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DEVELOPMENT AND EVALUATION OF A MONTE CARLO GODE SYSTEM
FOR ANALYSIS OF ITONIZATION CHAMBER RESPONSES

ABSTRACT

The purpose of this work is the develcpment and testing of a
Monte Carlo code system for calculating the response of an
ionization chamber to a mixed meutron and photon radiation
environment. The resulting code system entitled MICAP - a Monte
Carlo Ionization Chamber Analysis Package - determines the neutron,
photon, and total responses of the ionization chamber to the mixed
field radiation environment. The Monte Carlo method performs
accurate simulations of the physical processes involved in detecting
radiation using ionization chambers, and eliminates limitations
inherent in approximate methods.

The calculational scheme used in MICAP follows indjividual
radiation particles incident on the ionization chamber wall
material . The incident neutrons produce photons and heavy charged
particles and both primary and secondary photons produce electrons
and positrons. As these charged particles enter or are produced in
the chamber cavity material, they lose energy and produce ion pairs
until their energy is completely dissipated or until they escape the
cavity. Ion recombination effects are included along the path of
each charged particle rather than applied as an integral correction
to the final result. ENDF/B-V partial cross section data have been
incorporated in the neutron transport module to account for all
processes which may contribute to the output signal. The transport
modules utilize continuous angular distribution and secondary energy
distribution data when selecting the emergent direction and energy

X



of a particle. Furthermore, reactions are treated as discrete and
allowed to occur with any of the constituent nuclides comprising a
mixture. Finally, MICAP incorporates a combinatorial geometry
package and input cross section processors to eliminate restrictions
in the modeling capability of the code system with respect to
geometry, physical processes, nuclear data, and sources.

To evaluate MICAP, comparisons were made with results obtained
using other code systems and with experimental results. Separate
comparisons with other code systems verified the validity of the
neutron, photon, and charged particle transport processes and the
nuclear models used to describe the individual neutron reactions,
respectively. Comparisons with mono-energetic photon calibration
experiments and with mixed neutron and photon radiation experiments
verified the applicability of MICAP for analyzing the response of

ionization chambers to mixzed field radiation environments.






CHAPTER T
INTRODUCTION

In the field of radiation dosimetry, it is often necessary to
establish an accurate relationship between a radiation field and an
observed response in order to infer physical quantities such as
radiation exposure, energy transfer, or absorbed dose. The rela-
tionship depends on the characteristics of the radiation, the irra-
diated material, and the detection device. Ideally, the detector
should not perturb the radiation field, and therefore, provide an
observable response in a known and reproducible manner. In prac-
tice, however, perturbations must be considered in the interpreta-
tion of the detector response,

A type of detector commonly used in dosimetry is the gas-filled
ionization chamber. The detector is comprised of a container, a
gaseous fill material, and a charge collection system. The con-
tainer and gas materials are normally selected to closely match the
material to be irradiated so as to minimize the perturbing effects
of the detector. Because of the relatively low density gas region,
these detectors are referred to as "cavity ionization chambers,® and
the methodology used to determine the response of the detectors is
referred te as "cavity chamber theory."l Using cavity chamber
theory to analytically predict the observed response of the detec-
tors requires some approximate representations of the physical
processes occurring within the detectors.

The purpose of the present work is to develop and evaluate a

Monte Carlo code system for determining the response of a gas-filled



jonization chamber in a mixed neutron and photon radiation environ-
ment. In particular, the code system will calculate the neutron,
photon, and total responses of the ionization chamber. The Monte
Carlo analysis of an ionization chamber performs accurate simula-
tions of the physical processes involved in detecting radiation and
eliminates the limitations inherent in existing deterministic

methods based on cavity chamber theory.
1.0 BACKGROUND

The cavity ionization chamber is a gas-filled enclosure in
which the incident radiation produces ionization. Within the enclo-
sure, there are two or more electrodes which operate under the
influence of an externally applied voltage. As the applied voltage
increases, the drift velocities of the electrons freed in the ioni-
zation processes increase and ion recombination decreases. At
saturation voltage, ion recombination is at a minimum, yet the vol-
tage is not so strong as to cause significant secondary ionization
(charge amplification through cascading). Therefore the observed
signal is proportional to the total energy deposited by charged par-
ticles produced via the incident radiatiomn.

