Abstract

The Monte Carlo simulation method has been appbegenerate the
first data for bremsstrahlung buildup factor (BBUPyoduced by the
complete absorption of beta particles in differenaterials. The
bremsstrahlung buildup factor was computed by thesgnt method for
different thicknesses of water, concrete, alumindim, and lead at the
maximum bremsstrahlung energy of 2.2 MeV f88rf% beta source. A
computer program “BBF’ was designed and improvedptrform the
calculations which solve the classical problem glanma ray reflection and
transmission, the basic idea of this program iscreate a series of life
histories of the source particles using random dampechnique to sample
the probability laws that describe the real pagtglbehaviour, and to trace
out the particle’s ‘random walk’ through the medium

The effect of some considered parametkesthie simulation parameters
and physical parameters were studied. The brerh&stiga buildup factor has
been calculated for single layer shield. The sitntaresults indicate the
following remarks:

 The bremsstrahlung buildup factor increases with itficrease of
thickness of the shield.

e The bremsstrahlung buildup factor for low atomientner material is
lower than that for a high atomic number matertaha same source
energy.

* The relation between the bremsstrahlung buildupofaBBUF with
the atomic number Z and thickness X of the shigidnaterial is

suggested to follow the semi-empirical formula:



BBUF =1+ (aZ + g) X %%*%
where @, &, & and a are fitting parameters depends on the bremsstrghlu
energy distribution. FoP’Srf°Y bremsstrahlung, these parameters are:
& = 0.0007, a= 0.0022, a= 0.0072 andg= 0.4204.



Acknowledgement

| would like to express my sincere thanks and deep gratitude to
my supervisor Prof. Dr. Mazin M. Elias for suggesting the present
project and for his guidance and advices throughout the research.
| am most grateful to Dr. Laith A. Al-Ani for his support and
valuabl e discussions during the work.
Last but not least, | would like to record my deep affection and
thanks to my parents for their moral support and patience throughout
thiswork, and to Mr. Ammar Al- Rawi and Mr. Muhammad Sahib

for their kind support and technical assistance.

Milad



Certification

| certify that this thesis entitled “Simulation of Buildup Factor for
Bremsstrahlung Produced by Complete Absorption of Bta Rays” is
prepared by Milad Jathlan Ali Al-Ansari under my supervision at the College
of Science of Al-Nahrain University in partial fulfillment of the requirements for

the degree of Master of Science in Physics

Supervisor: Prof. Dr. Mazin M. Elias
Date: 27 /3 /2006

In view of the recommendations, we present this thesis for debate

by the Examination Committee.

Dxhmad K. Ahmad
Head of Physics Department
Date: 27/ 3 /2006



Chapter One Thetzal Principles

CHAPTER ONE
Theoretical Principles

1.1 Introduction

Natural radioactivity comes from those nuclei tae found in minerals
in the earth’s crust that (with a few exceptiongyvdr atomic numbers Z
greater than 82. These radioactive nuclides digiate spontaneously to
produce fresh radioactive nuclides. They contirmeld this until a stable
nucleus is left. The disintegration of the atomewkhe form of either the
ejection from the atom of a positively charged alplarticle, or the ejection
of a negatively/positively charged beta particleally, but not necessarily
accompanied by a gamma radiation [1].

One of the many ways in which differentagmf radiation are grouped
together is in terms of ionizing and non ioniziragliation. Alpha and beta
particles, neutrons, and gamma and x rays areimgniadiations. That is,
they interact with matter (all matter, includingitig tissues) by ionizing its
atoms. An ion is an atom that has become chargedithgr gaining or
losing an electron. The ionized atoms, if contaimedbiologically vital
molecules such as DNA, result in damage that mayeosmanent or may be
repaired by normal mechanisms [2].

Non ionizing radiation, refer to any typeradiation that does not carry
enough energy to ionize the matter which pass girau Visible light, near
ultraviolet, infrared, and radio waves are all eplgn of non ionizing
radiation. Gamma rays are more penetrating thamereialpha or beta
radiation, but less ionizing. It interacts with meaitvia three main processes,

the photoelectric effect, Compton scattering, dxagair production.
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In shielding calculations, the basic praoypeof the attenuation of
radiation is the exponential decrease of its intgnsadiation as a
homogeneous beam of radiation passes through dbeo§lthe matter. This
decrease is valid only when the beam of radiasonarrow. Therefore, the
most widely used method of determination of thealtaffect on that
radiation at the point of interest makes use oammeter calledBuildup
Factor (B)”. In principle, the buildup factor concept is appble to the
gamma and neutron attenuation, but in practice, ivtund to be much less
successful when applied to the neutrons and coesdguit's much less
important concept in the context of neutron shreldtalculation [3]. In the
field of radiation shielding, the buildup factornrche assumed to refer to

gamma radiation.

1.2 Beta particles

The beta patrticle is an identical with the elewctrit has a rest mass of
9.1x 10°® g and a charge of 1x80™ C. Thus, the principle distinction
between an electron and a beta particle is theceawr origin. An electron
emitted from a nucleus is called a beta particlee Velocity of beta particle
Is dependent on its energy, which it is nearly étuéhe velocity of light in
vacuum. Classically, the energy of the beta partafimass m and velocity
Is given by the expression

= mv?/ 2

This expression is quite useful for small values.dt has been determined
experimentally that beta particles have a contisuenergy spectrum and

that a part of the decay energy is carried awayeatrinos [4].
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1.2.1 Betadecay
In nuclear physics, beta decay is a typedioactive decay in which a
beta particle (an electron or a positron) is emitt® the case of electron

emission, it is referred to as “beta minus”){(@vhile in the case of a positron
emission as “beta plus” J(lB

In B decay, the weak nuclear force converts a neutrtm anproton

while emitting an electron and an anti-neutrino:
n- p+g +u (1.1)
In § decay, a proton is converted into a neutron, atrposand a

neutrino:

p-n+p"+vu (1.2)
Historically, the study of beta decay pded the first physical
evidence of the neutrino. In 1911 Lise Meitner &itb Hahn performed an
experiment showed that the energies of electrongeshby beta decay had
a continuous rather than discrete spectrum. Thssiwapparent contribution
to the law of conservation of energy, as it appednat energy was lost in

the beta decay process [5].

1.2.2 Interactions of beta particles
There are two main mechanisms of interaction tihatimportant from

the point of view of radiation protection:
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I. The interactions with orbital electrons

The interaction between the electric fielda beta particle and the
orbital electrons of the absorbing medium leads#astic collisions that
generate electronic excitation and ionization. Beea the particles
possessing like charges they repel each other. Gtnomb repulsion
between a beta particle and one of the orbitaltreles in the substance
being traversed by a beta ray may be sufficientexpel the electron

completely from its atom. The atom then becomessitipely charged ion.

After this ionization process, the final energytloé electron Eis less than

the initial energy Eby an amount equal to the sum of the binding gnefg

the ejected electron and its kinetic energy. Ta#b],

EE- (¢ +1/2mv) (1.3)

where, ¢ is the binding energy of electron.
In collisions involving the expulsion of K, or M electrons from an
atom, characteristic x- rays are produced as elestfall back into the

ground state.

[Eoton: hy = E -E (1.4)

li. The interactions with nuclei (bremsstrahlung)

A collision of a beta particle with an atonmucleus involves a
Coulomb interaction in which the electron is shargéflected in its path.
When electrons are slowed down, decelerated, inrcttudbomb field of an
atomic nucleus, a continuous electromagnetic riadiat called

bremsstrahlung is produced. Bremsstrahlung produmgdthe inelastic
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interaction of a beta particle with the nucleuse Tatal kinetic energy of the
colliding systems is less by an amount equal toahergy radiated as a
bremsstrahlung.

Bremsstrahlung is electromagnetic radiationilar to x-radiation. It is
emitted by any charged patrticle as it decelerat@sseries of collisions with
atomic particles.

The phenomenon is described by
hy = -k (1.5)

where, v is the energy of the photon of bremsstrahlungis Ehe initial
kinetic energy of the beta particle prior to thellismn or deflection
producing a final kinetic energy Bf the electron

The percentage of bremsstrahlung produdtioreases with the atomic
number of the absorbing material. Hence, for simgldor protection against
beta radiation, it is customary to use a matefidbw atomic number, such
as plastics, and then gamma and bremsstrahlungticadiwith heavy

material (lead or other metal) [6].

The intensity of bremsstrahlung can be given as [7]

= —— (1.6)

where Z = the atomic number of the medium
z = the atomic numbetha charged particle
m = mass of the chargadigle
According to Eqg. (1.6), bremsstrahlung intensity & negligible for large

‘m’ particles (e.g., alpha particles).
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1.3 Gamma Rays
Gamma rays are electromagnetic radiation and haveelactric

charge; they cannot be deflected by magnetic atredefields, therefore
they are similar in nature to light, but of a muggher energy. Gamma rays
have greater penetration power and longer rangeaitter than the massive
and charged alpha and beta particles of the sarmaggyenNevertheless,
gamma rays are absorbed by matter, and the prenoigchanism by which
this type of radiation interacts with matter arecdissed as the three main

processes [8];

1.3.1 The photoelectric effect

In the photoelectric effect, the energybbton is completely absorbed
by an atom. Under such circumstance, the entirerbbd photon energy is
transferred to an electron of the atom and the trelecis released,
consequently, the energy of the emitted electragisal to the energy of the
impinging photon less the binding energy of thectet:. This is described
by the photoelectric equation of the Einstein:

E=hv-¢
where E is the energy of ejected electrddV is the energy of the incident

photon and¢ is the binding energy of the electron or the epeegjuired to
remove the electron from the atom. The ejectedreleds identical to a beta
particle and produces ionization (secondary iompain this case) as it
travels through matter.

A photon interacts with an entire atom,allsufrom the K, L shells of
the atom. Momentum is conserved by the recoil efrésidual atom.
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When an electron from an inner atomic K. @hell is ejected, electrons
from outer shells fall from their higher energytstato fill the resulting gap.
These transitions in electron energy states requmedease of energy by the
atomic electrons which appear as soft (low- enexgygys [8].

