon
transport, the distance between interaction sites and the choice of interaction
type must be determined. The mean free path of a photon is given in terms of
the totgl __macrosc0pic cross section, i.e.,
o ll= UEt.
The number of mean free paths transversed betwesan collisions is randomly

determined and is given as (Fi67);

Nl = I dxl WX y!
fherefore, the distance travelled between collisions is,
distance=-In(R )/ Z,

where, z, is the total interaction cross section.
When considering photon transport through a finite number of regions, each

of which is homogeneous, the distance travelled in each regicn is monitored
such that the sum of frac;tions of the mean free path travelled in each region
equais the randomly determined number of mean free path travelled by the
incident photon. The steps for photon transpornt as outlined in the unmodified
EGS4 code.are,

a) compute th_e mean free path at the current iocation.

b) compute the distance to the next interaction site for a homogeneous
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medium using properties of current location ().

c) determine distance to the nearest boundary along the photon path

(This is the variable called DNEAR]).

d) let t, equal the smaller of t, and DNEAR, and let the photon be

transported by distance t,.
e) determine fraction of the mean free path left to be travelled. If the result

is zero, the photon has travelled the required distance and can have

an interaction with the medium.
f} when answer to step e) is non-zero, i.e, t, =DNEAR, the photon is

about to enter a new region. The material in the new region is checked
and if it is different frcm that of the old region, the process step is routed
to step a) , else, process step is directed to step b).

IUsing the above procedure, photon transport in the various organs
within the body is very complicated because of the irregular geometry and the
inhomogeneity of bedy organs. The determination of distance to the nearest
organ boundary can only be accomplished by iterative methods. Therefore, a
new photon transport model was designed for use in the EGS4 code .

3.2.2 Electron History

Electron interactions considered in EGS4 are elastic coulomb
scaitering of the nucleus, inelastic electron-electron and electron-positron
scattering, positron annihilation and bremsstrahlung. Several interactions

occur along a small fraction of the electron path. Tha cross sections of most of
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these interactions are only approximately determined. Hence, simulation of
all the electran interactions is omitted and replaced by simulation of groups
of these interactions. This procedure is called the random walk technique.
The cont:inucus slowing down model is used to treat electron energy loss
between discrete interactions and below a certain electron cutoff energy.
Cutoff energies are used to distinguish between continuous and discrete

electron interactions. An electron interaction that produces a delta ray with
energy of at least Ag, or a bremsstrahlung photon with energy of at least A, is

considered to be a discrete interaction. All other interactions are considered
as continuous and are regarded to lose energy only by continuous electron
energy loss in the slowing down process. Multiple scattering accounts for
most of the particle’s directional change.

| E;ue to cohtinuous energy loss along the electron path, the energy
dependent cross sections for discrete interactions change along the electron
path. To detarmine the distance to the next intreaction site, an additional
fictitious interaction is introduced. These fictitious interactions resuit in
straight ahead travel for the electron while the real interactions (discrete
interactions) result in changes in particle parameters and the creation of
secondary particles. The magnitude of a fictitious interaction is assumed to be

such that the total cross section is constant along the electron path, i.e.,

St fictlX) = Gy roat(X) + GrialX) = 0 roai(Xo)

where, 1 denotes totai cross section
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x, denotes starting position on path

x denotes final position on path.

The location of the next interaction is sampled, as for photon transpor, using

G4, reallXo) @S the total cross section. At the end of the path, the ratio of

0't.rmstlb()“’l.realtxo)
is compared 10 a random number to determine if & real or fictitious interaction
has occurred. It has been determined that the application of this procedurs,
for electrbn transport, is limited to electron cutoff energy greater than 580 keV
for material of low atomic number (Ro84).

Discrete interactions considered in EGS4 are positron annihilatian,
Moller and Bhabha inelastic electron scattering, and bremsstrahlung
praduction. These interactions are determined 10 occur randomily by
comparing of the ratio of such an interaction to the total interaction cross
section.

The deviation along the electron path is modelled according tc
Moliere multiple scattering theory. The electron path, like that ¢t a photon, is
.assumed to be a straight line between collisions, with multiple scattering
accounting for the directional changes. Step sizes must be kept small so that
the true electron path length is not much different from the straight line

approximation.
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3.3 Computer Code Description

The computational task of the EGS4 code is divided into two parts.
First, the preprocesser code for EGS4 (PEGS4) uses theoretical and
empirically corrected formulae to compute the varicus physical quantities
needed for use in the simulation process. The second part is the simulation of
photon-electron transport using the Monte Carlo method.

The program cantrol flow from subroutine to subroutine is shown in
figure 3.1. Each subroutine is structured to solve a particular problem in either
the geometry or simulation procedure, The subroutines that make up the
EGS4 code can be grouped into a users code and a simulaticn code. The
EGS4 simulation code consists of two user "callable" routines, HATCH and
SHOWER, which in turn call other subroutines. Subroutine HATCH reads the
cross sections and all the material parameters output from PEGS4 before
routine SHOWER is called to intialize the particle to be transported. SHOWER
then calls either ELECTR or PHOTON to begin transport of electrons or
phot_ons, respectively. Information is transfered to and from all subroutines via
comrﬁon blocks.

Three major subroutines have been written which use a modified
\Izersion of EGS4 to simulate electron and photon transport in a human
phantom. These subroutines (called INDOSE) comprise of the MAIN program,
subroutines POSITN (the geometry tracking routine) and AUSGAB (the
scoring routine). The code INDOSE was developed to calculate specific

absorbed fractions for gamma ray and beta/electrons incident in- source
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Figure 3.1. Flow control for the Electron-Gamma simulator (EGS4).
Shaded sections show area of work in this research. Adapted
from Nelson and coworkers (Ne85).
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organs of a mathematical phantom. Subroutines ELECTR and PHOTON have
been modified to meet the objective of this research. This section presents a
description of the user-written code, INDOSE, and the modified version of
ELECTR and PHOTON used in this research.

331 Simulation Code (Electron-Gamma Shower Code System)

The EGS4 code system can realistically simulate electron-photon
trénsport in elements, compounds or mixtures of material with atomic
numbers from 1 to 100. The EGS4 simulation ¢code consists of thirteen
subroutines as shown in Figure 3.1.

Subroutine PHOTON simulates photon transport. Photon interactions
considered in EGS4 are Compton scattering, pair production and the
pH.otoelec':t.ric effect. Subroutine PHOTON calls subroutines COMPT (for
Compton scattering), PAIR (for pair production), and PHOTO (fer photoelectric
eftect) to describe photon interactions. The subroutine PHOTON has been
modified extensively for use in this research while the interaction routines are
unchanged. These interaction subroutines are written with generous
comments and references allowing the user to modify the routines with
relative ease.

Subroutine ELECTR simulates electron transport. It calls routines MSCAT,
ANNIH, BHABHA, MOLLER, and BREM to describe electron interactions
conéideréd in EGS4. Subroutine MSCAT describes multiple scattering that
accounts for the directional change of the transported particle. ANNIH

describes annihilation interactions. The two 0.511 MeV photons produced
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from an'lannihilation interaétion are transported individually. MCOLLER is
called from ELECTR to describe inelastic electron-electron scattering, while
BHABHA describes inelastic electron-positron scattering. Finally, BREM
describes bremsstrahiung production. A simplier version of ELECTH was
developed to simulate eiectron transpcrt. The subroutines that describe
electron interactions have not been modified, however, they are written with
comments and references to allow the user to modify them with ease.
3.3.1.1 Subroutine PHOTON

The photon transport logic used in EGS4 is the straight forward
procedure of obtaining an interaction site and then tracing back along the
path to find the first surface where the photon entered a medium whose total
cross section differs from that of the region where the flight began. This
procedure is efficient within a regularly defined geometry. The procedure

used in this research determines the next interaction site by using a total

cross section, x,, that is greater than or equal to that of any of the regions (i.e,

skeleton, tissue, or lung) for the photon energy considered. The distance

traversed to the potential interaction site is taken as;

distance= - {In (random number))/ z,.
The new subroutine PHOTON assumes a constant total cross section along
the photon step even if the next interaction site is in a new medium. We can

write,

5= %+ %
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Where z, is the constant cross section
I is a fictitious cross section

%, ¢ross section determined for the region of the new interaction site

If the medium at the new site is different from that at the old site, £, and £, are

different and a fictitious interaction allowing only a straight ahead travel of the
photon occurs. Hence, either a real or fictitious interaction occurs at this site.