Most analytical and experimental techniques currently used in
radiation dosimetry are based on cavity chamber theory. The funda-
mental assumption of cavity chamber theory is that the dimensions of
the cavity are small compared with the ranges of the electrons pro-
duced in the ionization processes.2 More precisely, the theoxry

assumes that the size of the cavity is such that:



1. the electron spectrum established in the enclosing
material, i.e. in the chamber wall, is not modified by the
presence of the gas in the cavity,

2. electrons generated in the cavity from interactions
between the gas and the primary or secondary radiation are
negligible, and

3. the primary radiation fluence (neutron and/or photon flu-
ence) is spatially uniform in the region from which secon-
dary electrons enter the cavity.

The analytical and experimental techniques for photons (X-rays and
gamma-rays) have been extensively developed throughout the history
of radiation dosimetry.B_S Hence, accurate determinations of the
absorbed dose for numerous photon energies and various source-object
configurations are routinely accomplished.

The determination of the absorbed dose associated with a neu-
tron field has not been as extensively studied as that from photons.
High and intermediate "mono-energetic” neutron source experiments
constitute most of the work. Unlike mono-energetic photon sources
which emit photons at discrete energies, neutron sources classified
as mono-energetic actually emit a spectral distribution peaked at
some energy. Therefore, the interpretation of the absorbed dose
data requires knowledge of the incident neutron spectrum and conse-
quently, the accuracy in the determination of the absorbed dose may
be compromised. Although the uses of neutron sources in biology and
medicine have increased significantly, comparisons of the results
from the analytical and experimental techniques used in neutron
dosimetry comntinue to show large discrepancies in the reported

3



absorbed doses.6 These discrepancies were evidenced at the Interna-
tional Neutron Dosimetry Intercomparison (INDI)7 and the European
Neutron Dosimetry Intercomparison Project (ENDIP),8 where most of
the available ionization chambers (commercial and research) were
evaluated. Two factors which contributed to the observed discrepan-
cies at INDI and ENDIP were the inconsistancies in the experimental
procedures used to obtain the measured responses, and the systematic
differences in the absolute values of the theoretical parameters
used to derive the doses from the ionization chamber measurements.

The measurement of neutron dose is often complicated by the
presence of a photon background and because most dosimeters are sen-
sitive to both neutrons and photons.gwlo Since the bilological
effects of neutrons and photons are different, the two components
must be determined in order to obtain the correct response of the
biological system to the mixed field radiation. Tonization chambers
used in dosimetry work are usually designed and constructed to
satisfy the assumptions associated with cavity chamber theory and to
minimize the effects of approximations resulting from the theory.
For neutrons, the maximum size of a cavity ionization chawmber that
satisfies the condition of negligible secondary particle production
is inconveniently small. Consequently, analyzing the data from
these ionization chambers using cavity chamber theory may produce
errors in the neutron dosimetry results. Therefore the various
organizations involved in neutron dosimetry adopt different
approaches toward determining the absorbed dose. These approaches,
although all based on variations of cavity chamber theory, have lead
to contradictory results and conclusions.

4



1.1 NEED FOR THE PRESENT WORK

Recently, the Armed Forces Radiobiology Research Institute
(AFRRI) expressed the need for Monte Carlo estimations of detector
responses in terms of the electrical charge collected when the ioni-
zation chambers are placed in mixed neutron and photon radiation
environments. Such radiation environments include nuclear battle-
field environments, standard reference radiation fields such as that
of the Health Physics Research Reactor (HPRR) at ORNL, those at the
Army Pulse Radiation Division (APRD) and AFRRI, and the fields com-
piled in TAEA Report 180, "Compendium of Neutron Spectra in Criti-
cality Accident Dosimetry.“ll The use of the Monte Carlo method is
generally regarded as the best way to avoid the shortcomings of the
currently employed methods based on cavity chamber theory.

