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RADIATION SHIELDING CALCULATIONS BY MEANS OF
MCNPX
ABSTRACT

Monte Carlo radiation transport calculations were performed to re-evaluate
the configuartion of the horizontal target bombardment station of the ra-
dionuclide production at iThemba LABS. Calculated neutron and photon
dose attemuation factors for this shield were compared with those previously
obtained by means of the multigroup discrete ordinate code. Isotropic and
"anisotropic source terms were assumed. Furthermore, two geometries were

considered. namely, spherical and cylindrical

The neutron and photon total dose rates and dose attenuation factors
were calculated at 1.5 m from the center of the target for a shield config-
uration composed of a combination of homogeneous materials such as iron,
paraffin wax containing boron carbide for the attenuation of neutrons, and
lastly, lead as an outer photon shield laver. The thickness of lead necessary
to attenuate photons transmitted from the neutron capture reactions and
those from the decay of the residual nuclei was about 4 cm. The amount of
boron carbide needed to mix with paraffin wax was determined by adding.
by weight percent. small increments of boron carbide into paraffin wax until
about 10% of the boron carbide was eventuallv added into the wax. The
thickness of iron and wax needed to attenuate fast neutrons to thermal neu-
trons was determined by fixing the total thickness of the shield 60 cm and the
position of iron. with respect 1o iron/wax interface was determined by mov-
ing iron across the shield configuration. Where available. the results obrained

by means of MCNPX were compared with those previously published.
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Chapter 1

INTRODUCTION

1.1 Overview

iThemba LABS is a multidisciplinary research facility that provides basic and
applied research using particle beams, neutron and proton radiotherapy for
the treatment of cancer and for supplyving cyclotron-produced radioisotopes
for applications in nuclear medicine, industry and research. The main accel-
erator. the seperated-sector cyclotron (SSC). accelerates protons up to 200
MeV and heavier charge particles to much higher energies. The accelerated
particles are then steered to different areas of the facility e.g. radiotherapy
vaults, isotope production. etc. The [ayvout of the facility is given in Figure

1.1.

There are four beamlines available for the production of radionuclides at
iThemba LABS. Three of these beamlines are horizontal and are all located
in one vault while the vertical bemline is located in a separate vault. All
these beamlines branch from the SSC to the radionuclide group vaults (see

Figure 1.1). Two of the three beamlines were built in 1988 and have been
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Figure 1.1: A layout of the experimental facilities at iThemba LABS

in operation ever since. The other beamline 1s reserved for furture develop-
ments. One beamline is utilized for high-energy and low current experiments
(£100 MeV, currents up to £100 nA) employing stacked-foil activation tech-
niques. The other horizontal beamline, so called “elephant” is dedicated to
the routine production of radionuclides, [Ste90], [Nor80]. Radionuclides and
radiopharmaceuticals are produced routinely at iThemba LABS. These are

then supplied to local and international communities.



1.2 Motivation

The “elephant” is a sophisticated, remote-controlled target bombardment
station used for the routine production of radionuclides produced by irradi-
ating various targets with 66 MeV proton beams at currents up to 100 uA.
Three targets can be irradiated in tandem in this target bombardment sta-
tion. The “elephant” is located in a vault that has 4.5 m thick concrete walls
for biological shielding of neutrons and gamma radiations. In the design of
such a bombardment station it is essential to take into account radiation
damage to materials inside the vaults. Considerable radiation damage to
materials and components of organic nature e.g. rubbers, plastics, etc. can
occur in a relatively short period of time. And, because it is impractical
to totally exclude radiation from bombardment vaults it is therefore ideal
and safer to limit the amount of radiation levels in these areas. In this way
personnel are not exposed to unnecessarv radiations.In addition, not only is
it impractical to replace components of the bombardment station on regular
basis it is costly as well. For this reason the bombardment station should be
designed in such a way that the target is enclosed inside a suitable local ra-
diation shield and sensitive components mounted outside the shield. In this
way the components are prevented from excessive radiation damage and, at
the same time, the shield serves to reduce neutron activation of the vaults

and its contents.