To determine if a "real” interaction cccurs, the ratio of total cross section at the

site, I;, 1o £,,.is compared to a randomly chosen number (0, 1). A "real”

interaction occurs at the site if the random number is less than the ratio of
cross sections. This procedure gives a photon the correct expectation of
reaching any point on its line of travel regardless of how many boundaries
| are crossed (Sn78). This logic has beéen incorporated into PHOTON as
shown in the flow chart in Figure 3.2.
3.3.1.2 Electron Transport

Electron and positron transport are simulated in subroutine ELECTR.
The interactions considered are multiple scattering, annihilation, Meller and
Bhabha inelastic scattering, and bremsstrahlung production. Photon and
electron transport logic differ in that, whiie photon interactions are followed
collision by collision, electron interactions cannot be so monitored. Electrons,
because of the large number of interactions occurring per unit distance
travelled, are followed after small fractions of their path length have been

traversed. The electron loses energy while in motion and a simple approach
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85.

to account for this energy loss is the continuous slowing down approximation
(CSDA) (Be63).

Cutoff energies are used to distinguish between continuous and

discrete interactions. As discussed earlier, the choices of cutotf energies (Ap

Ag) play an important role in determining the accuracy of the final results
obtained from the code. An electron interaction that produces delta rays of at
least Ag, or a photon of at least Ap, is considered as a discrete event, i.e.,

secondary particles with snergy less that the cutoft energy are considered to
lose energy continuously.

In EGS4, the directional change, mostly due to muitiple coulomb
scattering and soft electron scattering are described by the Meliere multipie
scattering theory. Scattering angles are sampled from an appropriate
distribution function which depends on the electron energy, the material and
the total distance travelled by the particle. The electron path is assumed to be
a straight line and in approximating the curved path by a straight line, the step
size must be restricted to minimize error. The procedure used in this research
for eledron transport was to move the electron in a straight line along its initiai
direction, sample the scattering angle from the appropriate distribution,
| determine the azimuthal angle randomly and, finally, determine direction of
the electron adjusted to the fixed coordinate system using subroutine UPHI,

Step size restrictions to meet the criterion of straight line transport and

multiple scattering angle sampling are important in determining the overall
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accuracy of electron transport. Step size limitation in EGS4 is acheived by
using the minimun step obtained from the following criteria;

a) random choice of distance 1o next interaction site, i.e.,
step size= -In(random number)/ %,
b) distance obtained from an allowed maximum fractional energy loss, K,
|e step size= K E/ (dE/dx)
| c) diéfance obtained from multiple scattering constraint, i.e.,
step size > 20 %/ b, , where x 2 B <1 and all the variables are as defined

in chapter 2.
| d) stép size muét be less than range, i.e.,
step size =E_/ (dE/dx).
At the end of the electron step, an interaction is randomly chosen to occur.
| In. the madified subroutine ELECTR, the boundary checking

requiremant has been removed. Errors generated by removal of this
requirement are minimal because electron step size is very small. However,
in the event of a particle traveiling along the boundary of a region the error
could be large. The modified subroutine ELECTR is shown in Figure 3.3.
3.3.2 Usar-written Code

The user code INDOSE was written to use the modified version of the
Electron Gamma Shower (EGS4) simulation code to give estimates of the
absorbed fraction {AF) of energy emitted from a source region that is

absorbed in a target region. The INDOSE code is comprised of three primary
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Figure 3.3 Flow chart for electron transport.
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sections; the MAIN program, AUSGAB the scoring routine and POSITN the
geometry tracking routine. Figure 3.1 illustrates how the user code interacts
with other sections qf the code. Each section of the user code is discussed
below. A listing of each section is provided in Appendix A. The user code
.t.ransfers' and receives information from other sections of the code via
common blocks,
3.3.2.1 MAIN Program

MAIN is the first section of the INDOSE code. It supplies alf the
initialization required for transporting a particle. The nature ot the source, the
energy and direction of the incident particle are needed to initiate a transport
history. Options used in the initialization process are discussed in a different
section of this report. The main program also performs a statistical analysis on
the resuits to obtain the relative error from the Monte Carlo process. The
output of the final results are formatted in MAIN.

I Source Options

P_grticle transport is initiated from organs described in the gecmetry
.represer{ting an adult human. The source description represents a
radiocactive material which is homogeneously distributed in a crgan. Organs
considered as sources reflect present practice in nuclear medicine. Sources
have been considered to be in the kidneys, heart chambers, lungs, thyroid,
bladder contents, stomach contents, spleen, ovaries, testis and the uterus.

The initial position and direction of travel of the particle are chosen

randomly within the volume of the organ c¢onsidered as source. Source
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| subroutinés are called from MAIN to provide the initial particle positicn and
direction. Listings of these source subroutines are given in Appendix B.
| Energy Option

The energy of the incident particle can either be a fixed (average)
value or described from a known energy spectrum. For photon transport,
monoenergetic paricles have been used. Particles in the energy range
between 10 keV and 10 MeV are been considered in this research. This is
becéuse most radionuclides used in nuclear medicine emit photons in this
energy range. In beta decay, the electron can either be considered to be
emitfed ét the average energy or the particle energy is chosen from a
number-energy distribution. An energy of 1/3 the maximum beta particle
energy is chosen as the average beta energy for calculations. With an
appropriate normalized beta spectrum, the value of the electron energy can
also be selected.

The MAIN program first calls subroutine HATCH to cobtain the cross
section dlata. The call to HATCH is done only once. One particle or history is
tfansported to conclusion (with all its secondaries) befere a new incident
particle history is started. Each incident particle is initialized before a call to
SHOWER is made to start particle transport. On return from SHOWER, all the
necessary information from the particle just transported is reccorded. A new
history is started or the statistical analysis performed if the required number of
histories (NCASES) have been performed. The choice of the number of

histories determines the accuracy of the result obtained.
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3.3.2.2 Subroutine AUSGAB
The subroutine AUSGAB has a very simple structure. It sums up all
energy deposited in the regions of the defined geometry. After the occurrence
of an interaction involving energy depesition, subroutine AUSGAB is called.
The intormation transfered to AUSGAB includes the region in which the
deposition occurs, the type of interaction involved and the energy deposited.
A running sum of energy deposited in all regions involved is updated after
évery ihteraction (call to AUSGAB).
Energy deposition occurs;
a) when the photon has energy less than PCUT, the photon cu{off energy,
b) when the electron has energy less than ECUT, the electron cutoff
energy,
¢) during continuous slowing down of an electron ,
d) when the particle enters a regions outside the geometry of the
phantom, i.e., vacuum, and
e) when a photoelsctric interaction has occurred, and
i).-the energy of the incident photon was below the K-edge binding
energy and it is going to be discarded, and
ti) a fluorescent photon is discarded with the K-edge binding energy.
The variable |IARG is used to define situations where calls are made to
AUSGAB.
- AUSGAB is called from either the photon or electron transport

subroutines when an energy deposition occurs. Scoring from AUSGAB can
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be expanded to include several other situations. However, the variable IARG
must then be activated for those situations.
3.3.2.3 Subroutine POSITN

This subroutine tracks the particle throughout its movement in the
phantom geometry. The geometry used for this research is a mathematical
description of an anthropomorphic phantom similar to that used in the ALGAM
code (Wa68). A typical dimension and coordinate system of a reference man
is shown in figure 3.4, The phantom consists of three principal sections. The
torso is represented by an elliptical cylinder, the head and neck represented
by an elliptical cylinder topped by half an ellipsoid and the legs section
represented by truncated cones. Surfaces of the internal organs are
described by quadratic equations.