Existing general Monte Carlo code systems are not tailored to
perform the ionization chamber calculations for the radiation fields
of interest to AFRRI. The term "general" as applied to Monte Carlo
indicates there are few, if any, restrictions in the modeling capa-
bility of the code system with respect to geometry, physical
processes, nuclear data, and radiation sources. However, even a
general Monte Carlo code usually involves problem-dependent user-
written subroutines which tailor the code for specific applications.

There are several instances in the literature where specific
Monte Carlo codes have been written for detector calculations.lz_la
These codes are limited to specific applications such as augmenting
existing results from analytical methods, or providing data needed

by the analytical methods. A code written for a gpecific applica-



tion usually requires a major reprogramming effort before it is
applicable to another problem. Furthermore, Monte Carlo codes writ-
ten for specific applications usually have the nuclear data (cross
sections and stopping powers) included in the program itself. This
further complicates the effort associated with using the program for
a different problem. The advantage of developing a general Monte
Carlo code system is the adaptability to a wide range of problems
through the use of problem-dependent subroutines. Also, general
Monte Carlo code systems would employ data pre-processors to obtain

the nuclear data needed for a particular application.

1.2 PROJECT OBJECTIVES

In summary, the objectives of the present work were divided

into the following tasks:

1. Develop input data processors for a neutral particle Monte
Carlo code to arrange the pointwise data from the
Evaluated Nuclear Data File (ENDF) library into a format
compatible with the code.

2. Modify an existing neutral particle Monte Carlo code to
calculate the physical processes occurring in a typical
ionization chamber used in mixed field dosimetry.

3. Develop a Monte Carlo code to calculate charged particle
and recoil heavy ion energy loss processes in the ioniza-
tion chamber.

4. Modify an existing photon-electron Monte Carlo code to
calculate the physical processes occurring in the ioniza-

tion chamber.



5. Use the new code system to generate results that can be
compared with experimental data and with results from
analytical methods based on cavity chamber theory.

15-16 . .
The PXMORSE Monte Carlo code (a continuous energy version of
MORSE)17 was chosen as the code to modify for the neutral particle
. 18-19
transport calculation, and the EGS photon-electron transport

module of the high-energy calorimeter Monte Carlo code system was

chosen as the code to modify for the photon transport calculation.
1.3 CALCULATIONAL PROCEDURE

The calculational scenario follows the individual radiation
particles incident on the ionization chamber wall material. The
incident neutrons produce photons and charged particles (protons,
alpha particles, recoil ions, etc.), and both the primary and secon-
dary photons produce electrons. As these charged particles and
electrons enter or are produced in the chamber cavity material (usu-
ally a gas, but possibly a tissue-like substance), they produce ion
pairs until their energy is completely dissipated or until they
escape the cavity. The number of ion pairs produced is computed
using work functions, which are defined as the average energy
required to produce an ion pair,zo The work functions account for
charged particle and electron energy loss mechanisms in the detector
cavity in addition to ion production. The Monte Carlo model
accounts for energy losses from the cavity in the form of delta rays
(secondary low-energy electrons), bremsstrahlung photons, or other

charged particles producing no ionization. An analytical model by



. 21 . . . . . .
Birks is incorporated to model any ion recombination effects which

might occur. The Birks simulation is performed along each charged
particle and/or electron path rather than applied as an integral
correction to the final result.

This calculational procedure models the physical processes
occurring in gas ionization more accurately than the current
analysis methods based on cavity chamber theory. All nuclear data
such as cross sections, stopping powers, etc., are utilized in a
pointwise manner, which enhances the accuracy of the procedure.
Continuous angular distribution and secondary energy distribution
data are incorporated for selecting the emergent direction and
energy of a particle. Furthermore, reactions are treated as
discrete and allowed to occur with any of the constituent nuclides
comprising a mixture. Finally, a combinatorial geometry package and
input cross section processors are utilized to eliminate restric-
tions in the modeling capability of the code system with respect to

geometry, physical processes, nuclear data, and sources.