At iThemba the the vertical beam target station is still under development
and its current set-up is such that it is open at the top and is not completely
closed at the bottom hence it is not very clear where the neutrons and pho-
tons and their associated dose rates are going. especially in position where

the equipment is mounted. It is therefore essential to do an investigation



of the neutron and photon dose rates in this vaults and, also on the areas
above and below the vault where the vertical beam target station (VBTS)
is sitnated. Such a study was previously conducted by Steyn et al [Ste9D,
Ste92] whereby dosimetry experiments were performed. The experimental
data, together with radiation transport calculations help desgn the shield
of the “elephant”. These radiation transport calculation were performed by
means of the multigroup discrete ordinate code, which is based on the deter-
ministic method. With this code only isotropic source terms could be model.
Over the years the use of deterministic-type code have been over-shadowed
by the Monte Carlo based codes such as FLUKA at INFN [Fas01], GEANT4
at CERN [CERO3] can also be downloaded freely, MCNP/MCNPX at LANL
[MCNO03] because of their various applications. Although the deterministic
codes are still used for simple-geometry problems they are however not as
dynamic as Monte Carlo codes, such that the multigroup discrete ordinate
codes are almost absolete. Due to their versatility Monte Carlo codes are
generally veryv big. As such one needs to have a good understanding of their
capabilities. Since MCXNPX is available at iThemba LABS it was therefore
chosen as a tool to perform the radiation transport calculations. However,
since this code has never been used for this purpose at iThemba LABS it
was then decided to test it by re-modeling the shielding of the “elephant™
and then compare those results with those obtained by Stevn et al. in 1992
[Ste92]. The results from these calculations would be used as benchmark for

the radiation shielding calculations of the VBTS.



1.3 Radiation transport codes

For many decades scientific research was based on the physical experiments,
as a basic for developing and refining theory. This however changed with the
discovery of numerical experiments. Now scientific theories can be based on
numerical experiments that are compared with physical experiments. Nu-
merical experiments provide more information and better understanding of
the physical phenomena. The analysis of the results of numerical experiments
can guide the selection and the design of the physical experiments best suited
to valid theories [AMC94]. The numerical experiments are based on com-
putational techniques i.e. the transportation of neutral particles, which is
described by the linear Boltzmann transport equation. It is well known that
the Boltzmann equation is mathematically complex hence it cannot be solved
analytically. There are several accurate computer codes that can approxi-
mate the solution to the Boltzmann transport equation. These codes are
available from the Radiation Shielding Information Center (RSIC) at Oak
Ridge National Laboratory [RSI03}). Numerical modeling is based on two

general approaches viz. deterministic methods and Monte Carlo technique.

The Deterministic method is based on the discrete ordinate and function
expansion. It is a numerical technique for solving the finite-difference form
of the Boltzmann transport equation. It involves solutions of an integral
and differential equation that describes the dependence on a spatial coordi-
nates or time of some behavioural characteristics of the system in question.
In other words it is characterized by the functions that describe the phase
space density of a particle at a given point and its distributions with re-
spect to energy. angle and particle type. The Boltzmann transport equation

is set in an approximate form that allows the calculation of the increment



change in the characteristic caused by an incremental change in the vari-
able(s). Depending on the boundary conditions (for a given source) the
equations of flux, heating, reaction rates, etc. are directly solved. Determin-
istic codes such as RAMA [Bak99], CENTRM [Wil95], ANISN [Eng73], DOT
3.5 [Rho73] compute the neutron flux spectra in one dimensional system or
infinite homogeneous media. They also solve the multigroup intergral trans-
port equation using the method of characteristics in arbitral 3-dimensional
geometry. The are two areas that limits accurracy in deterministics codes
compared to continuous-energy Monte Carlo codes, namely, improved geo-

metrical modeling and utilization of pointwise nuclear data [Wil99].

Monte Carlo method is a numerical technique that allows the calculation
of the deterministic quality as an average of the corresponding stochastic
one over its probability distribution. It is also called stochastic method. It is
eminently suitable for study of stochastic processes, particularly, the motion
of excited nucleons such as photons and neutrons inside the nucleus where
the nucleus is treated as a Fermi gas after the nucleon-nucleon interaction.
It generates statistical random numbers to decide on the entry point of the
incident particle in the nucleus. the energv and the direction of the incident
particle. The transportation of the emitted radiations i.e. photons and neu-
trons is characterized by the particles traveling along a straight path between
a space of collision points. If a collision occurred the particle may be absorbed
or scattered into a new direction and energy. The calculated nucleons are
those that are excited by means of intranuclear cascade and emitted when
thev reach the nuclear surface. This proccess is terminated when the nucleus
cannot emit particles anymore. The remaining energv in the nucleus is as-

surned to be statistically distributed among all nucleons. with the formation



of a fully equilibrated residual nucleus which further decays by evaporation
[Hod97]. As a result of this simulation the flux density is obtained by aver-

aging the scores from individual tracks.