The inside of the phantom has been subdivided into 53 organ regions
(see Table 3.1). Each region is defined by a closed surface with care taken to
avoid overlapping volumes. The weight and dimensions used for each organ
were as specified in ICRP Publication 23 (ICRP75). Recent modifications in
the description of the lungs and heart have been included in this phantom
geometry (Co81). A face model was also included in the phantom (Po86).

Subroutines PHOTON and ELECTR call POSITN after a particle is
transported. With every advancement to a new location, the routine POSITN
is called to determine if the particle has moved to a new region. POSITN

assigns a region variable to a particle everytime it is called.
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Figure 3.4. Adult human phantom, dimensions and coordinate
system (Sn78).
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Table 3.1. Masses of source and target organs used in this study

73

Source Organs Mass(gms) Target Organs Mass(gms)
Bladder Content 200. Left Adrenal 7.75
Stormach Content 247. Right Adrenal 7.75
Uterus 65.4 Bladder Wall 45.1
Both Kidneys 284, Brain 1450.9
Liver 1809.1 Stomach Wall 150.
Both Lungs 1000. Upper Large Int. 209.
Both Ovaries 8.28 Lower Large Int. 160.
Spleen 173.6 Small Int. + cont. 1044,
Both Testes 37.0 Uterus 65.4
Thyroid 19.6 Left Kidney 142.
Heart Chambers 431.0 Right Kidney 142.

Liver 1809.1
Left Lung 463.0
Right Lung 537.0
Septum 14.2
Nares 9.49
Left Ovary 414
Right Ovary 4.14
Genitalia 193.7
Pelvis 900.8
Ribs 1031.4.
Scapulae 302.
Skull 1258.2
Spine 1319.
Spleen 173.6
Left Teste 18.5
Right Teste 18.5
Thymus 24.8
Thyroid 19.6
Heart Wall 299.0
Face 232.7
Pancreas 60.3

' Eyes 2.0
Total Body 70000.0
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CHAPTER IV

CROSS SECTION DATA AND OTHER PARAMETERS

The phantom used was considered t0 be composed of three media,
i.e., tissue, skeleton and lungs. The chemical composition and density used
for each medium is given in Table 4.1 (ICRP75%). Each organ is assumed 1o be
a homogeneous mixture of the elements in the proportions given in Table 4.1.
The material cross-section is generated by using the processor code PEGS4.
.PEGS4 uses theoretical and empirical formulae to compute the various
physical quantities needed for each medium and prepares them in a form for
use in EGS4.

Certain parameters are chosen in the run of the EGS4 code. These
paramsters are; ECUT, PCUT (the slectron and photon energy cutoffs), AE
and AP (the energy cutofls in the computation of cross section data}, ESTEPE
(the fractional energy loss per step in the electron transport), and NCASES
(the number of histories to run). The accuracy of the result of a calculation
depends on the values used for these parameters. Choices for these
parameters are discussed below.

4.1 Cross Sections

Cross section values used in EGS4 are the output of the PEGS4

code. PEGS4 usses theorstical and empirical methods to generate material

cross sections. PEGS4 maintains a table of atomic number, atomic weight
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Table 4.1. Elemental composition of different tissues of
the phantom (% by weight}

Element Skeletal Tissue L:.mg2 Tissue®
H 7.04 10.21 10.47

C 22.79 10.01 23.02

N 3.87 2.8 2.34

o) 48.56 75.96 63.21

Na 0.32 0.19 0.13

Mg 0.11 74x103 0015

) 6.04 0.081 0.24

S 0.17 0.23 0.22

Cl 0.14 0.27 0.14

K 0.15 0.20 0.21

Ca 9.91 70x10° 0.0

Fe 8.0 x 103 0.037 6.3x103
Zn 48x103 1.1x102 32x103
Rb 0.0 37x104  s57x10%
Sr 3.2x10°3 59x10€®  3.4x10%
Zr ' 0. 0. 8.0x10™%
Pb 1.1 x 103 41x10%  16x105

Denisity 1.4862 gm/cm®
2Density 0.2958g|m!cm3
3Density  0.9869 gm/cmS
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and interaction cross sections for elements 1 through 100 on the periodic
table. The photon interaction cross section, i.e., for pair production,
photoelectric absorption and Compton scattering, was adapted from cross
section data compiled by Storm and Israel (St70). The total cross section for a
given interaction type is given as;

5L = N,poM

where, N, =Avoradro's number

p = density of the medium (gm/cm?®)

o = microscopic cross section of the medium ( cm?/ atom) for a

specific interaction.

n
o= P
e
n
M= D PA
b1

o = microscopic cross section for each element, i
p; = proportion by weight of element i in mixture

A, = atomic number of element i .

The total cross section is a summation of cross sections over all the possible
interaction types at the specified particle energy. A log-log interpolation
process is used to determine cross sections at energies between the data
points.

Methods of obtaining cross sections for discrete interaction processes
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for electrons were discussed in chapter 2. The value of the cross sections
depend on the energy cutoff values used. AE and AP denote an energy set
beyond which discrete interaction processes are considered possible. ECUT
and PCUT are the electron and photon energy cutoffs. Electrons with
energies less than ECUT are not transported, neither are photons with
energies less than PCUT. The energies of radiations below these cutoffs are
deposited locally. The values of AE, AP are limited by the physics of all
particle interactions included in the code. The values of 0.522 and 0.001 MeV
have been used for AE and AP, respectively. PCUT was set at 0.001 MeV
through all the calcutations in this research. The value of ECUT was set at 0.6
MeV when electron transport is considered. When electron transport is not
considered, ECUT was set at the incident photon energy i.e., this allows all
energies from secondary electrons formed in the various photon interactions

to be deposited locally.

42 PEGS4 Code
The FORTRAN 77 version of the PEGS4 code was used to generate
material data needed for particle transport. PEGS provides other services

which include:

i) Evaluation of mathematical functions at selected points e.g., density

effect correction.

ii) Selection of energy cutoffs.

The PEGS code contains a MAIN program, BLOCK DATA subprogram, 12

subroutines and 85 functions. No modifications were made to the PEGS
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code. The input data for PEGS4 describes each medium and assigns cutoff
energies for radiation interactions. PEGS4 code considers the media used as
composed of homogeneous mixtures of the elemental composition listed in
table 4.1. Cross sections and other data for these media were determined for
discrete energy values between 0.522 and 10 Mev for electron interactions
and for between 0.001 and 10 MeV for photon interactions. Cross sections for
any intermediate energy is determineld by an interpolation method. The
output from PEGS is called XTION.DAT. The data file XTION.DAT is very
lengthy and has not been included in this report, however, a copy of
XTION.DAT is available on tape.

4.3 Selection Of Maximum Allowed Fractional Energy Loss For
Electron Transport (ESTEPE)

The accuracy of electron transport depends on the step size between
interactions. This is the case because the curved path of an electron is
approximated by a straight line travel. The constraints placed on the step size
were discussed in chapter 2.

In the transport of electrons of energy below 10 MeV, it has been
found necessary to impose a limitation on the maximum fractional energy loss
per step. This constraint is similar to that in the code ETRAN (Be63, Co74).
The choice of the maximum .fractional energy loss per step (ESTEPE) was
determined from the results of a series of calculations. These calculations
were intended to determine the absorbed fraction for a 2 MeV electron source

in the thyroid. Results from these calculations are presented in Figure 4.1.
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The problem of choosing an appropriate ESTEPE is solved by varying

ESTEPE until the absorbed fraction no longer changes significantly.
ESTEPE‘ was set at 8% for all the calulations in this research. Small

changes in this value produces no changes in the results of calculations

perfomed.