1.4 ORIGINALITY OF PRESENT WORK

The final product of the present research is a new code system
which provides a unique capability in the avea of mixed field
dosimetry. The present work incorporates the models of all physical
processes occurring in gas ionization into the Monte Carlo random
walk procedure. In particular, new and significant capabilities in
ionization chamber response calculations are realized by incorporat-

ing models describing:



1. ion pair production and charge collection processes,
2. charged particle energy loss mechanisms,
3. charged particle transport and ion recombination effects,
and
4. mnonelastic-nucleus collisions, i.e. (n,p), (n,d), (n,t),
(n,a), ete.
Utilizing all nuclear data such as cross sections, stopping powers,
etc. in a pointwise manner yields a more rigorous treatment of the
particle transport processes than that available from current
methods. By developing a "general"™ Monte Carlo code system tailored
to ilonization chamber calculations, the present work will be useful
for many applications in the field of radiation dosimetry.

There is presently no computational code system, Monte Carle or
otherwise, that is capable of performing the analysis of radiation
dosimetry experiments to the extent developed in the present work.
The "specific" Monte Carlo codes usually apply to only one experi-
mental set-up, limit the number of interactions allowed to occcur in
the analysis, and restrict the experiment to simple geometries, e.g.
slab, concentric spheres, or concentric cylinders. The existing
general purpose Monte Carlo code systems, i.e. MORSE,17 MCNP,22 and
TRIPOLI,23 have all been written for neutral particle transport
analysis. As such, these codes concentrate on the interactions
affecting the neutron and/or photon flux without regard to the other
products (protons, deuterons, alpha particles, ete.) of the interac-
tions. Consequently, these codes do not model the production and
transport of the low energy charged particles essential to ioniza-

tion chamber response analysis. The present work provides a new

9



computational tool which eliminates most of the shortcomings of the
methods currently being used in ionization chamber response

analysis.
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CHAPTER II

APPLICATION OF MONTE CARLO TO THE SOLUTION

OF THE TRANSPORT EQUATION
2.0 BOLTZMANN TRANSPORT EQUATION

The generalized time-dependent integro-differential form of the
Boltzmann transport equation can be derived by conserving particles
within a differential volume in phase space. More specifically, the
derivation equates the net storage of particles within a differen-
tial element of phase space (drdEdQ) to the particle gains minus the
particle losses. The derivation has been presented in many texts
and publications and will briefly be discussed here. The following
discussion is based on work presented in S. N. Cramer’s disserta-
tion24 and in D. E. Bartine'’s dissertation.

The general time-dependent integro-differential form of the

Boltzmann transport equation is:

5% (X, E,8,0) + B-T(r,E,8,t) + T_(X,E)$(F,E,0,0)

< =

(2-1)

.
il

Q(r,E,Q,t) + fde'dﬁ'ZS(E,E'»E,ﬁ'+§)¢(E,E',ﬁ',t) ,

where (¥,E,Q,t) denotes the general seven-dimensional phase space,

r

I

position variable,

E = the particle’s kiuetic energy,

v = the particle's speed corresponding to its kinetic energy E,

11



0 = a unit vector which describes the particle’s direction of

motion,
t = time variable,

¢(%,E,Q,t)

il

the time-dependent angular flux,

<=

5% ¢(f,E,5,t)dEd§ = net storage (gains minus losses) per unit
volume and time at the space point r and time t of particles
with energies in dE about E and with directions which lie in dao

about 5,

5-5¢(§,E,5,t)dEdﬁ = net convection loss per unit volume and
time at the space point r and time t of particles with energies

in dE about E and directions which lie in dQ about 6,

Zt(;’E) = the total cross section at the space point r for par-

ticles of energy E,

Zt(;,E)¢(;,E,5,t)dEdﬁ = collision loss per unit volume and time
at the space point r and time t of particles with enerxgies in