Photoelectric effect is of greatest impoce for the heavier atoms
(larger Z) such as lead, especially at lower eestgihe cross section(
for each atom in the photoelectric absorption & Kkhshells represents 80 %
from the sum reaction with other shells. It can represented by the

following relationship [9]

ZS
M= const. (hv)” (1.7)
where n=1 if v B 0.5MeV
n=3 ifbv< 0.5 MeV

1.3.2 The Compton scattering

There is a second mechanism by which agoh(@.g., x-ray or gamma
ray, etc) transfers its energy to an atomic orlatattron. In this interaction
illustrated in Fig. (1.1), the photonyHBmparts only a fraction of its energy
to the electron and in so doing is deflected witlergy B’ at an angled,
while the bombarded electron is ejected at an afigtethe trajectory of the
primary photon. This interaction is known as Compsggattering. However,
the deflected photon continuous traveling througkiten until it dissipates
its entire kinetic energy by interacting with othellectrons in a similar
fashion or via other mechanisms of interaction withtter. The ejected
electron, being identical in properties to a betatiple, loses its energy

through the secondary ionization it causes accgrdm mechanisms [8].



Chapter One Thetzal Principles

Photon losses some of its kinetic energy, thenctireservation of energy
gives
E=F-& (1.8)
where,
E = energy of rejection electron

& = energy of incident photon

B’ = energy of scattered photon

Scattered photon vE

Gamma photonE Electron ¢

Bombarded electron—™—» O

Fig. (1.1): The Compton scattering

Compton scattering is the predominanttrea for gamma photons

with energies in the range (0.5-1 MeV) ements of low and intermediate
atomic number. The Compton cross sectipg) (can be represented by the

following relation [10]:

z
chonst.E—y (1.9)
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1.3.3 Pair production

Pair production is a gamma-ray interaction in whitle primary
photon disappears as it transfers all its energlhi¢absorbing medium, in a
single event that occurs generally in the vicimtythe nucleus of an atom of
the absorber, the photon’s energy is transforméal am electron-positron
pair. The rest mass energy equivalent of eachrelec 0.511 MeV. For this
process to be energetically possible, the prim&igtgns must have at least
the minimum energy need to create the pair thatdg2 MeV (2rgc?). Any
excess over this threshold energy becomes kineiegy shared by the
electron and the positron. The electron and pasitves their kinetic energy
via excitation and ionization, eventually, when gusitron comes to rest, it
interacts with a negatively charged electron, tesyldominantly in the
formation of two oppositely directed 0.511 MeV drnlation photons that
may escape from the absorber or may undergo Congxtatiering, and
finally photoelectric absorption within the absarldair production, become
an increasingly important mode of interaction wititreasing energy of
gamma above 1.022 MeV. The cross section of tlosgss (g p can be

represented by the following relation [11]:

alp= const. Z. Ey (1.10)

1.4 Attenuation of Gamma Rays in a Medium

Attenuation is the removal of photons from a bednx-or gamma
rays as it pass through matter. Attenuation is e@duy both absorption and
scattering of the primary photons. At low photorergyy the photoelectric

effect dominates the attenuation process in sxtia [12].
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X-rays and gamma rays are attenuated expiaiig; hence, they do not
have a finite range. Depending on their energy tedtype of absorber
material, the ratio of intensity | of a beam of gaarays that successfully
passes through an absorber of thickness x to ttidemt intensity J of a

collimated (narrow, parallel) beam of x-rays iseq\by the equation:

| /J=exp (¢X) (1.11)

where,u is the linear attenuation coefficient.

The magnitude of the attenuation coeffitisra function of the atomic
number of the absorbing medium and the energy wihgg rays; it's the sum
of the attenuation coefficient for the three enedppendent gamma ray

interaction processes just described. Thus we have:

Htot = Hphoto T Lcompt Hpair (1.12)

Both the linear attenuation coefficientrureciprocal centimeters, and
the mass attenuation coefficiemtp (wherep is the mass density of the
absorber) in square centimeters per gram, areinsatenuation calculation
[11].

It was found that, Eq. (1.11) represents ‘ttxponential law” of the
absorption observed when the attenuation measutemempplied on
photons of a single energy under narrow beam dondit

A narrow beam of photons can be definetiéims of passes of photon
in two circular apertures in two or more massiveelsis or collimators. In

narrow beam geometry, all photons that are incaottigrecattered by a few

1C
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degrees are prevented from reaching the detectord) arrangement is
called as “narrow beam” or “good geometrical” aswgh in figure (1.2).
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Fig. (1.2): Thegood geometry arrangement
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Fig. (1.3): Thepoor geometry arrangement
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When a large part of scattered and subsidiaryatiadi is arrived to the
detector, then the arrangement is called “broadnbea “poor geometry” as
shown in Fig. (1.3), so Eq. (1.11) will become

|1 /1,=Be* (1.13)

where B, is defined as the buildup factor which dimensionless quantity.

1.5 Buildup Factor

Since in the case of the interaction of unchargatiges with matter,
scattering processes are always significant, thetribotion from the
scattered photons or neutrons has to be takeraattount. Then the concept
of buildup factor B is very useful in describingohd-beam attenuation
guantitatively. In experiments, one must be awamgeometry arrangements
and other factors which may affect the measuredbeuraf particles or the
values of other radiation quantities under consitien (e.g, exposure,
absorbed dose, etc).

In photon beam attenuation, for examplee tbonditions may
correspond to a narrow-beam geometry where expahattenuation takes
place or to abroad-beam geometry where the builthgbor must be

considered [13].

In general, the buildup factor can be dadias follows:

B=[Primary +Scattered +Secondary] radiation / [Primary radiation]

For narrow-beam geometry it follows that1lBexactly, and for broad-

beam geometry B>1. The value of buildup factor fsirEction of radiation

12
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type and energy, attenuating medium and depth, gegnand the measured
guantity [14].
Buildup factor may be expressed in terms of tlmaen quantities [15].

1. The Number Buildup FactonBdefined as:
| NdE
j N - dE (1.13)

By

where, N = total number of photons reached to detector

Nns.= humber of unscattered photons reached to thetdete

2. The Energy Buildup FactorzBdefined as:
| E.E
B: =
J‘ Euns dE (1.14)

where, E=total energy of photons reached to detector

Ens = energy of unscattered photon reached to detector

3. The Dose Buildup Factor defined as:

| mECE
° J‘:uajr Euns'dE (1.15)

B

where, Wir= the energy absorption coefficient of air

13
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1.6 Empirical Formula for B (ux)

In calculations involving the buildup fac{®), it is convenient to have
a mathematical expression for B, and a varietyuchsformula have been
proposed. Some of the more commonly used of theseufas are briefly

reviewed:

1.6.1 For a single layer shields
a) Linear formula [16]
B = 1+ k) (1.16)
where,
k = Constant depends on source enerdyatomic number of the
shield
u = Linear attenuation coefficient for the shieldteral
X = Shield thickness in cm

ux = Shield thickness in mean free path (mfp).
b) Taylor Formula
For a point isotropic source in infinite anem, the buildup factor is
defined as [17, 9]:
B = A exp (e1ux) + (1-A) exp (epux) (1.17)
The coefficients values of Ayanda, in Eq. (1.17) were published for many

materials; the importance of this equation comesmfrits simplicity,

therefore it is considered in a wide range of ajgpions.

14
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c) Berger Formula

For low Z media, the Berger formula provides a vgopd fit for high
source photon energies at ~ 1 MeV and higher anlb¥o energies below ~
0.06 MeV. The buildup factor according to this fortmis given by [18]:

B =1+ auk) exp [b (1X)] (1.18)
where aand bare the parameters, function of source photon gnangl
attenuating medium. For a medium Z material suchras, the Berger
formula provides an excellent fit through the wh@age of photon energies
studied. Furthermore, the formulation is such tha contribution from the
uncollided radiation is provided by the first temvhile the second term

determines the scattered contribution.

d) Capo Formula
In this formula, the buildup factor is givby [16]:

B(Eo, x) = 2 By(kx) (1.19)
where;
4 1
B, = Z Cij (E—)] (1.20)
i=0 o)

The coefficients values of Eqg. (1.19) weneblished [19] for many
materials. The equation stated the Bi can be cersidas a function for the
primary photons energyyE&nd the rate of the atomic number of the medium
Cij.

15
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1.6.2 For multi-layered shields

The variation of the buildup factor with penetratidistance in multi-
layered shields differs from that in homogeneouslimjemainly because of
the change in the angular and energy distributibthe radiation in the
vicinity of regional boundaries. This means thamulti-layered systems the
buildup effect on the incident radiation dependsrenpreviously penetrated
layers as well as on the layer under consideratimhthat the order in which

the layers occur may be significant [16].

a) Goldstein Method of an Effective Atomic Number

This method proposes the homogenizatiorthef shield layers by
specifying a single effective atomic number,for the shield. The buildup
factor for the composite shield depends on theahatuwmber of mfp’s

penetrated by the radiation and pfi.6].

b) Blizard Method
The proposal is to take the atomic numkZerof the last material

penetrated by the radiation, and the total attemuahickness of the shield,

(D u;x,), as the arguments in entering the basic buildefof tables.

The principle merit of the method is that it issgdo apply; obviously; it

should only be used with caution [16].

c) Border Formula
A more refined approach to the multi-lapeoblem is that of Border
[20]. Here an attempt is made to allow for the pgssof the photons

through the previous layer, by assuming the buildaptribution of each

16
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layer is additive and that it can be found as alted a simple differencing
procedure. Thus, for a double layer shield andiatpsotropic source, the
buildup factor is given by [15]:

n-—

1
Xi] (1.21)

i=1
where

X = layer thickness in mfp

B = dose buildup factor for N layers with thickneégs

1.7 Literature survey

The literature since 1950 on gamma-ray buildupofaagsing different
radiation sources and different media is surveyard.niVlany of these studies
were treated and processed by Monte Carlo calonlaBecause the buildup
factor depending on many factors, so the natustunfies was varied. Some
of the published studies were concentrated on #ikaed of calculation, and
some others concerned with the type of radioacinece used, whereas the
others concerned with the type of secondary ramfiatihat resulting from
gamma-ray interaction with matter. Here we havestohcal review on the
most important performed studies.

In 1950 White [21], started a first study the buildup factor for water.
She used the Co-60 source with two types of detgc®.M. tube and
lonization chamber where the results appeared that buildup factor
increases exponentially with increasing the thislsnef the layer of water
that used in measurement. And the buildup factarevéor 46 cm thickness
of water was 4.51.