4.4 Comparing ALGAM And INDOSE-EGS Codes

ALGAM is a Monte Carlo code used to transport monoenergetic
photons in an anthropomorphic phantom. The code has been used to provide
estimates of the fraction of the initial photon energy absorbed in a target for a
source of photons is any source organ in the phantom (Sn69). ALGAM does
not transport secondary electrons produced during the transport of incident
photons. All the energy of such secondaries are considered to be locally
deposited. INDOSE was developed to consider the contribution to photon
transport from these secondary electrons. Differences in results obtained from
ALGAM and INDOSE (for photon transport) will be due to differences in the
cross sections, energy deposition logic and phantom geometry.

Photon interaction cross sections for the material that defines an
organ in the phantom are needed for use in the transport of a photon and
determine the type interation which would occur at any stage of particle
transport. These interaction cross sections are determined from a
combination of theoretical and empirical methods. Generally, these cross

section are complied in tabular form for ready use in the Monte Carlo
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processes. The cross sections are usually correlated to the best experimental
data available at the time of compilation. The cross sections used in ALGAM
werg compiled by Grodstein (Gr57) and reviewed by McGinnis (Mc59). The
cross sections used in INDOSE-EGS were compiled by Storm and Israe!
(5t70). The ditference in these cross section data is not expected to be large
for photon energies below 10 MeV.

The present photon transport legic in. INDOSE-EGS is very similar to
that of ALGAM. However, ALGAM uses a weighting procedure to determine
energy deposition at interaction sites while energy deposition in
INDOSE-EGS is via electron transport only. For example, when photoelectric
absorption occurs, all the photon energy is given to an electron and the
electron deposits energy in the medium.

In ALGAM, a weight, initially set at unity, is associated with every
photon. The weight at the next site, W(n+1), is determined from the particle

weight at the previous site W(n), such that,

Wi(n+1) =W(n) [E(Compton)/ Z(total)]
and the energy deposited at the (n+1)% site, by a photon coming from the
previous interaction site n, is,

A (n+1) = W(n) [{ Z(photon)/Z(total)}E(n)+

~ {Z£{Compton)/ Z(total){E(n) -E{n-1}} + { Z(pair)/ Z{total)}{E(n) - 1.22}].
‘When pair production occurs at a site, ALGAM only transport ocne photon with

a energy 0.511 MeV but with weight of,
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W(n+1) = 2 x W(n){ z(pair)/ =(total}}.
Hence, in ALGAM the photon is always partially scattered, even in a
photoelectric absorption interaction. The weighting technique improves the
precision of a Monte Carlo calculation. However, the results with or without
weighting should converge to the same value.

The human phantom is assumed to be composed to 3 media, the
lung, tissue and skeletal. The phantom media used in both codes have the
el..ementa'l composition as defined in ICRP23 (ICRP74). The geometry used in
INDOSE-EGS was adapted from that used in ALGAM. Modifications to the
description of the lungs and heart were made. A new definition for the face
was also introduced into the phantom. Differences in resuits from
INDOSE-EGS and ALGAM calculations will occur especially those
associated with the lungs and near by organs because the right lung is 16%

bigger than the laft lung in the new model.
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CHAPTER V

RESULTS FROM THE INDOSE-EGS CODE
51 Introduction
The computer code INDOSE-EGS was developed to run on the VAX
86.50 computer that is housed in the Zachry Engineering Building at Texas
A&M University. This version of the code written in FORTRAN 77, was
designed to determine the contribution a detailed consideration of
beta/electron transport makes in internal dose estimation. This task was
separated into two sections.
| The first sectilon was to consider beta/electron sources as incident
particles. Using the INDOSE code, calculations of absorbed fractions of the
electron energy deposited in the source organs and nearby organs were
performed. Detailed consideration was given to bremsstrahlung production
by electron interactions. The second section considered photons as the
incident radiation. Detailed consideraticn was given to the resulting charged
pa}rticles produced during photon interactions. Calculations of specific
| absorbed fractiocns of energy were performed for eight moncenergetic
photons. Only data for organs of clinical importance are listed in the results
presented. However, data for other minor organs were obtained but not
included in this report. Sources of photons and electrons used in calculations

wereg assumed to be uniformly distributed in homogeneous media (i.e.,
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source organs).

'Results from the first section 'of the problem are presented as
absorbed fractions (AF) in the target organs (i.e., source organs and nearby
organs that receive a substantial amount of energy from the radiation). The
general assumption, that the absorbed fraction for non-penertating radiation
is unity if ;he target organ is also the source organ, and zero when the target
o'rgan i8 not the source organ, has been determined to be too sweeping. Also,
in the computation of AF for an electron source, we have obtained an idea of
the other target organs whose exposure must be considered.

| The results from photon transport calculations are presented as
specific absorbaed fractions. This is in keeping with the results presented in

MIRD publications (Sn78).

5.2 Absorbed Fractions For Elactron Sources(Non-penetrating
Radiation)

In the computation of the.absorbed fraction of energy for electron
sources, the organs considered as source organs were the lungs, thyroid,
kidneys and liver. Sources in the bladder and stomach contents were aiso
considered. Calculations for absorbed fractions were performed for nine
monoenergetic slectron sources ranging from 0.5 to 5.5 MeV. In each-
calculation, 10,000 electron histories were traced. Tables 5.1 through 5.6
present results obtained from the INDOSE-EGS code. The coefficients of
variation of the absorbed fraction for ditferent qgrgans are also listed.

Estimates of absorbed fractions with coefficients of variation greater than 50%



Table 5.1. Absorbed fraction of electron energy and coefficient

of variation (%). Electron source in bladder contents.

Total energy of electron (kinetic + rest mass energy)

Target

1.0

2.0

3.0 4.0 6.0
organs
Bladder 9.83E-1" 9.36E-1 8.84E-1 8.32E-1 7.29E-1
contents < 0.05 0.1 01 0.1 0.1
Bladder 9.56E-3 4.76E-2 6.39E-2 6.92E-2 7.02E-2
wall 27 1.1 0.8 0.7 0.5
Stomach T 1.50E-6 3.18E-8 3.30E-6 2.95E-6
wall 45.7 36.2 28.9 215
Liver 9.71E-6 2.39E-5 2.33E-5 3.85E-5 8.31E-5
315 18.9 19.8 19.8 18.1
Genitalia 1.06E-5 2 58E-5 3.39E-5 4.93E-5 4.94E-5
24.5 20.0 15.9 12.9 14.0
"Absorbed fraction of energy

“Coefficient of variation (%)

““Coefficient of variation greater than 50%
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Table 5.2. Absorbed fraction of electron energy and coefficient
of variation (%). Electron source in stomach contents.

Total energy of electron (kinetic + rest mass energy)

Target
organs 1.0 2.0 3.0 4.0 6.0
Stomach 9831 9.34E-1 8.79E-1 8.25E-1 7.18E-1
contents < 0.05 0.1 0.1 0.1 0.2
Stomach 9.92E-3 5.42E-2 9.95E-2 1.27E-1 1.48E-1
wall 2.7 1.1 0.8 0.6 0.4
Left 1.07E-5 2.45E-5 3.31E-5 3.83E-5 6.07E-5
kidney 25.0 21.5 16.5 15.0 14.1
Right 1.65E-6 5.22E-6 9.35E-6 1.53E-5 3.13E-5
Kidney 48.2 27.8 26.4 30.4 28.2
Liver 8.51E-5 1.42E-4 1.96E-4 2.14E-4 3.02E-4
13.3 8.2 7.8 7.4 71
Left 3.98E-5 8.14E-5 1.29E-4 1.53E-4 3.46E-4
lung 15.1 11.4 9.9 8.9 7.8
Right 1.24E-5 2.44E-5 4.76E-5 5.06E-5 7.30E-5
lung 28.9 14.1 16.2 14.4 14.0
Spine 5.76E-5 8.46E-5 1.09E-4 1.31E-4 1.34E-4
14.6 9.0 7.3 AT 6.9
Splesn 4 41E-5 8.33E-5 6.61E-5 8.92E-5 1.09E-4
18.7 13.9 10.9 9.8 9.6
Heart 1.76E-5 3.14E-5 3.63E-5 4.13E-5 5.61E-5
wall 25.1 223 16.3 15.3 12.5
Heart 9.66E-6 3.26E-5 5.89E-5 6.17E-5 8.05E-5
chambers 29.0 15.4 13.7 13.3 11.8
Pancreas 2.36E-5 5.03E-5 5.82E-5 8.26E-5 1.09E-3
16.4 19.8 15.4 13.5 5.5
"Absorbed fraction of energy

" Coefficient of variation (%)
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Table 5.3. Absorbed fraction of electron enerav and coefficient
of variation (%). Electron source in liver.