Monte Carlo codes e.g. MCNP [Bri93] have been available for years but
they were not considered for most practical routine calculations. Contrary,
deterministic codes were used based on approximate methods for reactor
physics and shielding calculations. Various theoretical models are imple-
mented in Monte Carlo codes to describe the stages of the interactions.
The interaction are described by the first stage, pre-equilibrium, evapora-
tion/fission, and lastly de-excitation of residual nucleus. At high incident
energies (MeV) the interactions are described by the intranuclear interaction
cascade while the transition between the first reaction and final equilibrium is
described by the pre-equilibrium and evaporation models. There are various
approaches used to describe the pre-equilibrium phase e.g. quantum mechan-
ical multistep model, exciton model. hybrid model and geometrv-dependent
hybrid models. The intranuclear cascade model is successful in describing the
main features of proton-nucleus reactions. This model also provides a good
description of the first stage of reaction processes characterised by nucleon-
nucleon reaction scatterings and predicts. satisfactorily, the high energy part
of the particle spectra. The intranuclear cascade model started in classical
multiple scattering by Serber [Ser47]. Later on other aspects such as nu-
clear mean field, Pauli blocking and the stochastic determination of the final
state in binary collisions were introduced. In some models, quantum effects
of Paul blocking are taken into account. however using this feature usually

adds considerably to the computational time.



Two approaches are commonly used in the pre-equilibrium model, namely
multistep model and exciton model. The multistep reaction theory is em-
bodied by three main theories e.g. Feshback, Kerman and Koonin (FKK)
[Fes80, Fes95|, Tamura, Udagawa and Lenske [TUL] [Tam82| and Nishioka,
Weidenmuller and Yoshida (NWY) [Nis88]. In this case the evolution of the
reaction proceeds through definite steps from the initial nucleon-nucleon in-
teraction (first step), with each successive step driving the reaction towards
the formation of the compound nucleus. The pre-equilibrium exciton model
Gi66] and hybrid model are based on the notion of an exciton i.e. particle
above or hole below the Fermi level. The initial stage of the reaction of the
projectile and the nucleus is responsible for the essential part of emission at
high-energy end of the spectrum. The initial number of degrees of freedom
in exciton or hybrid model plays an important role. Over the vears models
were developed [Bla73] to reproduce the pre-equilibrium cross sections and
describe the reaction process in terms of a series of nucleon-nucleon interac-
tion within the nucleus. The pre-equilibrium exciton model is governed by
the set of master equations which describes both competing processes, the
equilibration of the nucleus and the emission. Because of the simplicity and
physical transparency of this model, the exciton model continues to be used
in spite of the development of more microscopic and quantum mechanical

models,

1.4 Objectives

In this study the radiation shield is designed by performing radiation trans-
port calculations by means of MCNPX. Previously. these calculations were

performed by emploving the multigroup discrete ordinate code. Due to Hm-



itation of the mulitigroup discrete code, which were eluded to in section 1.2
above, only isotropic source terms could be modeled {Ste92]. There are two

main objectives of this study:

e To reproduce the data obtained by Steyn et al. using the multigroup

discrete ordinate code.

e To model anisotropic source terms and compare the results with those

obtained using isotropic source terms.



Chapter 2

THEORETICAL
BACKGROUND

2.1 Overview

When the target material is irradiated with a beam of charged particles many
different interactions occur between the particles and the target nuclei. Some
of these interactions are relevant in the production of radionuclides and also
in the development and maintenance of the target bombardment station.
As such an understanding of fundamental processes is required in order to
limit or control the problems inherent in the production of radionuclides.
Furthermore, it is equally important to understand the processes by which
the charged particles lose their energy in matter. These processes include
stopping power of charge particles, energy and range straggling. small-angie
multiple scattering and non-elastic nuclear reactions. This chapter provides

a detailed description of these processes.
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2.2 Passage of charge particles in matter

Heavy charged particles are defined as energetic ions with mass of one atomic
mass unit or greater, e.g. protons, alphas, products of many nuclear reac-
tions, fission products, etc. The passage of a charged particle through mat-
ter is characterized by two principal features which arise from collisions with
atomic electrons of the target material and elastic scattering from nuclei.