dE about E and directions which lie in dQ about 5,

ZS(;,E’+E,5'*5)dEd§ = the differential scattering cross section
which describes the probability per unit path that a particle
with an initial energy E' and an initial direction Q' undergoes
a scattering collision at T which places it into a direction

that lies in dQ about Q with a new energy in dE about E,

[ffzs(;_:,E'*E,ﬁ’—»ﬁ)qS(;,E‘ ,Q ,t)dE'dﬁf]dEdﬁ ~ inscattering gain
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per unit volume and time at the space point r and time t of

particles with energies in dE about E and directions which lie

in dQ about 5, and,

Q(;,E,ﬁ,t)dEdﬁ = gource particles emitted per unit volume and
time at the space point r and time t with energies in dE about
E and directions which lie in dQ about Q.
While Monte Carlo codes are capable of solving the time dependent
Boltzmann transport equation, the present work is directed specifi-
cally at the solution of the static (time-independent) Boltzmann

equation:

Q-V4(x,E,Q) + = _(r,E)$(r,E,0) = Q(r,E,Q) +
_ _ o . (2-2)
fde'dﬂ'zs(r,E'»E,Q'»ﬂ)¢(r,E',Q')

Equation 2-2 represents the most general form of the static
integro-differential Boltzmann transport equation. As such, this
equation is directly applicable to neutron transport and for most
applications involving photon transport. However, in ionization
chamber response analyses, Eq. 2-2 must be modified for photon tran-
sport to account for electron production of bremsstrahlung photons
and photons produced via neutron interactions. More specifically,

the inscatter term in Eq. 2-2 becomes:

fde'dﬁ'zs(},E'+E,5'+ﬁ)¢(E,E',5') -
AE'dQ’'E  (r,E'-E,Q'-M)¢é (r,E',Q') +
JI - . ( )

fde'dﬂ’Eeﬁv(r,E'ﬁE,Q'ﬁQ)¢e(r,E',Q') +

13



_ - - _ -~ (2-3)
JfdE"aa Znﬂv(r,h ~E,Q'-0)¢_(r,E',Q") |

where
[fde'dﬁ'zyﬁy(z,E‘»E,ﬁ'%ﬁ)¢7(;,E',5')]dEd§ = inscattering gain
per unit volume at the space point r of photons with energies

in dE about E and directions which lie in dQ about ﬁ,

[ﬁde’dﬁ'Zeﬂy(;,E'»E,ﬁ'ﬁﬁ)¢e(;,E',5')]dEd5 = bremsstrahlung
scattering gain per unit volume at the space point r of photons
with energies in dE about E and directions which lie in dQ

about 5,

[ﬁde’dﬁ’Enﬂv(;,E'*E,ﬁ’ﬁ§)¢n(;,E',5’)]dEd5 = photon production
gain per unit volume at the space point T of photons with ener-

gies in dE about E and directions which lie in dQ about Q, and
¢7(E,E,§) = the photon angular flux,

¢e(E,E,5) = the electron angular flux, and,

]

¢n(;’E’6) = the neutron angular flux.
Incorporating Eq. 2-3 into Eq. 2-2 and substituting ¢7 for ¢ and Q7

for Q yields:

QV$ (r,E,Q) + 2 (r,E r,B,Q) = r,E,Q) +
6, (F,E,0) + 3 (r,B)4_(r,£,Q) = Q (r,E,Q)
dE'dQ'S 1, E'~E,Q'~Q v,E',Q') +
IJ - )¢ )
[[aE’da zeﬁy(r,E SE,Q'-0)¢_(r,E',Q") +

— _ - . _ _ (2-4)
fde’dQ'Enéy(r,E'%E,Q'*Q)¢n(r,E',Q')
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Equation 2-4 represents the generalized static integro-differential
Boltzmann transport equation for photons with bremsstrahlung produc-
tion.