Total energy of electron(kinetic + rest mass energy)

Target 1.0 2.0 3.0 4.0 6.0
organs
Liver 9.88E-1 9.54E-1 9.17E-1 8.86E-1 8.23E-1
0.1 0.2 0.2 0.3 0.4
Right 8.11E-4 1.50E-4 8.52E-4 2.46E-3 7.06E-3
lung 29.5 21.9 17.7 12.6 8.1
Left 416E-5 1.83E-5 8.77E-5 1.03E-4
lung 38.4 335 39.0 30.0
Right 4.86E-5 2.00E-5 4.81E-5 3.05E-4
kidney 422 28.0 28.0 27.4
Left - i -
kidney
Spine 5.48E-4 8.95E-5 1.34E-4 1.57E-7 1.40E-4
415 20.0 17.8 19.0 25.4
Heart 2.79E-5 4.65E-5 4.62E-5 1.09E-4
wall 456 39.7 365 34.9
Heart 2.24E-5 3.23E-5 1.01E-4 5.01E-5
chambers 38.9 26.8 44.0 24.4
Spleen 1.38E-5 1.11E-5
46.9 37.4

"Absorbed fraction of energy

" Coefficient of variation (%)

“"Coefficient of variation greater than 50%
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Table 5.4. Absorbed fraction of electron energy and coefficient
of variation (%). Electron source in thyroid.

Total energy of electron (kinetic + rest mass energy)

Target
organs 1.0 2.0 3.0 4.0 6.0
Thyroid 9.55E-1" 8.14E-1 6.77E-1 5.46E-1 3.77E-1
0.2 0.4 0.5 0.6 0.7
Brain 5.44E-5 7.77€5 1.61E-4 1.88E-4 1.91E-4
40.6 335 3238 2556 23.2
Spine 5.94E-5 5.73E-5 4.57E-5 7.88E-5 9.98E-5
42.6 323 23.4 17.9 324
Skull 5.71E-5 1.18E-4 2.77E-4 2.22E-4 4.39E-4
36.5 18.0 255 17.4 21.1
Face 3.20E-2 1.42E-1 2.41E-1 3.18E-1 3.87E-1
47 1.9 13 1.0 08
"Absorbed fraction of energy

“Coefficient of variation (%)
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Table 5.5. Absorbed fractionof electron energy and coefficient
of variation (%). Electron source in kidneys

Total energy of electron (kinetic + rest mass energy)

Target
organs 1.0 2.0 3.0 4.0 6.0
Kidneys 9.81E-1" 9.17E-1 8.42E-1 7.73E-1 6.42E-1
1.0 11 1.1 1.2 1.3
Stomach - 9.57E-6 1.35E-5 1.42E-5 4.03E-5
wall 44.2 446 29.4 38.0
Liver 1.08E-4 2.78E-4 4.59E-4 7.45E-4 2.82E-3
24.7 18.8 237 17.7 1.1
Left 2.02E-5 5.86E-5 6.63E-5 7.81E-5
lung 41.3 325 38.2 31.4
Right 3.19E-5 4.82E-5 5.55E-5 9.20E-5
lung 36.6 311 39.8 23.9
Spine 1.68E-4 3.59E-4 3.96E-4 6.25E-4 3.48E-3
249 16.9 139 14.8 9.8
Spleen 8.07E-5 7.11E-5 1.66E-4 5.29E-4 2.90E-3
314 40.1 7.1 26.7 12.4
"Absorbed fraction of energy

“Coefficient of variation (%)

" Coefficient of variation greater than 50%



Table 5.6. Absorbed fraction of energy and coefficient of
variation (%) . Electron source in lungs

Total energy of electron (kinetic + rest mass energy)

Taget
organs 1.0 2.0 3.0 4.0 6.0
Lungs 9.70E-1" 8.79E-1 7.81E-1 6.88E-1 5.33E-1
1.1 1.2 1.2 1.3 1.4
Liver 8.82E-5 1.78E-4 1.74E-3 6.32E-3 1.56E-2
28.7 229 15.1 8.9 6.0
Spine 1.36E-4 1.39E-4 1.85E-4 2.09E-4 1.50E-4
25.2 20.6 213 18.6 12.6
Heart 7.52E-4 3.69E-3 7.48E-3 1.01E-2 1.27E-2
wall 31.6 13.2 8.6 7.4 58
Heart 7.05E-4 4.52E-3 8.50E-3 1.08E-2 1.50E-2
chambers  31.6 1.7 8.6 75 59

“Absorbed fraction of energy

“Coefficient of variation (%)

90
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were not reported because the uncertainty in such results could be as much
as a factor of 2 or 3 {(Sn78).

Results are reported for target organs into which substantial amount of
‘energy is deposited. The absorbed fraction of energy depends on the size,
sh.ape,' bomposition ot both source and target regions, distance and
composition between source and target regions. Generally, the absorbed
fraction of energy for a target organ which is also the source crgan decreases
with increasing electron anergy, while the absorbed fraction of energy when
the target organ is not the source organ increases with increasing electron
energy. Target organs for which exposure estimates from beta radiation must
be; considered depend on the source organ. For example, when the eiectron
so.u.rce ié homogeneously distributed in the liver, it was found that doses to
the lungs, right kidney, spline, heart wall, heart chambers, and spleen must
be considered.

Figures 5.1 to 5.6 present the variation of absorbed fraction with
energy for selected source organs. The results can be grouped into two
‘classes. The first class includes the special situation in which the source
organ is not the target organ yvhile the second class reprasents the situation
.in which the source organ is also the target organ.

Figures 5.1 and 5.2 present results for electron sources in the bladder

content and the stomach content. These results represent two cases of the

class [ situation. Results for this clags show an increase in the absorbed
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fraction of energy with increasing electran energy. However, the absorbed
fraction levels off to a constant value at high electron energies. The increase
in abso.rbed fraction with increasing electron en(;rgy can be explained by
nqting that electron range increase with energy. Hence, as more electrons
reéch the nearby organs, energy deposition to these organs increases. When
the electron range exceeds the distance to the outer wall of a nearby organ,
the fraction of energy deposited in this organ approaches a constant. This
can be explained by the fact that most electrons lose essentially no energy in
escaping the contents, in addition, the wall is thin and only a fraction of the
Eer:;ergy is deposited. Since betas (electrons) lose energy continuously the
curve b_egihs to flatten out.

Figures 5.3 through 5.6 present results for sources in lungs, thyroid,

'kidneys and liver. These results represent four casses of the class II situation.
In this class of organs, the absorbed fraction decreases linearly with
increasing electron energy. This result is to be expected since the "ability” of
an electron to escape the source organ should increase as the electron
energy increases. This conclusion can be justified by consideration of the
electron range-energy curve. Note also that, for this class of organs, at any
fixed electron energy the absorbed fraction increases as the volume of the
organ.ihcreases. This result is reasonable because the number of electrons
that escape the organ volume is proportional to the surface area of the organ.
For example, the thyroid gland (Fig. 5.3) has a high surface to vclums ratio

whereas the surface to volume ratio of the liver (Fig. 5.6) is significantly
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smaller. The lungs deviate from this general conclusion slightly because this
organ is assumed 10 have a density of 0.2958 g/cm? rather than 0.9869 g/cm3
for normal tissue.