17
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Dixon [22], presented an experimental statput the buildup factor
calculation for concrete and lead with Co-60 souvaéh an effective
strength of 1000 Ci using the ionization chambeont-this study the value
of buildup factor for lead is seen to be much lowan for concrete which
give the result that the lead is a good absorlregdonma radiation and other
secondary radiation which result from the inte@ctivith it.

Monte Carlo method was used to calculate tlongitudinal
development of the showers in study presented blgyZand Moran [23] in
1963. The described method of the performing thmpdete Monte Carlo
calculation, and a description of how the individsalection techniques
where used was also included.

Hubbell [24], at the same year investigaaed formulated a buildup
factor form using a power series technique. Heuatel the response of an
isotropic detector to primary radiation from a fenplane source as the sum
over an infinite series. This study was investigags an application to
rectangular and off- axis disk source problems.

In 1970 Morris and Chilton [25], calculatéte buildup factor for the
water using two different methods, Monte Carlo ar@ment, with two point
sources of energies, respectively, 0.5 and 1Me\é ddmparison between
these results with the results that obtained froenstudy of Goldstein and
Wilkins in (1954), which was by moment method, atie standard
deviation between results was 5%. From this sttidg, value of buildup
factor for water at 2 mfp thickness at 1 MeV enewps calculated using
Monte Carlo and moment methods.

In 1975, Morris et al. [26] presented a sueament for buildup factor
for energy deposition in water and aluminum anddgposure in concrete

for monoenergetic, point isotropic gamma ray sasirdde buildup factor

18
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were evaluated using the method of moments anthbtdated for energies
from 0.03 to 10 MeV, and distance out to 50 mfprfrihe source. Empirical
representations of these buildup factors are dpeelousing Berger’'s
formula. Fitting parameters are tabulated for emeherial as a function of
source energy.

Eisenhauer and Simmons [27], presented9ifbla theoretical study
about the energetic buildup factor calculationcabed energy, and dose for
concrete in accordance of that the source was @ pod symmetric with
energy range from 0.015 to 15 MeV, using the monmmaethod. They
concluded that the buildup factor with existing #mihilation radiation is
higher than that without it.

In 1977, Shure and Wallace [28], measuragor’s factors for buildup
factor of concrete that measured previously by rifisever and Simons.
Also, that standard deviation between the valuessomed by Taylor method
and also measured by Eisenhower was greater tan 10

In 1978, Metghalchi [29] determined the fGoents for Berger’'s two-
parameter formula for the Eisenhower-Simmons gamayauildup factor
in ordinary concrete. His work showed that the foeits available for
Taylor formula has improved considerably since ©hil[30] concluded that
the accuracy that can be achieved using fittedegati the two parameters is
better in general than previously suggested formofathree parameters or
less.

Chilton [30] calculated the Berger coeffiti® of point source and
infinite medium buildup factor for gamma rays thgbuordinary concrete,
which have been provided by Eisenhauer and Simmbheir results are

guite comprehensive both with respect to sourcagmhenergy (0.015 to
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15MeV), and penetration depth (0 to 40 mfp), aleseé buildup factor data
have been fitted to the Taylor formula by Shure Arallace.

In 1980, Chilton et al. [18] calculated thaldup factor for photons of
point isotropic sources in infinite homogeneous [@as of air, water and
iron by a moment’'s method code. Then the resultesgthe parameters in
the Berger empirical formula for buildup factorsveaeen evaluated. The
Berger formula was shown to fit the calculationedults for nuclei of low
atomic number at energies above 1MeV and below KI€8. In mid energy
range, differences of as much as 40% are obsefasl.concrete buildup
factor data have been fitted to both the Taylor #me Berger empirical
formulae.

Foderaro and Hall [31] suggested in 198%w formulation to fitting
the results of buildup factor because of the hgative standard deviation
for the Taylor and Berger formula at increasing thekness. This new
formula was called; “The three-exponential représtgan” which was better
fit the raw buildup factor data than either the dgeror Taylor representation
when this method was applied on the calculationudiflup factor of water.

Hirayama [32] presented a comparison betwggmma ray buildup
factor for low Z-material and for low energies ugithe discrete ordinates
and point Monte Carlo method. They calculated tkgosure and absorbed
dose buildup factor for a point source in an inénBeryllium in the low
energy range of 0.03 to 0.3 MeV, for penetratioptdeup to 40 mfp. The
study showed a reasonable agreement for two typeswces; normally
incident and point isotropic sources from the casprons of both results
two values obtained by point Monte Carlo calculagiaising the “Electron
gamma shower version (4) codes”. They concludeftdndtoth methods, the

results up to 10 mfp were in good agreement fomadly incident and point

20
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sources with those of the EGS4 as a test standatidebpoint Monte Carlo
method.

Bishop [33] presented a measurement for bpifdctor of energies 1.43,
2.57 and 6.13 MeV, where the resulted spectrum froalyzing the slabs of
concrete, lead, and iron was investigating using(lNQ detector.

In 1988 Herbold et al. [34], the dose buifalfactors in the range from
15 to 100 keV of point isotropic gamma sources iatew have been
calculated based on the formalism given by Besget using the Monte
Carlo code EGS4. All effects of penetration, esg@cielectron transport
and Rayleigh scattering have been included. Itfaasd that the new build-
up factors show considerable deviations relativBéoger's. The behavior of
build-up factors in finite, spherically shaped naedvas also investigated.
Results were applied to the dose distribution b2%-seeds.

The buildup factor for concrete was measurgd-ourine and Chilton
[35] from monoenergetic point source and penetnatiepth (10 mfp) with
different angles of incidence on the slab at thergynrange (0.661 MeV up
to 6.13 MeV).

In 1989 Al-Ani [36] presented the measuretedrbuildup factor for Fe,
Cu, Al and concrete using Co-60 and Cs-137 gammeces. The effects of
geometrical factor on the buildup factor in additio the effect of detector
type were considered.

Hattif in 1994 [37], measured the buildwgztbr for aluminum, iron,
copper, brass, and lead using Cs-137 and Co-6timgasources with
Nal(TI) detector.

In 1994 Bakos [38] calculated the buildaptér for photon penetration
through multilayer shielding slab with energies, 16613, and 7.10 MeV.

Theoretical and experimental calculation of doses wetermined for
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penetrations through various thicknesses of alumiAl, Steel Fe, and lead
Pb. He concludes from this investigation that ie dase where lead forms
the outer layer the buildup factor is reduced. \&has, when steel forms the
outer layer the dose buildup factor approachedbthielup factor of an all
steel shield of the same total mfp penetration.

One year later, Bakos [39] presented aystadthe angular properties
of the scattered photons for combined 1.43 and RI@¥ source photons
penetrating single and double-layer shields. Herdahed experimentally
angular flux spectra for these energies. From lagkwhe noticed that for
any given polar angle, the scattered photon pri@setiecrease exponentially
with increasing shield thickness.

Al-Ammar [40], measured the buildup factor iron by Co-60 source
for the single and double layer with Nal (TI) detgc His results were in
agreement with the theoretical results.

In 2000 Sidhu et al. [41] presented a tagcal method to determine
the gamma radiation buildup factor in various bypbal materials. In this
study, the gamma energy range was 0.015 to 15 N, penetration
depth up to 40 mfp. The dependence of the expdsuitféup factor on the
incident photon energy and the effective atomic bem(Zg ) was also
assessed.

Al-Baite in 2001 [42] measured the buildaptor for single and multi-
layer shield for Al, Fe, Copper, Brass, and Pb mate He calculated the
buildup factor using the moment method with thevinfation of the linear
formula. He used the Kalos method for calculate nddup factor for

double layers.
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In 2002 Al-Samaraey [43] presented the ystodgamma ray buildup
factor for the conical beam using Monte Carlo mdtfar Al, Fe, and Pb
shields .The number buildup factors from Cs-137 @oeb0 was calculated.

In the same year, Shimizu [44] presentednethod of invariant
embedding to calculate the gamma ray buildup factor point isotropic
source in infinite homogeneous media up to deptHl@® mfp without
bremsstrahlung. The exposure buildup factors fotewaron and lead for
typical source energies of 10, 1 and 0.1 MeV weowided. The calculated
buildup factors are found to agree well with othgata including the
moment’s method calculations and the Monte Caroutations by EGS4.

After one year, Shimizu and Hirayama [4&darted an improved set of
gamma ray buildup factors for point isotropic s@srcin the infinite
homogeneous media based on the method of invagariedding (IE
method). In this study the exposure buildup facteckiding bremsstrahlung
were computed for lead, iron and water at the soerergy of 10 MeV up
to depth of 100 mfp. The accuracy of the preserthatewas checked by
comparison with the calculations by use of EGS4dlignt agreement was
obtained between the calculations by both methdusutathe exposure
buildup factors per energy for lead up to depth@ifp and the ratio of the
exposure buildup factor with bremsstrahlung to thighout bremsstrahlung
for lead, iron and water up to depths of 40 mfp.

In 2004, Al-Rawi [46], calculated the noen buildup factor for
gamma ray in two materials, water and lead, foglsirand double-layer
shields with Cs-137and Co-60 gamma sources usiegMbonte Carlo
Method. A computer program “MONTRAY” was designednda

implemented to perform these calculations. His metls adapted for
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photon transport, and simulates the transmissi@hraflection of incident
gamma rays on an infinite slab of arbitrary materia

In the same year, Shimizu et al. [47] pnéseé an improved data set of
gamma ray buildup factors for 26 materials andofwnt isotropic sources in
infinite homogenous media. The method of invariambedding (IE) was
employed. In this study, the following was consatkr(1l) extension of the
buildup factors up to depth of 100 mfp, (2) imprdvéreatment of
bremsstrahlung, (3) addition of the effective ddmsldup factors, (4)
consistent use of the cross section to all mat@ald (5) a quantitative

evaluation about the accuracy in transport calmrat

1.8 The Aim of the present work

Since 1950s, the calculations of gammabaidup factors considered
different gamma sources and different media. Mdsthese calculations
used monoenergetic sources in finite or infinitedimewith single or multi-
layer shields, and different penetration depths. diltgle study of the
buildup factor for a continuous energy source wasogomed until 2004 at
which Elias et al. [15, 48] presented the first @emental study of gamma
ray buildup factor for bremsstrahlung produced bynplete absorption of
beta rays emitted fron1°SrP%) source for different materials in single and
multi-layer shields with different penetration degqt They found that the
buildup factors of a continuous energy source #ferdnt from that of the
monoenergetic sources.
The aim of this project is to simulate and calailte gamma ray buildup
factor for bremsstrahlung produced by absorptionbefa particles in

different materials by designing a new computergmm based on the
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Monte Carlo method. This method depends on theophttansport, and
simulates the transmission and reflection of ph®tom an infinite slab of a
homogenous material.