As in the case with photons, Eq. 2-2 must also be modified for
electron transport to account for photon production of electrons via
the photoelectric absorption and palr production interactions.
Furthermore, at low electron energies, it becomes impractical to
simulate discrete electron interactions, and Eq. 2-2 must be modi-
fied to include a continuous energy loss term. This difficulty with
electron transport arises because the cross sections for most elec-
tron interactions become very large as the electron energy
approaches zero. The exact values are not well known and it is
therefore not feasible to try to simulate every interaction. To
properly account for the above considerations, the inscatter term in

Eq. 2-2 becomes:

JJdE'da's_(x,E'-E,0'-0)4(x,E',Q') =
fde’d@'Eeﬁe(r,E'ﬁE,Q’aQ)¢e(r,E’,Q') +
fde'dQ'Eyﬁe(r,E’%E,Q’AQ)¢7(r,E',Q') +

3 (2-3)

a—E[s<E>¢e<r,E,m] :

where
[ﬁde’dﬁ’zeﬁe(;,E’»E,§'+§)¢Q(E,E’,ﬁ')]dEdﬁ = inscattering gain
per unit volume at the space point r of electrons with energies

in dE about E and directions which lie in dQ about 5,

[ﬁde’d5’27+e(;,E'»E,ﬁ'+§)¢7(;,E',5’)]dEd5 — photoelectric

absorption and pair production gains per unit volume at the

15



space point r of electrons with energies in dE about E and

directions which lie in 4Q about ﬁ,

[5% [S(E)¢Q(E,E,§)]JdEd§ = a continuous slowing down per unit
volume at the space point 1 of electrons with energies in dE

about E and directions which lie in dQ about 5,

S(E) = the energy loss per unit pathlength i.e., the stopping

power,
¢e(;’E’§) = the electron angular flux, and,

¢7(;,E,ﬁ) = the photon angular flux.
Incorporating Eq. 2-5 into Eq. 2-2 and substituting ¢e for ¢ and Qe

for Q yields:

’s"z-"v”¢e<§,E,5) + Zt(;,E)qﬁe(;,E,ﬁ) - Qe(E,E,b") +
JJaB d@'s | (r,E'~E,0'-2)¢_(r,E',0Q') +
fde'dﬁ'zy__)e("r",E'aE,ﬁ'eﬁ)qsv(E,E',5*) +
; _ (2-6)
é—E[S<E)¢e<r,E,m]
Equation 2-6 represents the generalized static integro-differential
Boltzmann transport equation for electrons with continuous slowing
dowrt and photoelectric absorption and pair production.

While Eq. 2-6 is written specifically for electron transport,
it could apply to any charged particle transport. The difficulty in
applying Eg. 2-6 to other charged particles, i.e., protons, alpha
particles, recoil heavy ions, etc., is the lack of cross section

data. The development of theoretical and empirical formulae to
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simulate charged particle transport is not as extensive as that for
electron transport. There are, however, numerous theoretical formu-
lae developed for calculating charged particle stopping powers which
are used in the present work to simulate charged particle energy
deposition processes. Using stopping powers to simulate the charged
particle energy deposition processes is acceptable because below 20
MeV the probability for charged particle nuclear interaction is
small due to the short tracklengths of the charged particles. These
short tracklengths result from the limited range of the charged par-
ticles. Consequently, the majority of charged particles would depo-
sit their energy before undergoing a collision. Therefore, for
charged particle transport, Eq. 2-6 with ¢C substituted for ¢e and
QC substituted for Qe’ can be reduced to:

QY4 (r,E,Q) = Q (r,E,Q) + ~—a~[S(E)¢ (r,E 6)] (7

c 7 c oE e T ’

where

¢C(E,E,§) = the charged particle angular flux, and

’

the definitions of the terms in Eq. 2-6 now apply for charged

particles.