The two principal features are:

e the practical continuous loss of energy by the particles leading to well-

defined ranges, and

e the deflection of the particles from their original direction of movement

A charged particle being surrounded by its Coulomb electric field inter-
acts with everv atom of matter it passes. Upon entering the target the parti-
cle immediately interacts simultaneously with many electrons, which results
with an electron feeling an impulse from the attractive Coulomb force as the
particle passes its vicinity. Depending on the proximity of the encounter the
electron can either be ezcited to a higher-lying shell within the target or it
can be ionized by being completely removed from the atom. Only minute
fractions of the kinetic energy of the projectile are transfered from most of
these interactions. Subsequently, the particle suffers small deviations from its
original direction of movement. Due to these encounters the velocity of the
projectile is also decreased and because the kinetic energy transfered from
the projectile to the target nucleons is so small. it loses its kinetic energy in
many such interactions during its passage. Since the interactions are with
many electrons the net effect is to decrease the velocity of the particle con-

rinuously until it is stopped.
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The electronic collisions are generally characterized into groups of soft or
hard collisions. Soft collisions take place at distances considerably larger than
the atomic radius and the influence of the projectile’s Coulomb field affects
the atom as a whole, resulting in the excitation or tonization of electrons.
Hard collisions happens when the projectile hits the atom and interacts, more
likely, with a single atomic electron which is then ejected from the atom as
a delta ray (0 - ray) with a considerable kinetic energy. At close encounters
the Coulomb interaction occurs with the atomic nucleus as well. In this
case the projectile is scattered elastically and the amount of kinetic energy
lost by the projectile is just enough to satisfv conservation of momentum.
The energy transfered from the charged particle to the target material is

ultimately dissipated into molecular vibrations or heat.

2.2.1 Energy loss and stopping power

The stopping power, S. for charged particles is defined as the particle en-
ergy loss per unit thickness as it traverses the target material [Jan82]. It
is frequently refered to as the “rate of change of energy”. S=-dE/dx. The
stopping power is an important quantity for calculating the heat deposited
by the projectile in the target and also, for calculating the range of the par-
ticles as well as their energv at a particular depth in the target material.
Since the energy loss of the charge particle is caused primarily by inelas-
tic Coulomb field interactions with the bound atomic electrons of the target
material then the projectile disperses a small fraction of its energy in every re-
sulting atomic excitation. ionization or single electron collision. Because the
number of interaction per unit path length is very large the resulting effect

is a considerable cumulative energy loss occuring in thin lavers of the target

12



material. The energy loss resulting from both these processes is defined a

C

dE  4me*2?27?% ma? 1
—_ E],

[in( 7 )+fﬂ(m)—ﬁ2—

Tdr mu? (2.1)

where, the parameter [ and C/Z represent the mean ionization potential
of the target atom and shell correction, respectively. The parameter § = v/c,
is related to the kinetic energy of the particle, ¢ and v represent the particle
velocity and velocity of light, repsectively. The electron charge is denoted by
e while m represents the electron mass. The atomic numbers of the particle

and target are respectively presented by z and Z .

In MCNPX the ionization potentials have been enhanced to the values
and enterpolation procedure recommended by the International Commission
on Radiation Units and Measurements [ICR84] thereby bringing the model
into closer ICRU compliance. To correct for the density eflects the param-
eterization of Sternheimer and Peierls [Ste71] are used. In the case of high
energy protons and other light charged particles the full kinetic energy trans-

fer is implemented.

2.2.2 Pathlength

The pathlength is defined as the average distance travelled by a beam of
particles from the point where it enters the target material with a specific
kinetic energy to the point at which the kinetic energy is equal to zero.
It includes track deflections caused by angular scattering and is sometimes
referd to as the “continuous slowing down approximation range”. The range.

R. is defined as the average depth of penetration of charge particles measured

13



along a straight line parrallel to the original direction of the motion of the

particles. The relation of range to energy loss is given as

R:[O 0(%)—1(1}5 (2.2)

where Ej is the energy of the projectile and -dE/dz is the stopping power
for the projectile in a target material. The range is always less than the path-
length because of angular deflection caused by multiple scattering processes.
Figure 2.1 gives a rough illustration of the pathlength and range of protons

within a target material.

/  Targed Materia
B of protons with
kinetic mergy £ Pak-emyth:
—_— Raoge

Figure 2.1: Schematic representation of the pathlength and range of particles

in the target material.

2.2.3 Energy and range straggling

The energy lost by a projectile in a collision with atomic electrons is not
always the same since the distance of closest approach (impact parameter)

is not predictable and varies considerably. The number of collisions suffered

14



by the projectile per unit length varies for individual protons. Therefore,
the energy lost per unit distance traveled is not constant and so two protons
with the same energy need not come to a stop at the same range or have
the same pathlength. This variation is called streggling and it has a statis-
tical nature. At low energies, where nuclear stopping dominates and where
fluctuations in the effective charge of the proton are mostly prevalent, the
fractional energy loss per collision becomes larger. Through nuclear stopping
the proton undergos scattering resulting with the beam acquiring an energy
spread after passing through a particular thickness of a target. This beam
spread is known as energy straggling. Thus, a mono-energetic beam of pro-
tons do not have a unique range in the target material. The beam spread
increases with increasing depth of penetration, resulting in range straggling.