Prasently, absorbed fractions of energy for non-penertating radiation
are aésumed to be unity when the source organ is also the target organ and
zero otherwise. The results reported here obtained from the calculations of
absorbed fractions of energy for monoenergtic electrons imply an over
estimation of absorbed energy (dose} to the source organs and a gross
underestimation to the nearby organs. For example, up to 50% error in the

| calculatioﬁ of energy absorbed in the thyroid can be made for a source of 4
MeV elsctrons. When the source radionuclide are beta particles from
phosphorus-32, an average beta particle energy of 0.57 MeV (i.e., 1/3 of
maximun energy of 1.7 MeV) is assumed and an abscrbed fraction for the
thyroid of 0.95 is obtained from Figure 5.4 for the thyroid. Therefore, it is clear
that the basic assumption regarding non-penetration radiation should be

modified to include changes of absorbed fraction with particle energy.

5.3 Specific Absorbed Fractions For Photon Sources
 (INDOSE-EGS Code)

Estimates of specific absorbed fractions of enargy were performed for
8 monosenergetic photon sources ranging from 0.02 to 4.0 MeV. In each
calculation, 100,000 histories of uniformly distributed photons were traced for

10 source organs. Tables 5.7 through 5.16 present results of specitic
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_absorbed fractions for the various source organs. The crgans and regions
- considered were; bladder contents, stomach contents, heart chambers, liver,
~ uterus, lungs, kidneys, testes, thyroid and ovaries. The coefficient of variation
of the absorbed fractions for the target organs are also presented. In some
instances, the coefficients of variation in the calculations are as large as the
estimates. In such cases, the results are considered unreliable. No estimates
- of specific absorbed fractions are given when the coefficient of variation
exceeds 50%. However, resulls of absorbed fractions are given but
' considered unreliable when the coefficient of variation lie between 20% and |
50%. In such cases, other methods are used to estimate the specific
absorbed fractions. Results from Monte Carlo methods are considered
. accurate when the coefficients of variation lie between 20 and 50% (Sn78).
Results of specific absorbed fractions calculated using the

INDOSE-EGS code ars of the same order of magnitude as those reported in
" the MIRD publications (Sn78). No significant differences are noticed between
results using either code. However, when the lungs are the target organ,
- results obtained from INDOSE-EGS code, for source crgans close to the
lungs were found to be twice as large as results reported in the MIRD
publications. The differances in results ars more pronunced at low photon
energies and are due to the modified lung model.

| The INDOSE-EGS code can be used to calculate specific absorbed

fractions for photon sources, either, when charged particle products of photon
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Table 5.7 Specific absorbed fraction of photon energy and
coefficient of variation (%). Charged particle transported.
Source in Bladder contents

Photon energy (MeV)

Target
organs  0.02 0.05 0.1 0.5 1.0 15 20 4.0
Bladder 1.415-3' 3.11E-4 1.31E-4 1.70E-4 1.83E4 176E-4  162E-4  1.30E-4
wall 1.2 2.4 25 2.4 25 25 25 22
Stomach --- 9.70E-7 1.09E-6 1.13E-6 053E-7 1.39E-6  1.33E-6  1.03E-6
wall 228 16.1 14.6 16.5 15.8 15.3 17.8
Kidneys -.-- 1.01E-6 1.18E-8 1.32E-8 1.43E-6 150E-6  1.38E-6  1.33E-6
26.5 175 14.5 15.9 17.2 18.2 18.5
Liver - 7.28E-7 7.62E-7 8.70E-7 9.54E-7 1.00E-6  0.93E-7  9.79E-7
78 5.9 52 5.4 5.6 5.7 6.0
Lungs  -.-- 1.73E-7 2.60E-7 4.30E-7 5.67E-7 7.94E-7  6.46E-7  7.71E-7
295 19.7 13.6 13.1 12.2 127 12.2
Panc  -.-- 8.16E-7 9.20E-7 828E-7 109E-6 1.61E-6  1.48E-6  B.43E-7
-reas 40.1 28.7 26.9 233 25.0 26.4 31.1
Spleen  -.- 565E.7 6.20E-7 088E-7 7.00E-7 8.54E-7  1.04E-6  8.33E-7
28.5 19.9 15.6 18.3 18.2 17.3 20.8
Thyroid - . .
Heart - - 1.40E-7 221E-7  241E-7 4.40E-7 24367  4.38E-7
wall 25.3 20.1 22.8 19.2 23.7 18.8
Heart - 1.15E-7 218E-7 3.56E-7 280E-7 3.69E-7 4.07E-7  4.56E-7
chambers 39.8 20.2 155 18.2 17.4 17.1 16.7
Face e s aigan - 5

Total  141E-5 7.91E-6 422E-6 4.72E-6 486E-6 469E6  450E-6  3.81E-6
bady

::Speciﬂc absorbed fraction of energy (per gm)
mCoefficient of variation (%)
Coefficient of variation greater than 50% 3 Né 1 9 8
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Table 5.8. Specific absorbed fraction of photon energy and
coefficient of variation (%). Charged particles transported.
Source in Stomach contents

Photon energy (MeV)

Target

organs  0.02 0.05 0.1 0.5 1.0 1.5 2.0 4.0

Bladder -.- = - 7.20E-7 143E-6  384E7 162E-6  191E6  9.38E7
wall 29.1 20.6 325 25.8 23.9 29.3

Stomach 8.73E-4 224E-4 O45E-5 1.26E-4 1.32E-4 122E-4 12364  958E5
wall 0.8 1.5 1.6 1.8 1.7 1.8 1.8 1.8

Kidneys 7.42E-7 131E-5 7.93E-6 8.36E-6 0.11E-6 7.482E6 8.03E6  6.81E-6
21.7 10.8 85 8.0 9.2 9.7 10.0 11.8

Liver  561E-7 7.63E-6 4.91E-6 540E-6 525E-6 519E-6 4.93E-6  4.29E-6
0.9 2.4 23 22 24 25 2.7 2.9

Lungs 1.80E-6 O80E-6 3.92E-5 BS0E-6 OS57E-6 Q60E-6  926E-6  7.98E-6
7.9 6.1 47 4.1 42 48 4.6 4.9

Panc  7.12E-5 7.50E-5 384E-5 3090E-5 2382E-5 390E-5 347E-5  3.43E5
reas 4.8 4.2 42 4.4 4.8 5.0 5.3 5.2

Spleen 1.18E-5 4.08E-5 107E-5 20225 231E-5 234E-5 2.04E5  1.86E-5
7.0 33 a5 3.4 a7 3.9 42 4.4

Thymus - 8.62E-7 229E-6 207E-6 257E-6 125E-6  1.28E-6
45.4 293 33.1 30.6 38.6 37.6

Thyroid  -.-- . - - iges s - 9.33E-7
49.0

Heart  8.71E-7 1.11E-5 5.79E-6 6.44E-6 640E-6 7.16E-6  6.12E-6  4.53E-5
wall 195 4.9 48 47 5.1 5.1 5.5 5.0

Heart  3.70E-7 8.34E-6 6.34E-6 5.84E-8 579E-6 6.16E-6 5098E-6  552E-6
chambers25.0 4.7 4.0 4.1 45 4.7 48 1.3

Face o 1.92E-7 9.81E-8 2.79E-7 3.05E-7 2.24E-7  4.49E-7  3.17E-7
452 23.6 26.3 25.6 28.4 238 27.6

Total
boby  1.41E-5 7.54E-6 3.04E-6 4.47E-6 465E-6 4.49E-6  4.30E-6  3.66E-6

:§podﬂc absorbed fraction of energy (per gm)
"E.‘-oefﬂcient of variation (%)
Coefficient of variation greater than 50%



Table 5.9. Specific absorbed fraction of photon energy and
coefficient of variation (%). Charged particles transported.
Source in Heart chambers

Photon energy (MeV)