This work also aims to find a general formula tolcokte the

bremsstrahlung buildup factor as a function of nieterial atomic number

and its thickness.
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Table (3.1) Themass attenuation coefficient (u/p) and Compton cross section for different materialsand air, in cm2/g corresponding to energy interval (in MeV) mesh data. These data were
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extracted from Hubble [54].

enerdy H,O Concrete Al Sn Pb Air

K compton U Total M Compton M Total M Compton HTotal M Compton M Total M Compton M Total M Total
15 0.0127 | 0.0194 | 0.0116 | 0.0210 | 0.0110 | 0.0219 | 0.0096 | 0.0431 | 0.00902 | 0.0566 | 0.018
10 0.0171 | 0.0222 | 0.0157 | 0.0228 | 0.0148 | 0.0232 | 0.013 0.0389 | 0.0122 | 0.0497 | 0.021
8 0.0201 | 0.0243 | 0.0184 | 0.0243 | 0.0174 | 0.0244 | 0.0152 | 0.0372 | 0.0143 | 0.0467 | 0.022
6 0.0245 | 0.0277 | 0.0225 | 0.0270 | 0.0213 | 0.0265 | 0.0186 | 0.0358 | 0.0175 | 0.0438 | 0.025
5 0.0278 | 0.0303 | 0.0255 | 0.0291 | 0.0241 | 0.0284 | 0.0211 | 0.0354 | 0.0198 | 0.0426 | 0.028
4 0.0322 | 0.0340 | 0.0295 | 0.0322 | 0.0279 | 0.0311 | 0.0244 | 0.0355 | 0.0229 | 0.0418 | 0.031
3 0.0385 | 0.0397 | 0.0354 | 0.0370 | 0.0335 | 0.0354 | 0.0292 | 0.0367 | 0.0274 | 0.0420 | 0.036
2 0.0490 | 0.0494 | 0.0450 | 0.0455 | 0.0425 | 0.0432 | 0.0371 | 0.0408 | 0.0348 | 0.0453 | 0.045
15 0.0574 | 0.0575 | 0.0527 | 0.0528 | 0.0498 | 0.05 0.0435 | 0.0458 | 0.0407 | 0.0509 | 0.052
1 0.0707 | 0.0707 | 0.0648 | 0.0648 | 0.0613 | 0.0613 | 0.0534 | 0.0567 | 0.0499 | 0.0680 | 0.064
0.8 0.0786 | 0.0786 | 0.0721 | 0.0721 | 0.0681 | 0.0862 | 0.0593 | 0.0647 | 0.0554 | 0.0841 | 0.071
0.6 0.0894 | 0.0894 | 0.0820 | 0.0820 | 0.0775 | 0.0776 | 0.0672 | 0.0777 | 0.0626 | 0.117 0.081
0.5 0.0966 | 0.0966 | 0.0886 | 0.0887 | 0.0837 | 0.0839 | 0.0724 | 0.0888 | 0.0673 | 0.150 0.087
0.4 0.106 0.106 0.0969 | 0.0971 | 0.0916 | 0.0919 | 0.0789 | 0.108 0.0731 | 0.215 0.096
0.3 0.118 0.118 0.108 0.109 0.102 0.103 0.0872 | 0.151 0.0804 | 0.373 0.107
0.2 0.135 0.136 0.124 0.126 0.117 0.119 0.0982 | 0.298 0.0897 | 0.936 0.123
0.15 0.147 0.148 0.134 0.139 0.127 0.132 0.1105 | 0.561 0.0948 191 0.136
01 0.163 0.165 0.148 0.164 0.139 0.157 0.112 1.58 0.0989 | 534 0.154
0.08 0.170 0.175 0.154 0.186 0.144 0.182 0.113 2.88 0.0992 211 0.166
0.06 0.177 0.192 0.159 0.241 0.148 0.244 0.113 6.33 0.0973 | 4.53 0.186
0.05 0.180 0.208 0.161 0.306 0.150 0.321 0.111 104 0.0948 | 7.39 0.205
0.04 0.183 0.240 0.162 0.455 0.149 0.5 0.108 19 0.0902 134 0.246
0.03 0.183 0.329 0.160 0.880 0.146 1.02 0.101 40.5 0.0823 | 289 0.340
0.02 0.177 0.721 0.152 2.66 0.137 3.24 0.0881 | 20.2 0.0690 | 84 0.733
0.015 0.170 154 0.143 6.14 0.127 7.64 0.0773 | 449 0.0592 108 1.522
0.01 0.155 5.10 0.125 201 0.106 25.7 0.0607 136 0.0454 126 4.910
0.008 0.144 10.1 0.114 38.4 0.0929 | 49.6 0.0516 | 247 0.0381 | 223 9.005

0.006 0.126 24.2 0.0968 | 83.3 0.0770 114 0.0412 525 0.0297 | 460 22.154
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Table (3.3) Calculated BBUF for different thicknesses of water, concrete, aluminum, tin and lead shielding materials

N Water Concrete Aluminum Tin Lead
(cm) Buildup | STDin | Buildup | STDin | Buildup | STDin | Buildup | STDin | Buildup | STDin
factor buildup factor buildup factor buildup factor buildup factor buildup
factor factor factor factor factor

05 1.0044 | 0.0005 | 1.0071 | 0.0007 | 1.0073 | 0.0007 | 1.0211 | 0.0030 | 1.0284 | 0.0052
1 1.0056 | 0.0006 | 1.0114 | 0.0008 | 1.0120 | 0.0009 | 1.0374 | 0.0040 | 1.0562 | 0.0085
15 1.0061 | 0.0007 | 1.0129 | 0.0010 | 1.0145 | 0.0011 | 1.0609 | 0.0051 | 1.0840 | 0.0127
2 1.0077 | 0.0008 | 1.0167 | 0.0012 | 1.0179 | 0.0013 | 1.0618 | 0.0063 | 1.1149 | 0.0181
25 1.0084 | 0.0009 | 1.0177 | 0.0014 | 1.0187 | 0.0015 | 1.0758 | 0.0076 | 1.1397 | 0.0252
3 1.0098 | 0.0010 | 1.0196 | 0.0016 | 1.0200 | 0.0017 | 1.0888 | 0.0092 | 1.1447 | 0.0328
35 1.0098 | 0.0010 | 1.0198 | 0.0018 | 1.0201 | 0.0019 | 1.1071 | 0.0110 | 1.1756 | 0.0420
4 1.0105 | 0.0011 | 1.0199 | 0.0020 | 1.0206 | 0.0022 | 1.1164 | 0.0131 | 1.2039 | 0.0553
4.5 1.0118 | 0.0012 | 1.0210 | 0.0022 | 1.0227 | 0.0025 | 1.1220 | 0.0154 | 1.2394 | 0.0706
5 1.0135 | 0.0013 | 1.0265 | 0.0025 | 1.0245 | 0.0028 | 1.1302 | 0.0181 | 1.3842 | 0.0926
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CHAPTER THREE
Results, Discussion and Conclusions

3.1 Introduction

This chapter contains the first ever beahliphed simulated data of
bremsstrahlung buildup factors. These data wenaeed from simulation
of the system based on the Monte Carlo method pemiby complete
absorption of beta particles for single layer shied different materials and
thicknesses using the good and poor geometricahgements, and contains
the parameters affecting the continuous gammaudgup factor.

Before presenting the results, we shallaestrate the input data of the

‘BBF’ program.

3.2 Input Data

These data can be classified into two types

3.2.1 The Simulation Parameters

The following simulation parameters were cdased:

1. The iteration number, i.e., the maximum numberratks used in
Monte Carlo simulation which is the particle histésrto be followed.
The value 10 was considered in the present work. These pasticle
distributed as the fractional weight of the bremaddting spectrum of
*3rP% beta source.

2. Total number of (coarse mesh) energies for whiehabrresponding
basic cross section data has to be assigned iogwgmm. In this work,
the coarse mesh was 28.

3. Interval number of energy used to cover the phetoergy spectrum.
(It is taken 38).
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3.2.2 The Physical Parameters

The following physical parameters were congder

1. The atomic number of shielding materials. Differenaterials were
chosen in this work, namely: water, concrete, atwmi, tin and lead.
These materials are usually used for shielding.

2. The shield thicknesses, (0.5-5 cm) consideredarptesent work.

3. Density of the shielding materials (1, 2.3, 2.6831 and 11.34 g/cin
for water, concrete, Al, Sn and Pb respectively).

4. Cutoff energy, when photon energy is reduced lems tutoff energy
its life history is terminated. In This work, thetoff energy is taken
0.019 for Al, HO, concrete and 0.022 for Sn and 0.025 MeV for Pb.

5. The energy interval mesh; the applied energy wasgipaed into 28
interval which cover the range 0.006 to 15 MeV.

6. The corresponding Compton cross section data atexaergy interval
mesh in crilg were extracted from those given in Ref. [54].

7. The corresponding total mass attenuation coefficlata in crfyg for
all materials used in this work. The data are fiaf. [54].

8. The corresponding total mass attenuation coefficdarta for air in
cnf/g. The data are from Ref. [54]. (Table 3.1).

3.3 Simulated Results of Continuous Energy Buildup
Factors (BBUF)

3.3.1 The effect of simulated parameters
These parameters are concerned withinatloeiracy of the program
results obtained by applying Monte Carlo methodtalh be summarized as

follow:
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Table (3.1) The mass attenuation coefficient (u/p) and Compton cross section for
different materials and air, in cm?g corresponding to energy interval (in MeV)
mesh data. These data wer e extracted from Hubbel [54].
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I. The effect of iteration number

The iteration number is the number of particlebé¢ofollowed, i.e., the

model is recalculated to produce the simulatiomlte3able (3.2) presents

the values of the standard deviation of the siredldiuildup factor versus

the iteration number.