In the Monte Carlo method, a transport cross section is used to
determine the next collision site. Therefore, a small fictitious
transport cross section is incorporated to force the transport of
the charged particle to a material boundary. The stopping powers
are then used to determine the amount of energy deposited in that
material. This yields a charged particle transport equation given
by:

17



Q. (T,E,Q) + 5 (r,E)¢ (r,E,Q) = Q (r,E,Q) +
[od C C C
fde'dﬁ’Xz(;,E')6(E’+E,ﬁ'%§)¢c(;,E',ﬁ')-k

, _ (2-8)
5E[S<E>¢C<r,ﬁz,m] :

where
Ei(f,E)¢(E,E,ﬁ)dEd§ = Fictitious collision loss per unit volume
T
at the space point r of charged particles with energies in dE

about E and directions which lie in dQ about 5, and,

[ﬁde’dﬁ’Zt(f,E’)6(E’*E,ﬁ’*§)¢c(;,E’,5')]dEd§ ~ fictitious
inscattering gain per unit volume at the space point r of
charged particles with energies in dE about E and directions
which lie in d9 abour Q.

Equations 2-2, 2-4, and 2-6 represent the generalized static
integro-differential Boltzmann transport equation for neutrons, pho-
tons, and electrons respectively. As such, these equations are
cross-coupled because of photon production of electrons, and neutron
and electron production of photons. Applying the Monte Carlo method
to these equations effectively decouples the equations by treating
these production terms as part of the source term. In other words,

Eq. 2-4 can be reduced to Eq. 2-2 if the source term is defined as:

Q(r,E,Q) = Q;(E,E,ﬁ) + fde'dﬁ'Zeqy(;,E'ﬁE,ﬁ’»ﬁ)ée(E,E',ﬁ') +

— _ _ _ _ (2-9)
J[dE"da Ty (BB Q6 (2,E1,00)

L.

% — —
where Qv(r,E,Q) represents the external source of photons. Like-
wise, Eq. 2-6 can be reduced to Eq. 2-2 (with the added continuous
energy loss term) if the source term is defined as:
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Q(r,E,0) = QZ(?,E,E) +
_ . o _ . (2-10)
fde’dQ’Zy_e(r,E'%E,Q’%Q)¢7(r,E',Q') ,
where again Q:(;,E,a) represents the external source of electrons.
In light of the above discussion and because Eq. 2-8 is a simplifi-
cation of Eq. 2-6, the formal basis for the Monte Carlo transport of
all particles is provided by an integral form of Eg. 2-2 with the

added continuous energy loss term.
2.1 RANDOM WALK PROCEDURE

The previous section discussed the transport of all particles,
i.e., neutrons, photons, electrons, etc., which contribute to the
ionization chamber response in a mixed field radiation environment
utilizing the integro-differential Boltzmann transport equation.

The Monte Carlo method, however, uses an integral form of the
Boltzmann transport equatién as the formal basis for the random walk
procedure. A random walk by a radiation particle is comprised of
its birth event, followed by movements from one collision site to
the next, and finally terminated by either absorption or leakage
from the system. A reasonable basis for the Monte Carlo random walk
procedure is the integral emergent particle density equation given

byQaz

x(r,E,Q) = Q(r,E,Q) +

_ L (2-11)
3_(x,E'~E,Q'0) o B

— dezt(r,E')e

Et(r,E') 0

fde,dﬁ, —ﬂ(r)R,Elyﬂ')X(;l’E,’ﬁl) ,
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where

R
B(r,R,E,Q) = f Zt(r~R'Q,E)dR‘ is referred to as the "optical
0

thickness" and represents the number of mean free paths between

spatial points r and r',

x(E,E,a) is defined as the density of particles leaving a
source or emerging from a real collision with phase space coor-

dinates (;,E,ﬁ),

[R] is a spatial variable which relates a fixed point in space

(;) to an arbitrary point (;'), and

the definitions of the other terms are given in the discussion
of Eq. 2-2 in the previous section.
The fundamental relationship between the emergent particle density
in Eq. 2-11 and the flux density is given by:
o o ~ _ L _ (2-12)
x(r,E,Q) = Q(r,E,0) + [[dE'dQ'E _(r,E'-E,Q-0)4(r,E Q") ,
and the flux density in terms of the emergent particle density is
given by:

(2-13)