Target
organs  0.02 0.05 0.1 0.5 1.0 15 2.0 4.0
Bladder - - - . s.eg_E-i" 3.07E-7
wall 422 35.8
Stomach -.— 5.04E-6 379E-6 3.52E-6 4.05E-8 4.14E-6 3.83E-6  3.46E-6
wall 9.5 8.7 8.1 9.0 9.0 9.7 10.3
Kidneys -.- 277E-6 209E-6 237E-6 22566 20266 231E-6  228E-6
14.4 12.9 11.2 12.4 13.0 134 14.0
Liver 717E-7 7.98E-6 4.64E-6 4.79E-6 4.82E-6 4.77E-5 4.89E-6  4.23E-6
8.8 2.4 2.4 2.3 25 27 2.7 2.9
Lungs 4.11E-5 4.97E-5 283E-5 3.92E-5 431E-5 42565 411E-5  3.22E-5
26 1.7 1.8 16 1.7 18 18 2.1
Panc 7.60E-6 556E-6 6.49E-6 6.53E-6 4.81E-6 5.00E-6  6.78E-6
-reas 12.9 9.9 10.3 11.4 13.7 14.0 12.0
Spleen  -.— 527E-6 3.00E-6 3.31E-6 332E6 3.26E6 3.92E6  2.98E-6
0.4 8.9 8.5 9.3 9.7 9.6 11.2
Thymus 1.25E-5 3.39E-5 1.53E-5 1.88E-5 199E-5 1.63E5 1.83E5  1.55E-5
17.9 9.4 9.1 9.7 10.4 1.6 11.4 11.6
Thyroid -, 2.44E-6 265E-6 1.91E-6 228E-6 2.63E6  1.77E-6  3.78E-7
40.8 30.2 268 29.6 33.9 32.0 38.3
Heart  4.086-4 1.10E-4 511E-5 6.19E-5 6.47E-5 6.22E-5 585E-5  4.53E5
wall 0.9 1.5 1.6 1.6 1.7 1.8 18 1.9
Heart  8.58E-4 1.90E-4 888E-5 1.17E-4 120E-4 1.14E-4 105E-4  8.48ES
chambers 0.4 0.9 1.0 1.0 1.1 1.1 1.2 1.3
Face 1.70E-6 1.76E-6 2.03E-6 220E-8 2.43E-6 205E-6  1.65E-6
14.0 10.49 9.3 10.0 10.3 10.8 12.5
Total
body 1.42E-5 7.90E-6 4.02E-6 4.54E-6 4.76E-6 4.63E6 4.44E-6  3.76E-6

:Speciﬂc absorbed fraction of energy (per gm)

.'Coetﬁcient of variation (%)

" Coefficient of variation greater than 50%
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Table 5.10. Specific absorbed fraction of photon energy and
coefficient of variation (%). Charged particles transported.
Source in Liver

Photon energy (MeV)
Target
organs 0.02 0.05 0.1 0.5 1.0 15 20 4.0
Bladder .- s.ase-gj 7.83E-7 1.49E-6 8.06E-7 1.17E-7  1.16E-6  B.98E-7
wall 485 34.0 238 27.9 26.5 28.2 257
Stomach 6.02E-7 7.78E-6 4.92E-6 4.94E-8 484E-6 4.67E-6  536E-6  4.72E-6
wall 331 8.2 7.3 7.2 8.2 8.5 8.3 8.1
Kidneys 5.17E-6 1.66E-5 8098E-6 1.00E55 1.04E-5 101E-5  068E-4  B38E-6
8.2 12.0 9.2 4.4 9.1 9.05 5.4 10.1
Liver  4.28E-4 107E-4 4.75E-5 6.25E-5 640E-5 6.06E5 565E-5  4.48E-5
0.2 0.6 0.7 0.6 0.7 0.7 0.8 0.9
Lungs 1.18E-5 1.73E-5 0093E-6 1.41E-5 1.60E-5 161E-5 152E-5  1.12E-6
10.0 5.0 47 4.1 44 43 48 5.6
Panc  4.31E-6 1.71E-5 B896E-5 122E-5 1.02E-5 101E5  1.05E-5  B.50E-6
reas 195 8.8 8.1 7.7 9.2 9.8 9.6 10.7
Spleen - 3.08E-6 342E-6 320E-6 202E-8 206E-6 3.04E-6 2.61E-6
10.8 8.9 8.7 9.7 10.2 10.3 115
Thymus - 219E-6 121E-6 1.24E-6 B853E-6 1.73E-6 - 1.26E-6
353 24.2 20.8 36.0 32.9 442
Heart  2.07E-6 0.86E-6 572E-6 6.37E-6 5.86E-6 6.66E6 539E-8  4.58E-6
wall 12.7 5.2 4.9 4.6 54 53 57 6.1
Heart  8.31E-7 1.06E-5 6.36E-6 6.84E-6 7.31E-6 6.91E-6 649E-6  5.60E-6
chambers16.6 42 3.9 38 42 4.4 4.6 5.1
Face 280E-7 221E-7 3.56E-7 3.62E-7 5.04E-7 555E-7  5.75E-7
36.1 24.6 226 23.2 21.2 212 21.8
Total
body 1.41E-5 7.32E-6 3.73E-6 4.31E-6 4.47E-6 432E-6 412E6 357E-6

:§peciﬁc absorbed fraction of energy (per gm)
..Coefficient of variation (%)
Coefficient of variation greater than 50%
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Table 5.11. Specific abscrbed fraction of photon energy and o
coefficient of variation (%). Charged particles transported.
Source in Uterus

Photon energy (MeV)

Target
organs 0.02 0.05 0.1 05 1.0 1.5 2.0 4.0
Bladder 6.92E-5 6.68E-5 3.28E-5 3.61E-5 3.97E-5 3.86E-5 389E-5  3.06E5
wall 5.6 5.1 49 5.1 5.3 5.4 5.3 48
Stomach -~ 263E-8 2.85E-6 267E-6 2.67E-6 294E-6  209E-6  236E8
wall 14.1 95 9.7 M2 11 12.7 118
Kidneys  -.-- 296E-6 275E-6 247E-8 271E-6 243E-8  2.66E-6  2.43E6 ‘
1389 104 102 13 122 125 13.2
Liver 157E-6 159E-6 1.66E-6 182E-6 1.74E-6  173E-6  1.63E-8
5.3 4.1 .7 4.0 43 44 4.7
Lungs - 492E-7 643E-7 884E7 1.12E-6 1.18E-6  120E-6  1.13E-
222 4.3 9.5 0.6 9.8 10.5 102
Uterus  8.03E-3 977E-4 4.06E-4 6.02E-4 G6.21E-4 571E4  520E-4  3.56E-4
0.3 1.1 1.2 1.1 1.2 1.3 1.4 1.7
Ovaties 6.42E-5 B8.67E-5 450E-5 464E-5 40765 520E-5  399E5  3.20E5 |
204 162 155 154 19.1 18,0 20.5 19.5
Testls .- 440E-6 4.10E-6 4.27E-6 4.15E-6 S.93E-6 I 66E6  4.00E-8
300 239 232 286 289 28.4 25.7
Panc 1.76E-6 1.636-6 2.34E-8 220F-6 122E-8  1.78E-6  232E-8
-reas 268 182 187 188 238 21.6 20.6
Spleen - 152E-6 108€-6 182E-6 15866 186E-6 154E¢  132E-8 N
173 137 114 137 13.3 14.3 16.4 _'
Heat  -.— 3.10E-7 3.77E-7 4.24E7 513E-7 5.93E7  8.08E-7  7.81E-7
wall 209 190 149 172 158 14.8 15.8
Heat .- S94E-7 3.97E7 7.08E7 S519E7 7.20E7  T.23E7  T.A4E-7
chambers 18.1 156 111 138 128 13.0 12.3
Total
body 1.42E-5 B.BYE-6 4.66E-6 5.08E-6 S17E-8 50366  4.78E-8  4.09E-6

:§pecific absorbed fraction of energy {per gm)
. Goetfficient of variation (%)
Coefficient of variation greater than 50%



Table 5.12. Specific absorbed fraction of photon energy and
coefficient of variation (%). Charged particles transported.