Table (3.2) The standard deviation of buildup factor versustheiteration number for

0.5 cm shidld thickness of water

Iteration number | Standard deviation
5x10° 0.0060
1x10° 0.0035
3x10° 0.0020
5x10° 0.0011
7x10° 0.0007
9x10° 0.0006
1x10° 0.0005

0.008

0.006 —

0.004 —

Sachddaigian

0.002 —

T I
o 200000

Fig. (3.1): Theeffect of iteration number on the standard deviation of simulated

I T I
400000 600000
| ter ation number

buildup factor.

800000

1000000
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It is obvious from Table (3.2) and Fig.1(Bthat the standard deviation
Is significantly decreases with the increase initBmtion number. In this
simulation we need to obtain the simulated brerabking buildup factor
with more convergence with its expected value ttienlargest number of
iteration (16) used with longer run time. Then the value of dtad

deviation indicates for the uncertainty may existhie expected value.

[Il. Number of energy intervals

This parameter represents the number ofvakerused to describe the
considered range of photon energy spectrum. Usifigreht number of
intervals for different penetrating slab thicknesaterials, one can conclude
that there is no variation in standard deviationtlod simulated buildup
factor when the interval number increased or deemaAs a result the
interval number 38 was chosen as affixed paramatall present work
calculations to obtain the photon energy spectristributed at 0.05 MeV
for maximum bremsstrahlung energy 2.2 MeV.

lll. Distribution of photons number with their energy

The total number of photons distributedtl@es fractional weights of
bremsstrahlung spectrum f85r°Y beta source with their energies, shown
in Fig. (3.2), this distribution describes the d¢oubus energy spectrum of
photons produced by complete absorption of beta bgylead shield with
maximum bremsstrahlung energy 2.2 MeV beta sourstilnited at 0.05
MeV for each energy interval. This distributiorrégyarded as the continuous

energy source of gamma rays in “BBF” program.
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Fig. (3.2): Thefractional weight of bremsstrahlung spectrum of *Sr/*®Y sourceasa

function of photon energy

3.3.2 The Effect of Material Physical Parameters

The following parameters affect the valdeboemsstrahlung buildup
factor BBUF.

I. The effect of thickness

Table (3.3) and Fig. (3.3) show the relatbetween the simulated
buildup factor for continuous “bremsstrahlung” stseiBBUF and thickness
and type of the shielding materials for the betars®™Sr°Y of maximum
bremsstrahlung energy 2.2 MeV.
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Table 3.3
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Fig. (3.3): BBUF for different materialsasa function of shield thickness (in cm).
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The results show that the bremsstrahlunigldqu factor increases with
the increase of thickness for all types of the stigated shields. The
increase of buildup factor occurred because theeasing of the scattering

cross section with small angles with increasinthafknesses.

ll. The effect of the atomic number

As shown in Fig. (3.4) and Table (3.3), therbsstrahlung buildup
factor increases by increasing the atomic numbehalding material. The
buildup factor of water is less than that for legten the shielding material
measured in given cm units. A behavior is due teultecaused by

appreciable the mean free path of Pb is much ghesds than that in water.

1.4

5cm

1.3 —

12 — 4 cm

BBUF

3cm

2cm
1.1 —

1cm

1.0 T I T I T I T I T
0 20 40 60 80 100
Atomic number Z

Fig. (3.4): Theeffect of atomic number Z on BBUF for different thicknesses
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3.4 The concluded Semi Empirical Formula

As shown in Fig. (3.3), the relation betwdmemsstrahlung buildup
factor and shield thickness can be fitted with pogential equation and
given as

BBUF =1 + a°X (3.1)

where, a and b are the fitting parameters dependbe shielding material
atomic number Z and maximum bremsstrahlung enekXgythe shield
thickness in cm. For°Sr%Y beta source the values of a and b were
calculated and given versus the atomic number Zvader, concrete, Al, Sn
and Pb shown in Table (3.4) and Fig. (3.5).

Table (3.4) Therelation between a, b parameter and atomic number Z for *Sr/®Y
beta sourcefor water, concrete, Al, Sn and Pb shielding materials.

Shield Atomic a parameter b parameter
material Number Z
Water 7.89 0.0056 0.4751
Concrete 12.07 0.0108 0.5083
Aluminum | 13 0.0111 0.5128
Tin 50 0.0380 0.7897
Lead 82 0.0553 1.0092

o v

0.02 —|

0.60 —|

0.00 T T T T T T T T T 0.40 T T T T T T T T

o 20 80 100 o 20 80 100

40 60 40 60
Atomic Number (Z) Atomic Number (Z)

Fig. (3.5): Thereation between thefitting parametersa and b versusthe atomic
number Z of shield material.
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The results show that the value of these parametergase with the
increase of material atomic number Z. Fitting thedations with the linear
equation Fig. (3.5) and substituting in Eqg. (3thgn the bremsstrahlung
buildup factor “BBUF” can be expressed as functioin both material

thickness X and atomic number Z as follow

BBUF =1+ (@Z + 3) X ®%*3) (3.2)

where a &, & and @ are now, new constants depend on the
bremsstrahlung energy distribution. FAfSrf°Y beta source these

parameters are;

a= 0.0007 3 0.0072
a=0.0022 & 0.4204

3.5 Conclusions

The first data set for bremsstrahlung lupléactor BBUF are generated
for five materials by the Monte Carlo simulationthed. The data cover the
maximum bremsstrahlung energy of 2.2 MeV emitted thuthe complete
absorption of°Srf°Y beta particles and depth 0.5-5cm shield thickneks
following remarks were concluded:

1. The bremsstrahlung buildup factor increases with itcrease of
shield thickness.
2. The bremsstrahlung buildup factor increase withittveeases of the

atomic number Z. Since, the thickness of matemadsmsured in cm

68



Chapter Three Results, Discussion and €lasions

units then the mean free path increase with theease the atomic
number.

3. The bremsstrahlung buildup factor is in generak l#san that for
monoenergetic source, due to the fact that in naontis energy
distribution photons are distributed from zero toaximum
bremsstrahlung energy with high probability onlytla lower region
of energy spectrum, while in monoenergetic sourtie emitted
photons carry the same energy.

4. The relation between the bremsstrahlung buildupofaand both the
atomic number Z and thickness X of the shieldingemal can be
expressed in the following semi-empirical formula

BBUF =1+ @Z +a) X %**"%
where a, &, & and g are constants depend on the bremsstrahlung
energy distribution. Fo’SrP% bremsstrahlung, these parameters are
a = 0.0007, a= 0.0022, a= 0.0072 anda= 0.4204

3.6 Recommendations

1. Considering the effect of the pair production andikilation radiation
in the bremsstrahlung buildup factor.

2. Developing a program to calculate the buildup fa¢tw double and
multi-layer shield using the Monte Carlo method.

3. Calculating the bremsstrahlung buildup factor ftiven bremsstrahlung
sources like TI-204, Y-91 and Ca-45. A more genseahi-empirical
formula can then be obtained by introducing theedctff of
bremsstrahlung energy distribution.
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CHAPTER TWO
Simulation Detalls

2.1 Introduction

Simulation has long been an important twfallesigners, whether they
are simulating a supersonic jet flight, a telephoommunication system, a
business game, or a maintenance operation. Altheughlation is often
viewed as a “method of last resort” to be employben everything else has
failed, recent advances in simulation methodolqgeailability of software,
and technical developments have made simulationobribe most widely
used and accepted tools in system analysis andtapes research [49].

Simulation is a numerical technique for @docting experiments on a
digital computer which involves certain types ofth@matical and logical
models that describe the behavior of a system [60nputer simulation
also enables us to replicate an experiment. Rejiicaneans rerunning an
experiment with selected changes in parametersperating conditions
being made by the investigator. In addition, compuimulation often
allows us to induce correlation between these namdomber sequences to
improve the statistical analysis of the output sfraulation.

Because sampling from a particular distrdou involves the use of
random numbers, stochastic simulation is sometica#®®d Monte Carlo
simulation. As it was mentioned in the first chapthe calculation of
gamma attenuation when it passes through a shielohaterial can be
performed using simulation model based on the M@ado method, which

Is discussed in this chapter.
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2.2 Monte Carlo simulation techniques

The term “Monte Carlo” was introduced bynvdeumann and Ulam
during World War 11, as a code word for the seevetk at Los Alamos [49].
The general accepted birth date of the Monte Gadthod is 1949, when an
article entitled “The Carlo Method” appeared. I ttormer Soviet Union,
the first articles on the Monte Carlo method weublighed in 1955 and
1956[51].

The Monte Carlo method is a mathematical tool iy random
numbers. This makes possible the simulation of @magess influenced by
random factor. This method can obtain accuratdteeabout the absorption,
backscattering and transmission of the photongtreles penetrating both
supported and unsupported thin films, and can plewide implantation
profiles of the absorbed electrons or photons,ehergy and the angular
distributions of backscattered and transmitted @&t and the spectra of
secondary electrons, so they can be used in theeMoarlo code

The Monte Carlo method is now the most pwe&nd commonly used
technique for analyzing complex problems. The primeomponents of a
Monte Carlo simulation method include first the lpability distribution
functions (pdf's), which the any physical or matlaital system must be
described by a set of pdf's. Second, random nungeserator, which a
source of random number uniformly distributed oa timit interval, must be
available. As the Monte Carlo method is statistib&n the accuracy of its
results depends on the number of simulated trajestol he recent evolution
in computer calculation capability means we are nale to obtain

statistically significant results in very short &rof calculation [52].
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2.3 Simulation of buildup factor for continuous energy

photons
2.3.1 The particle trajectory

The life history of a particle is built fiimm knowledge of its trajectory
through the particular system of interest. Consitlerpath of a particle as it
travels through some homogeneous medium. Sincetyghieal particle
scatters frequently, the path will zigzag rathethiea manner indicated in Fig.
(2.1). Here the particle originates at a known aiom and energy. It has a
free-flight until it has a collision with an atonfi the medium. This collision
could result in the absorption of the particle dmel immediate termination
of its history, but shall assume a scattering ation occurs and the particle
continues with a new direction and a change ofggnér wavelength). This
change of energy and direction is a statisticat@ss, that is, there is not a
unique energy and direction after a scatterindyerathere is a probability
distribution for each of these variables discusssér. After the first
scattering the same particle makes another frghtfland experiences
another collision, and so on. In order to track plaeticle during its journey

we require knowing: its spatial coordinates (x, ), the spherical
coordinates @ , ¢ ) of its direction; and its energy. These variakdes

sufficient to define the state, of the particle, where

o=a (X, Y, z, EG, ¢) (2.1)

The spherical coordinate system for defjriine particle’s direction is
illustrated in Fig. (2.2). A particle’s trajectofsom collision to collision can

be constructed as a succession of statas... o, where the'f state is
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o =0 (% Y2 E6,¢) (2.2)

VA (x3,y3,23)

—> Sz
(x2,y2,22) s3

> (x0,y0,z0) (x4,y4,24)

"\ so
’ ¥ S4

v

e X (x1,y1,z1)

Bremsstrahlung source Shield Detector

Fig. (2.1): A typical particle’s ‘random walk’ thro ugh the
medium (shield)

That is, in the" state, a particle has the spatial coordinatesieff't
collision point and the energy and direction of therticle after the"i
collision. Thus one could commence with initial,smurce, conditions which
define a,, choose by random sampling from the relevant pbba
distributions which has been discussed, the newegabf the variables
which determiney;, and soon. In this way the individual life histargn be
constructed. In most Monte Carlo calculations ihot necessary to store
simultaneously every detail of the life history every particle studied:
usually all that is required is the latest stateghaf particle being currently

followed.
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Particle direction in space

v

Fig. (2.2): Particles direction in spherical coordnates @, ¢ )

Obviously what we require are specific mathematipabcedures for

selecting the position of the next collision poiahd the new energy and
direction of the particle if it survives that cailbn. Let us consider a particle
which has just undergone if8 ¢ollision (a scattering), and begin by finding

the spatial coordinates of its next collision pgig].