6(r,E,0) = [arePERED ¢y g
0

A full discussion of the transformation of Eq. 2.2 to Eq. 2-11 is

presented in Ref. 24 and will not be repeated here.
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The integral emergent particle density equation can be

presented in a simpler notation by defining the transport integral

operator as:

w _ . (2-14)
T(z' R,E,Q) = dezt(E,E)e'ﬂ(r’R’E'Q>,
0
and the collision integral operator as:
_ o (2-15)
_ L _ Z (r,E'-E,Q'-Q)
C(r,E'~E,Q'~»0) = [[dE'dq’ —
Zt(r,E')
The collision integral operator can be rewritten as:
_ L _ (2-16)
B o _ |2, (x,EE Q) LS (x,EY)
C(x,E'~E,0'-Q) = [[dE’dQ’ — . ,
! ]
Zs(r,E ) Et(r,E )
where
(2-17)

2 (r,E') = JdEdas_(r,B'~E,0'-Q)

In Eq. 2-16, [ZS(;,E'+E,5'*§)/ZS(;,E')] is a normalized joint proba-
bility density function used in selecting an emergent particle’s new
direction and energy and [ZS(;,E')/Et(;,E')] is the nonabsorption
probability. Introducing the transport and collision operators into
Eq. 2-11, the integral emergent particle density equation in opera-

tor notation is obtained:

x(r,E,0) = Q(r,E,Q) +
21



- - - - — — (2-18)
C(r,E'=»E,Q~Q)T(r' ~r,E' ,Q" )x(x' ,E’',Q")

The principal reason for selecting the integral emergent particle
density equation for the Monte Carlo random walk is because the
source particles are introduced according to the natural distribu-
tiomn.

The implementation of the random walk procedure is accomplished
by representing the emergent particle density x(;,E,ﬁ) as a Neuman

series:

o - o (2-19)
x(r,B,2) = 2 x(r,E,Q)
n=0
where
Xn(;,E,a)dEdﬁ = the density of particles emerging from the nth
collision at the space point r with energies in dE about E and

with directions which lie in dQ about 5,

xO(;,E,ﬁ) = the natural source distribution Q(;,E,ﬁ), and,

e .

x (£,E,0) = C(r,E'~E,-Q)T(r'~r B ,2)x"
The Neuman series solution of Eq. 2-18 implies the following

sequence of events:

1. The random walk begins with the selection of the
particle’s phase space coordinates, involving position
<¥O>’ energy (EO), and direction (50), according to the

joint probability density function associated with the

natural source distribution Q(;,E,ﬁ).
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A flight distance R is picked from the probability distri-
*ﬁ(r>R:EO’90)

bution function (pdF) Et(;,EO)e to deter-

mine the first collision site ;1.

At the collision site ;1, a nuclide from N kinds of
nuclides in the mixture is selected. The selection of a

scattering angle and energy for a particular nuclide will

preserve the unique physics of each interaction.

Once the nuclide has been selected, the choice is made
between an absorption or a scattering reaction according

to the nonabsorption probability Ls(rl,EO)/Zt(rl,EO).

If an absorption occurs, the sequence is initiated again
for a new particle. If a scattering reaction occurs, a
new direction (ﬁl) is selected according to the marginal
probability distribution function
deZS(;l,EoﬁE,ﬁoﬁﬁ)/Es(gl,Eo). For elastic scattering and
inelastic scattering to a discrete level, a new energy
(El) is determined from the kinematic equations. For all
continuum reactions, a new energy <El) is determined from
the conditional probability distribution function

2_(r), By E,Q°0,) /5 (1 ,E) .

Repeat step 2 through 5 until the particle history is ter-
minated due to absorption, escape, or because the

particle’s emergent phase space coordinates drop below
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some arbitrarily specified limit, i.e., energy cut-off,

age cut-off, etc.
The above sequence of events is directly applicable to neutron tran-
sport, photon transport, and electron transport for electrons with
energies greater than an arbitrary cutoff energy used to invoke the
continuous energy loss term shown in Eq. 2-6. However, for elec-
trons with energies below the cutoff energy, and for all charged
particles, the sequence of events changes t