Source in Lungs

Photon energy (MeV)

Target
organs  0.02 0.05 0.1 0.5 1.0 1.5 2.0 4.0
Biadder - - 1.88E-7 -.- 1.96E-7  3.60E-7  B.02E-7
wall 41.4 47.7 40.4 36.3
Stomach 3.92E-8 6.08E-6 3.49E-6 3.38E-8 3.10E6 3.14E6  2.77E-6 1.89E-6
wall  13.0 8.9 9.0 8.9 10.4 11.0 118 12.7
Kidneys  -.-- 4.07E-6 268E-6 3.03E-6 23.08E-6 280E-6 228E-6 2.01E-6
12.0 11.0 10.6 12.0 126 14.2 15.8
Liver 1.07E-5 1.00E-5 4.63E-6 4.55E-6 4.58E-6 3.93E-6 360E-6 261E-6
22 22 2.4 25 2.7 3.0 3.2 3.8
Lungs 4.96E-4 6.60E-5 202E-5 3.92E-5 38855 3.50E-5 3.18E-5  2.20E-5
0.6 1.6 1.7 1.6 1.8 2.0 2.1 25
Panc 8.23E-6 4.43E-6 4.22E-6 4.09E-6 4.28E-6  5.24E-6  2.98E-6
-reas 124 11.5 13.1 14.8 15.1 14.0 18.3
Spleen B.15E-6 8.96E-6 4.30C-6 4.23F-6 4.56E-6 3.23E-6  361E-6  2.18E-8
9.6 7.3 7.7 7.8 88 10.3 10.1 13,2
Thymus 6.81E-8 2.02E-5 7.30E-6 6.04E-6 6.27E-6 6.61E-6  6.65E-6  3.02E-8
24.2 12.6 13.6 15.4 18.0 18.7 18.9 23.1
Thyroid ~ -.--- 208E-6 2.17E-6 3.26E-6 240E-6 2.43E6  3.79E-6  2.97E-8
405 238 24.9 33.1 33,1 275 32,5
Heat  4.15E-5 2.12E-5 1.01E-5 G.20E-6 857E-8 7.81E-8 B.85E-8  5.28E-6
wall 28 3.5 3.7 4.0 46 5.0 5.2 5.6
Heart  4.39E.5 279E-5 123E-5 1.18E-5 113E-5 9B86E6 O.11E-8  7.47E-§
chambers 2.3 2.8 2.8 3.0 34 38 4.0 4.4
Face e 220E-6 156E-8 2.00E-8 214E-6 187E-68  225E-6  1.54E-6
12.2 10.3 9.7 105 11.7 1.0 12.5
Total
body 1.40E-5 5026 264E-8 2.67E-8 259E-8 241E.6  220E-6  1.71E-6

:§paciﬁc absorbad fraction of energy (per gm)
"goefficient of variation (%)
Coefficient of variation greater than 50%
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Table 5.13. Specific absorbed fraction of photon energy and

coefficient of variation (%). Charged particle transported.

Source in Kidneys

Photon energy (MeV)

Target

organs  0.02 0.05 0.1 0.5 1.0 15 2.0 4.0

Bladder - 1.23E-s;1.165-s 156E-6 1.68E-6 149E-6  Q49E-7  142E-6
wall 37.2 25.3 222 25.4 25.7 27.2 24.9

Stomach 6.68E-7 1.38E-5 B8.25E-6 B8.49E-6 8.82E-6 002E-6 OQO08E-6  7.29E-6
wall 312 6.2 5.6 5.5 6.3 6.3 6.4 6.6

Kidneys 200E-3 285E-4 1.21E-4 177E-4 1.78E-4 169E-4  154E-4  1.12E-4
0.5 1.4 1.5 1.4 15 1.6 1.7 2.0

Liver  528E-8 1.54E-5 B8.92E-6 0.79E-6 088E-6 O070E-6 O039E-6  B8.17E-6
32 1.7 1.7 1.6 1.8 1.9 2.0 2.1

Lungs 1.39E-7 5.03E-8 4.27E-6 582E-6 6.74E-6 7.24E-8  6.61E-5  6.25E-8
37.8 6.0 45 39 4.0 41 45 46

Panc  3.04E-6 2.34E-5 1.39E-5 1.68E-5 163E5 1525 1.33E-5  1.15E-5
-reas  20.4 7.0 6.9 6.5 75 7.8 8.4 8.6

Spleen 3.42E-5 3.67E-5 1.72E-5 222E-5 224E-5 210E-5 217E-5  1.70E-5
41 36 38 35 3.9 4.1 4.1 48

Thymus - 1.72E-6 5.32E-7 7.16E-7 1.21E-6 9.72E-7 135E-6  1.27E-6
42.2 35.3 35.3 41.7 44.4 337 39.4

Heart  1.98E-7 4.91E-6 3.20E-6 3.55E-6 3.89E-6 3.63E-6 3.87E-6  3.44E-6
wall 408 7.3 8.1 6.1 8.5 7.0 6.9 7.0

Heart  1.40E-7 5.56E-6 3.96E-6 4.53E-6 425E-6 4.00E-6 442E-6  4.38E-6
chambers40.5 5.8 5.0 47 5.3 5.7 5.6 5.7

Face - 1.62E-7 2.23E-7 313E-7 293E-7 3.69E-7  4.32E-7
40.4 263 25.2 27.5 24.7 228

Total  1.39E-5 7.24E-6 3.83E-6 4.33E-6 4.48E-6 4.37E6 4.17E-8  3.54E-8

body

:§pedfic absorbed fraction of energy (per gm)
“poafﬂcisnt of variation (%)
Coefficient of variation greater than 50%
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Table 5.14. Specific absorbed fraction of photon energy and
coefficient of variation (%). Charged particles transported.

Source in Testes

Photon energy (MeV)
Target
organs  0.02 0.05 0.1 0.5 1.0 15 20 4.0
Bladder 1.5.5.E-6. 2.00E-5 1.20E-5 1.28E-5 1.31E-5 1.35E-5 1.29E-5  1.16E-5
wall 37.8 9.2 8.6 8.4 9.1 8.9 8.5 8.2
Stomach .- 261E-7 4.44E-7 489E-7 533E-7  7.21E-7  3.71E-7
wall 31.1 24.9 26.9 25.0 23.0 29.0
Kidneys --.- - 2.06E-7 3.17E-7 5.07E-7 5.90E-7 5.45E-7 2.92E-7
35.9 292 25.8 275 29.1 38.6
Liver - 1.35E-7 1.78E-7 3.05E-7 8.42E-7 3.75E-7  3.45E-7  4.73E-7
18.0 1.6 88 9.0 9.1 9.5 8.7
Lungs - = 645E-8 1.87E-7 296E-7 273E-7 3.46E-7  356E-7
433 195 18.5 220 19.2 19.0
Uterus  =—.- 4.40E-6 4.45E-6 3.80E-6 5.38E-6 4.12E-6 4.54E-6  2.63E-6
16.2 11.8 12.1 12.2 13.7 13.7 18.1
Testis 12362 1.31E-3 579E-4 B860E-4 868E-4 79564  7.08E-4  483E-4
0.6 1.8 1.9 1.7 1.9 2.1 2.2 26
Panc  --.- - 451E-7 - - 8.16E-7  6.15E-7
-reas 40.6 39.4 40.1
Spleen - - 1.45E-7 1.77E-7 3.17E-7 2.87E-7 4. 82E-7 3.44E-7
41.1 33.8 28.2 28.5 26.6 30.9
Heart .- - 8.44E-8 8.14E8 530E-8 1.58E.7 0.95E-8  1.39E-7
wall 42.4 38.5 40.6 29.0 35.4 315
Heart .- o 8.08E-8 0.36E-8 1.27E-7 1.34E-7  245E-7  1.91E-7
chambers 34.8 30.6 26.8 32.1 23.4 255
Total
boby 1.22E-5 523E-6 285E-6 3.48E-6 3.65E-6 3.56E-6 341E-6 2.91E-6

::.Speciﬁc absorbed fraction of energy {per gm)
_tpoefﬁcisnt of variation (%)
Cosfficient of variation greater than 50%
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