If we denote by S the path length of thetipla to the next collision
point, the probability of a particle traveling ast@dince S without having an
interaction is 6% 5. The probability that a particle will have an iraetion in
the interval ds i~ ds. Therefore, the probability that a particle widlve an

interaction between S and S+ds is
[Yeeds=1 (2.3)
0

where, Y the particle’s total cross section (denotedubin the case of a
photon). Hence we must establish a procedure ting at random a value
of S from the probability function implied by Eq®.8). For the moment we
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shall assume that such a procedure is availabldhetdve have selected a
particular value of S to assign t§ Gnce the value of;$ determined, the

coordinates of the next collision point are reaéblynd from
X1= Xi+ § (singcosg)),
Y.1=Y;+ S (sing;sing;), R4
41=7Z + §(coss)).

Next, the type of interaction must be dedidagain by sampling from
the appropriate probability function. Let as foretlsake of illustration
assume that it is again a scattering event. Thieclges energy and direction
after scattering are obtained by sampling from dpgropriate scattering
function. Then the probability function is given the Klein-Nishina theory
K-N in the case of a photon when its scatteringcess is Compton
scattering. Detailed procedure for sampling thigpamant distribution is
described in Sec. (2.3.6) and implemented in tlognam bremsstrahlung
buildup factor BBF. From the appropriate scattetawy, the new energy, E

can be determined [16]. Also the ‘local’ angleghs scattering eveng(, ¢)

can be determined (Fig. 2.3).
The final problem in this section is how relate the particle’s old

direction @..¢4) and the local anglesf(,¢) to determine the new

direction of the particle® ,#). The convenient method of doing this is to

consider the spherical triangle defined on the gpitere by the intersection
of the surface of the sphere with the particlesahd new directions and the
direction of the reference polar axis of the systdm centre of the sphere

being at the scattering point. This constructioshswn in Fig. (2.4).
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Arbitrary direction in the plane
perpendicular to the particle’s old
direction

Scattering center

Old direction o

Fig. (2.3): Particle’s ‘local’ angles of scattering 8, is the deflection
angle, ¢is the azimuthal angle. Usually the angle can be assumed
to be randomly distributed in the range 0 to 2z

polar axis
—

-~

scattering
7
centre

Fig. (2.4): Geometry of spherical triangle ABC defied on the unit sphere.
The spherical triangle has sided._;, 8, , 8, and interanglegand (¢ — ¢ _;)

Considering this spherical triangle, and hyilizing standard

relationships which may be found in any text book epherical
trigonometry, it can be determined sines and cesiriég; and ¢ for use in

Eq. (2.4), as follows:
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From the law of cosines for spherical tgias we have
cod=cos8_, cosb, + sinb_, sinb, cos¢ (2.5)

from which co¥, can be determined. $h can be obtained from the well-

known identity

siRf +cos 6, =1 (2.6)
Now, invoking the laws of sines, gives

sing, sing
sing@

sin@ — %) = (2.7)

Again the law of cosines enables us to write thieiong relationship
cosf, =cosf._, cosf, +sing_, siné. cosg¢ —¢._,) (2.8)
from which cos @ —¢_,) can be calculated.

The value of sy and cog, can be deduced from the standard

trigonometric formulae:

Sin¢i = Sin(¢i - ¢i—1) cos¢,_, + COS(¢i - ¢i—1) Sin¢i—1 (2.9)
and
COSy; = COS; — ¢_,)COSg,, —Sin(@ —¢_,)sing_, (2.10)
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This then completes our description of a set otesyatic procedures for
constructing theoretical trajectories of the p&escas they diffuse through
the medium. Each patrticle is followed until itselifiistory is terminated, for
example by an absorption interaction or by esca@ihghe surface of a
system. When one particle is terminated (and ‘sthrenew particle is

started from the source, and its career followed.

2.3.2 Selection techniques for given stochastic variables
A probability density function (pdfj)(X) defined such the probability a

randomly selected value of x is betweerard % is given
P{x <X<%} = [ f(x)dx (2.11)
%

from Fig. (2.5), we assumed that x may be any vakigveen the limits a

and b, either of which can be minus or plus infinitespectively
corresponding td(X), there is a cumulative probability distributiorp@,
F(x), defined by

FO) =] f(x)dx. (2.12)

The probability that the randomly selected valuexofs less than x
P{x<x4}, is thus given by F(¥. It is easily seen that the function F(x) is
monotonically increasing with x if (X) is properly normalized pdf between
a and b, with F(a) =0 and F(b) = 1 [9].

In the Monte Carlo process it is necessanyenerate random values of

some variable x (e.g., path length) which, from ggsics of the particle
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interaction process, has some distribufid) ; that is, a histogram of a
large number of such randomly generated x valuesldhrapproachf (x) in

shape.

f (%)

N\

N
T%

o
v
x

FX) A

b — =

v
X

Fig. (2.5): Probability density function pdf and its corresponding cumulative
probability distribution cpd [9].

2.3.3 Inverse Cumulative function Method
One of the most important methods for selgaandom values for the
variables relies on the fact that any random végidbllow any given pdf
can be expressed as a function of another randoisbl& that is uniformly
distributed between zero and 1 [16]. Then the ddsualue of xdistributed
as f (x) is obtained by solving
F&x=& (2.13)

that is,

%= F* (&) (2.14)
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where, F is the function obtained by solving Eq. (2.13) for
The validity of this or any other proceduren be established by
showing that the probability of obtaining a valuexowithin the interval

between some fixed value x and x + dx i§X) dx [i.e., x is distributed

asf(X¥]. For the cpd, the probability of keing between x and x + dx is the
same as
P {F(x) <& <F(x + dx)} = F(x + dx) — F(x) (2.15)

x+dx

3{f(x‘)dx = f (x)dx (2.16)

As an example, consider a particle starfmogn a given interaction
point (source point) in a certain direction throughmedium of constant
interaction properties (i.e., of constagt The values of the path lengths
have a pdf [9].

f(s)ge* (2.17)
where s between 0 and Ypon integration it is found that
F(s) = 1*® (2.18)
Then this cpd is equal to &-in order to find a value of,ne finds that
-(né)
S=E———— 2.19
u (2.19)

2.3.4 The Rejection Technique

This is a method of potentially great generality. its basic form it
applies to a pdf that is bounded and of finite eang is best described by
reference to the graph offgx), as shown in Fig. (2.6).

The rejection technique proceeds as follows:
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i. Select a random numbéi, which is used to choose the value gf x

namelygqL ;.
ii. A second random number is chosen, give®tdaate valued,L ..
iii. Test if the point § L1, &Lo) lies under the curve. If it does, then the
value x= ;L. is accepted, but if the point lies above the cutive ,x value
Is rejected and the process repeated with new sabhfe& and &.
This procedure is repeated until an acceptableevalix is obtained.
now show that the values ofobtained in this way are from the required

distribution, f(x). This follows, since the probability for acceptixngs

fx)/ L,
i dé, = ffj) (2.20)

f (%)

L,
oL 2

0 &L, L, X

Fig. (2.6): Graph of pdf f(x). L.is the upper bound of f(x)
and L; is the upper bound of x. In the illustrated casexi= &L 1, is
accepted
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l.e., the x are from the given pdf . The efficiency of thehmitjue can easily

be assessed. The poingsl(;, &,L,) will be randomly distributed inside the
rectangle indicated in Fig. (2.6).
Since the acceptance only occurs if thatdees under the curve, the

probability of acceptance is [16].
1% 1
— | f(¥dx=—-<1 2)21
| LL, @
Hence the rejection method is inefficigne. too many random
number pairs must be rejected) if, for a given eng x, L, is large. This
would be the case if(x) is a ‘peaked’ function such as a Gaussian function

It is clear from the preceding descriptittrat in its basic form the

rejection method requires that the given pdf benbled in magnitude, and
that the range of x should also be bounded; i.&h hg and L, should be
finite. The method can be generalized to removh twse restrictions.
Suppose we begin by choosing an x from sprdfe f(x). Then test
whether (y) the second random variable chosen &oather pdf g(y) is less
than a given h(x). If so, sefjx x. This procedure may be summarised in the

following flow diagram [16].

choose
x from f(x)
y from g(y)

A

Fig. (2.7): Flow diagram for the generalized rejegbn
sampling scheme.
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The probability distribution of xwhich arises from this procedure is

h(x)
f(x) [a(y)dy
f(%)=— e (2.22)

h(x)

[ £04) [a(y)dydx,

—00

now, if we choose g(y) to be the canonical distitny i.e. g(y) =0< y < 1,

then,

f(x) =) (2.23)
[ FOx)h0y)dx

where, O< h(x) < 1.

2.3.5 The Klein-Nishina Formula

The relationship between photon deflectiand energy loss for
Compton scattering, assuming the electron to be fmed stationary,
is determined from the conservation laws of momentand energy
between the photon and recoiling electron. Thisati@hship can be

expressed as [16]:

= - (2.24)

E
S 1+[ Eo J(l—cosé’)

2

my,C
where B and E are, respectively, the energies of the phdiefore
and after the collision in MeV, ¢f is the electron rest energy (0.511
MeV) and® is the photon scattering angle.

In gamma ray transport calculations it is usuallyoren
convenient to use, instead of the energy variable, wavelength of

the photon in Compton units, namely, = 0.511/E where E is the
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photon energy in MeV. The increase of the photonvelength
associated with a Compton scattering event is

A—-Ay =1-cosf (2.25)

where Aq and A are the wavelength of the photon before and after
scattering respectively. Obviously, the maximumftsimn wavelength

is two Compton units, and occurs when the photors Heeen
scattered through 180i.e., backscattered).

In Monte Carlo studies of photon transport it iscessary to
know, after a Compton scattering, the angle of tegag 6, and the
new value of the wavelength. The most commonly used procedure
for obtaining these quantities is by sampling usthg K-N pdf f(x)
to find the value of x after a scattering, and tliaduce §) from Eg.
(2.25), where x represerntgi,.

When the angular dependence of the scdttpieoton has been
removed by integration, in terms of the dimensieslevariable x, the
Klein-Nishina differential cross section will takethe following
compact form [16]:

dg’:k(A+E+%+%) dx 1< x<1+2a, (2.26)
X X X
where
1 _ E
= — = 2.27
o A, 0511 (2.27)
E
=" -Fo (2.28)
Ao E

and gis the incident photon energy in MeV. Additionally,
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k=m—=

o (2.29)
; .
(r2 = (%)2 = 7.94077%10 % cn?)
where

A= 0—12 (2.30)

0

1 142

B:1—2m,°—z) , C:M andD =1 (2.31)

2
ao Qo

The total Compton cross section is obtained bygnaténg EQ.
(2.26), hence,
+2a,

O. = Ida
1

A . (2.32)
=K'| —+ (1——2{8)Ioge,8+1—/ barn /electron,
a, a, 2
where
K=K x 10*
R=1 +0l
and y=1- R?
It is clear from EQ.(2.32) thato. is only a function of the

incident energy of the photon.

The pdf(x) for Compton scattering process correspondg%dl(, and
UC

therfore it has the form
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B, C D, .
F(x) = H(A+;+7+?) if l<x<1+2a, (2.33)

o} elsewhere

whereH =K'/ o,

The pdf's for the variables E and x are simply texdla as follows

f (E)dE = f (x)dx (2.34)

From the preceding definitions of 0o¢) and f(x), it is

immediately apparent thaf(x) satisfies the basic requirement for any

pdf, namely,

ojof(x)dle (2.35)

—00

For completeness we need to mention at this poiat tto
determine the photon’s new direction in space, St niecessary to
know, in addition to 8, the azimuthal angle¢. This is readily

obtained by randomly sampling for any angle lyingtween & and
360" with equal likelihood, the implemention of thisopess presents

no practical difficulty.

2.3.6 The Kahn Method for Sampling f(x)

Kahn method is the most widely used teammitpr sampling the K-N
pdf. It does not rely on any approximation andasd/for any energy of the
incident photon. But it permit repeated rejecti@idbe an acceptable value
of x is found, consequently it is relatively expeesin its use of random

numbers and computing time. This method is basexh tipe composition-
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rejection technique [16]. Kahn’s procedure sums®tiin the flow diagram

in Fig. (2.8).

{
{ SELECT RANDOM NUMBERS ¢, €,, €4 }—— —_——
YE
S £ < 1+ 2/3, No
1> 95273,
. ,
ALCJLA%'E CALCULATE
_ 2, 1+ 2/x
R 1 +-32 R = L
n 1+2657%,
NO 1 1 ¥
£3 £ 40 = = ? 1 2.l
(Reject R) R~ R?Z ) &3 = 2 E(An TR, DT . ij? Ho.
(Reject
YES YES R)
——{ ACCEPT R
I X= R _]
X vValue

Fig. (2.8): Flow diagram for Kahn’s procedure for @ampling the K—N
distribution to find the wavelength of a gamma phoon after a Compton
scattering.

Ay is photon wavelength before scattering (assumed &wn),

An+1 is photon wavelength after scattering andk = R = Zn+l
An

The summarzation of this technique can be descabddllows [16]:
Let us suppose that a given pdf is capalbldeing expressed in

the form of a finite sum of terms, thus

f(x) = COﬂStant(Zaigi ()h (X) (2.36)

where
N
d.ai=1 (2.37)
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and for the range of x upon which f(x) is defineg, and h; have

the following properties:

g, (x)isapdf, andhence_[ g, (x)dx=1,

0< h(x) <1, fori=1,2,...... , N.

Hence one can sample from f(x) in the follgg manner. Select
a value of i with probabilitya;, and sample fromg; (x)h; (x) by the
generalised rejection method, that is sample frdre pdf g;(x)by
the inverse cummulative function method and from(x) by the

rejection method which are discussed previously ].[160r this

method the random numbers are required in sets lofeet

variblegé,,¢,,&3).

2.4 Program Design

BBF is a computer program which solves phablem of gamma ray
reflection and transmission using the basic compuiggram language.
A computer program “MONTRY” [46] was redesigned aingpbroved in
order to include the continuity of energy.
Using beta source, bremsstrahlung produced byirgjriketa particles the
Lead shield at a high speed, then the continuoasygrphotons regarded as
gamma ray continuous source uniformly incident.,(i.ith fractional
weight) on the left hand face of an infinite plahemogeneous slab of
shielding material of variable thickness.

The method used is the Monte Carlo tecleign which the life
histories of a large number of particles (photars)followed using random

sampling techniques to sample the probability latlvat describe the
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particle’s behaviour, and to trace out step by #tepparticle’s random walk
through the medium. In the particular form of therite Carlo method used
here, there is a close analogy between the phygaadicles and the
mathematical particles followed by the program. Ty sophistication

employed is the concept of survival weights. Thue @oes not allow
absorption of the photons as such; all collisiores farced to be Compton
scatterings. The effect of absorption is accourfedby modifying the

weight of the particle after each collision. Thaithe particular weight after
a collision is the weight before collision multigdi by the survival ratio,
uc(E) /u (E), which is of course the probability that alistbn will be a

Compton scattering. It is important to realise timathis, the basic form of
the program, the pair production event is regardeda purely absorptive
interaction, the contribution from the resultingndmlation gamma rays is
not considered. In this version of the program,history of each particle is
followed until the particle either escapes from tegstem, or due to
successive scatters, its energy drops below soesepr minimum; in either
event a ‘new’ photon is started with an initial giati (i.e., probability, p) of

unity.
The principle quantities computed and the outputhigyprogram are:

e The buildup factor: This is essentially a measufe how the
transmitted photons are enhanced by Compton scaftter

 The spectrum of photon currents at the left hand aght hand
boundaries of the system. That is the number ofqusowhich cross
the surfaces of the system with energies lying iwiffresent energy

intervals.
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A special feature of the program is thatah consider concurrently a
number of different slab thicknesses of the sameemah This is a useful
facility, as one usually wishes to know buildup téas for various
thicknesses of slab, and it is more economicalomputer time to obtain
them simultaneously. Another instructive featuretloé program is that a
record is kept of the number of particles whichfesukach of the possible
fates: this enables a check to be made that aliclesr started from the
source are correctly accounted for. The program leen deliberately
written in a modular form: each subroutine or subgpam can readily be
identified with a distinctive physical event in théoton’s career. Possibly
the greatest single aid to understanding the MGuaido method is provided
by the flow diagram for BBF program which is shoivrfig. (2.10).

2.4.1 The essential subroutines used in the BBF program
a. MONTE
This is the segment of the program in whioh ¢alculation commences
and ends. The principle function of BBF is to eestirat the main sequence
of the scheme is correctly followed. In furtherant¢his, MONTE monitors
the number of new particles started.

b. INPT 1, INPT 2

These subroutines are concerned with reathindhe basic data and
control parameters required by the program. Immelyiafter being read in,
the data is printed out to enable the user to chetkthe machine did in fact
receive the information intended. The data input ba separated into two
sections, the core data which read in subroutin@TIN, followed by the

shield data which read in subroutine INPT 2.
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INTRP
v
PRELIM1 )
(Start new patrticle)

1=0 [ < <
I=1+1 v

- A

I>IMAX MONTE > —t—p INPT1 |—p| MONTE I—p INPT2 [ MONTE I=» PRELIM2

| < IMAX

INTRP

P=1

E=EMIN

E<EMIN H

P=P*SURV <

HISTORY

v

__________ /

SCATT

< HISTORY

SCORE

»

1
' RANDX

__________

Particle does
not escape

Particles escapes
from system

Fig. (2.10): Flow diagram of the bremsstrahlung bddup factor computer program

BBF. ‘RANDX’ is a routine which provides random numbers, | is the current

particle number, P is the statistical weight of theparticle and E the energy.
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c. PRELIM 1, PRELIM 2

Because of the large number of particles followmeditypical Monte
Carlo calculation, it is obviously desirable to mize the amount of
computation associated with each stage of a phetustory. The efficiency
of the corresponding program is greatly increasefirbt performing certain
‘once for all’ type calculations and storing theults in a convenient form
for subsequent usage. It is the task of this subreuo carry out these
preparatory calculations in “BBF".

It is unrealistic to presume that the cross sestidaita can be input in
such detail that, whatever the photon energy at€ompton scattering,
there will be a corresponding value of, say, thedr attenuation coefficient
immediately available from the basic data tablee Pplhocedure that we have
adopted to deal with this problem is to read in llasic data for a widely
spaced energy mesh, and have the program congumin detailed data
tables for a fine wavelength mesh by interpolatiothe basic data. The data
corresponding to any photon wavelength (in the pe=ilie range) is then
efficiently obtained from the constructed ‘look tgble’. The major function
of PRELIML1 is to set up detailed cross section dakdes. For this purpose
it requires an interpolation procedure, which iplemented in the auxiliary
subroutine “INTRP”

Other tables constructed in PRELIM1 are

» Values of the sine and cosine of an angle in degree

* The energy mesh tables for storing the photon spadttexit from the

system.
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PRELIM2 repeat the same function of PRELIMUt the difference
between them is the PRELIM2 acts at continuousgee®&r which retain by
the total results for each sub-energy as a singgegy and accumulate them
together under the maximum energy without removireg previous results
for each energy. The PRELIM1 subroutine deals withmaximum energy

only.

d. HISTORY

The particular path taken by each photonutjnothe slab is controlled
by this subroutine. The route followed depends arious decisions taken
by HISTORY:; these decisions depend principally ba photon’s energy
and whether it escapes from the system. In paaticiflthe photon does not
escape from the system, it must be made to scatjam. To escape
completely from the system, a photon travelinghte tight must penetrate
the thickest slab under consideration.

e. START
Those variables which define a photon’s st given their initial
values here. Thus the particular type of sourcesidened is imposed in this

subroutine.

f. STEP
This subroutine performs three essentialstask
() It establishes, after a collision, the positiortted photon in the fine
mesh wavelength table
(i) It selects, at random, the path length of the phtidhe next
(postulated) collision points (by meah&q. (2.19)).
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(i) It computes the coordinates of thexn(postulated) collision point
by using Eq. (2.4).

g. SCATT
In this subroutine the new energy after a Comptattering is selected
by sampling from the Klein-Nishina distribution. diparticular sampling
technique used is that of Kahn, the details of Whime given in Sec.(2.3.5)
Once the new energy is found, the Compton angkaftering, (actually
cosd) is readily determined. Another function of SCATSIto modify the

particle weight, p, to its new value after a scaite

h. ANGLE
This subroutine performs the vital task of tedmining the

variables@,.,, ¢,,,) which define the photon’s new direction after a

n+1?
Compton scattering. This is done, as explained &c. $2.3.1), solving
standard spherical trigonometric relationships fbe spherical triangle
depicted in Fig. (2.11) The trigonometric relatibips can be used to obtain

the new values, because the program has the folipknown parameters
(a) the ‘old’ values 0B, (namely4,, ¢n)
(b) the latest scattering angi@) (

(c) the azimuthal angle of scattering)(which is assumed to be
distributed uniformly within the rangé 6 360.

I.SCORE

If a photon penetrates a slab thickness, its dmution to the score at
this is the essential purpose of SCORE.
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!
2z reference polar axis

. I~ P
Site of Compton ¥ T3 direction
scattering event|

Fig.(2.11): The spherical triangle formed by the pbton’s previous
direction and its new direction after a Compton sctering. 0 the
Compton angle of scattering.
Therefore, this subroutine must obtain answershéfollowing questions
related respect to the next (postulated) colligiomt.
(a) Does the photon crosses an interfase, the score at that interface
must be suitably adjusted.
(b) Can the photon still scatter agairhi@ $ystem, bearing in mind that
a number of slab thickness are bsinmltaneously considered, or

does the photon escape entirely.

To assist SCORE in these considerations important to ascertain
immediately in the entry of the subroutine on theeation in which the
photon is traveling, i.e. to the right or to thé.le

The scorings photons are classified twice: (1) eding to their z-value
when they cross a boundary, (2) according to tpesition in the energy
spectrum table. This information is passed to autiove OUTPUT for

processing. Recording a particle’s contributiothi® quantities of interest is

51



Chapter Two Simulation Details

an important part of any Monte Carlo treatment. Tlbes diagram for the
subroutine SCORE is shown in Fig. (2.12)

ENTER

(particle travelling left) {particle travelling right)
. v 3

UY<0?
N YES \‘/ NO -
<

Y

(particle does not escape)
(JB<JBMAX)
YN<Q.0? P < N>B(JB)?

NO Y NO
5T
YES , Z=ZN YES

PARTICLE'S PARTICLE'S
ESCAPE HEIGHT RETURN ESCAPE HEIGHT
* b * % j

>

FINDS
ESCAYE ENERGY
4 y
SPECTRUM
INDEX, JE
T

HEIGHT
INDEX, K

SCORES AT ‘ SCORES AT
SOURCE FACE YES NO INTERFACE B(JB)
Y Y

UPDATES INTERFACE
JB=JB+1

again travelling right)

JB=JBMAX+1

(JB>JBMAX)

> <
YES

JB>JBMAX?

Figure (2.12): Flow diagram for subroutine SCORE in“BBF”
program.

J. OUTP

When the requested maximum number of photon lisohes has been
simulated, the accumulated data is processed irostibe OUTPUT, and
the results printed out.
The output sections in their order of appearanee ar

()  The basic input data which are reproduced for esiee.
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(i) A detailed description of the life history of thiest 24-photons is
listed (optional).
(i)  The results of the computation are given.

Thus, the third section of the output, begins vaitlist of some of the
basic parameters which repeated for convenience, e fractions of the
photons that suffer the various possible fates @iken: a necessary
condition for a successful program run is that ¢heactions should sum to
unity. Finally, the main results for each slab kiniess are given. In
interpreting this part of the output it is importan note that:

(a) The calculated standard deviation for the lssgrahlung buildup
factor BBF are given in the brackets adjatenhe respective
parameters;

(b) The dose rate at each slab facegnmh, is that due to a source
strength of IMAX photons per gper second uniformly incident

upon the source face of the slab;

(c) The photon spectra are normalizednio particle crossing the
particular boundary.

k. INTRP
This is an auxiliary subroutine called “Pnelroutine”. The Lagrange
Interpolation Polynomial method was applied on ltlasic data requird for
constructing the detailed data table of the atteoma absorption
cofficients(u).
Particular application we generally require to iptdate in two-
variables (energy E and attenuation absorption ficosit p), the

interpolation process can be performed in two sagkhis “double
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interpolation procedure is readily understood wleamsidering of Fig.
(2.13):

Stage 1:
By interpolating with E=E,, for successive fixedalues of |, i.e., {4

M2,

Stage 2:
The data represented by these new points are tiverpolated for {,

U to finda.

Fig.(2. 13): The surface formed by the data point$he points (0) are
formed by interpolating along each curve p=constantThe curve joined the

(0) points is interpolated with p=p ,to find O .

k.1. The Lagrange Interpolation Polynomial

In this section, we consider a formula ttoe polynomial of minimum
degree, which takes specific values at a givemfspbints. We have already
observed that there is a unique polynomial of degre most one whose
graph goes through two specified points, and thilstwn out to be part of

the general pattern. There is a unique polynonfidiegree at most N which
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interpolates N+1 given values. There are many mdiffeways of establishing
this fact.

Suppose that the values {fiJxi= 0, 1, N} are given and lgb be the
minimal-degree interpolation polynomial. Supposat gh is of degree M; in
terms of the standard bagisgan be written in the form

P(x) = ay xM + am _1XM Ik + X +ag (2.38)

We require that (p) satisfy the interpolation coiodis

PO) =f(x) (=01, ... , N) (2.39)

Substituting Eq. (2.39) into EQq.(2.38) for eachirx turn, we obtain the
system of equations.

Y M-1 —
Ay Xy tay.Xg  t..taX ta, = f(x)

Ay X1M +aM—1X1M_l+--'+aixl+ao = f(x) (240)

M M-1 —
ay Xy tay Xy tetaXy +ta, = fxy)

which can be written in matrix form, reversing threler of the terms on the
left-hand sides of Eq.(2.40), as

1 %, x5 .0x a, f(%,)
1 o X . a |_ f(x) (2.41)
1 Xy Xo o e Xy 8y F(xy)

This is a system of (N+1) equations in the (M+1) unkn@arameters
(20, &..... av). In general, we except such a system to have ndicolif (N >
M). If, on the other hand, (M > N), then we do eatept the solution to be
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unique. This system will be a unique solution if (M=ahd if the above

matrix of coefficients is nonsingular [53].

m. RANDX

This is the auxiliary function sub-program whigtovides the random
numbers from the canonical distribution that are @gsddn the Monte Carlo
method. The actual sequence of the generated ramdoniers depends
entirely on the value of QRAND data, and on thetipalar algorithm

employed for generating the random numbers [16].

2.5 Test results for the present BBF program

In this section the present BBF program wasete The input and
output data are expressed for 2 cm water shieldnbek effective atomic
number 7.8% 8 for 1000000 particles studied, minimum energy 9.8teV

and maximum bremsstrahlung energy 2.2 MeV.

RUN IMAX EMAX EMIN DENSITY

8 1000000 2.2 .019 1

FR. ESC. L. = 1.654977E-03 FR. ESC. R. = .735682R. ABS. = .2627106
FR. Less than E. Cut = 3.090109E-32 sum =QDA&0 Width of slab =2 cm

Histogram of Particle Current
Energy (MeV) Spectrum R. Spectrum L.

1- 22 5.433169E-06 0
2- 215 0 0
3- 21 0 0
4- 2.05 0 0
5- 2 0 0
6- 1.95 6.791461E-06 0
7- 1.9 5.433169E-06 0
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8- 1.85
9- 1.8
10- 1.75
11- 1.7
12 - 1.65
13- 1.6
14 - 1.55
15- 1.5
16 - 1.45
17- 1.4
18 - 1.35
19- 1.3
20- 1.25
21- 1.2
22- 1.15
23- 11
24 - 1.05
25-1
26 - .95
27- .9
28 - .85
29- .8
30- .75
31- .7
32- .65
33- .6
34 - .55
35- .5
36 - .45
37- 4
38- .35
39- .3
40 - .25
41 - .2
42 - .15
43- .1
44 - .05
45- 0

6.815961E-06
6.791461E-06
1.222463E-05
1.901609E-05
2.580755E-05
2.444926E-05
3.667389E-05
4.754023E-05
5.025681E-05
1.222463E-04
3.803218E-05
8.288238E-05
1.290378E-04
1.440321E-04
2.798865E-04
4.157138E-04
7.227393E-04
3.492057E-04
8.085909E-04
3.603286E-04
4.718616E-04
6.96072E-04
2.990415E-03
3.90226E-03
3.086478E-03
3.312451E-03
4.536806E-03
2.096356E-02
1.294438E-02
2.127371E-02
1.312362E-02
4.277361E-02
.0103403
3.992816E-02
8.144335E-02
7319269
2.585999E-03
4.577997E-11

00000 PCOO0O0DO0ODO0OO0OO0OO0OO0OO0OOO0ODODO0ODO0DO0DO0ODO0OO0OO0OO0OO0OO0OO0OO

1.40410-04
8IL367E-03
1.288H-02
4.5782D2
930927
8413825
6.8188-07

Bremsstrahlung buildup factor (BBUF) = 1.0076&70.000826
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