In short, range straggling is a consequence of energy straggling.

The Vavilov distribution [Vav37] is used to describe the energy strag-
gling of charged particles. At low energies and large step sizes the Vavilov
distribution approaches a Gaussian distribution [Sel64] while at high ener-
gies or small sizes the Vavilov distribution approaches a Landau distribution

[Landd].

2.2.4 Small-angle multiple scattering

During their passage in the matter the charged particles are deflected by the
atomic nuclei. A single proton undergoes many such small angle deflections
which may result in an increasing angular spread in the beam with increasing
target thickness. This affects the beam such that it broadens towards the
end of a thick target. The beam spread is caused by elastic nuclear collisions

and the contribution from inelastic collisions are negligible [Sch01], [Wal92!.
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The Gaussian model based on the theory presented by Rossi [Ros42] is
implemented in the treatment of small-angle Coulomb scattering. Although
in the original theory both angle deflections and small spatial displacement
were accounted for, however, in this model only the part of the theory that

addresses the angular deflections is used for charged particles.

2.3 Nuclear interactions

The type of processes most prevalent when the charged particle traverses the
target material depend on the type of interactions between the two ions. It is
possible for the two ions to interact non-elastically through elastic Coulomb
scattering. This happens when the distance between the interacting ions is
large enough for them to feel each others field i.e. the particle does not come
into close contact with the target nucleus. If the encounter is close enough.
the projectile may produce an internal disturbance in the nucleus which may
result in the excitation of the target nucleus. This process is refer to as
inelastic scaftering. At even closer encounters the incident projectile may
penetrate the nucleus thereby causing a nuclear reaction. In this instance.
the projectile can either collide with a single nucleon, ejecting it directly or
it can get absorbed in the nucleus. The latter gives rise to the formation of

the compound nucleus while the former results in pre-equilihrium.

There are three tvpes of mechanisms that can take place in proton-
induced nuclear reactions. Direct nuclear reactions takes place when the
proton interacts with a few nucleons in the target. some of which are di-

rectly ejected and the majority of the nucleons are left undisturbed. In this
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case there is a strong possibility that the proton will leave the nucleus again
after losing a fraction of its kinetic energy to the nucleons. This reaction
takes place very fast (within 107%* seconds) i.e. without going through the
compound nucleus stage. In the compound-reaction mechanism the proton
is absorbed in the nucleus, resulting with the compound nucleus progressing
towards a statistical equilibrium. This is due to the fact that the nucleons
re-share and re-share the energy of the proton among themselves without
any emission. The excited compound nucleus de-excites by emitting parti-
cles and gamma rays until it finally reaches the ground state. In contrast,
compound-nucleus occurs at longer times (typically 1071 seconds) compared
to direct reactions. During this nuclear excitation, the energy of the proton
is progressively shared amongst the target nucleons and at any stage particle
emission can occur. A clear-cut classification into either direct or compound
reactions is therefore often not possible since the so-called pre-equilibrium

emission frequently occurs during the reaction.

In summary the interaction can be categorized into three stages. namely,
first, second and final stage. In the first stage a particle incident on a nu-
cleus interacts with individual nucleons via particle-particle cross sections as
described by Bertini (Ber63] in a potential which describes the density of the
nucleus as a function of radius. In order to describe this phase Intranuclear
cascade (INC) and Pre-equilibrium models {Hod92] are used. In the second
stage, the residual nucleus undergoes evaporation by releasing neutrons and
light ions. Tyvpical energies for evaporation are around 1 MeV. In the case
of light ions (for A < 13 and 14 < 4 < 20} a Fermi-breakup model replaces
the evaporation model [Man24]. In the final stage the excited nucleus decays

by gamma emission. when the excitation energy is below the threshold for

17



particle production.

In the intranuclear cascade {INC) model the particles propagate like free
particles in the nuclear medium. During the interaction the nucleons are
considered to be free gas, confined within a potential that describes a nuclear
density as a function of radius. The Fermi motion of the nucleons is taken
into account when modeling the interactions. The basic assumptions of the

intranuclear cascade model revolve around

the spatial point where the incident particle enters is selected uniformly

over the projected area of the nucleus,

o total free particle-particle cross-sections and region-dependent nucleon

densities are used to select the path length for the projectile particle,
e the exciton model is updated as the intranuclear cascade proceeds, and

e if Pauli’s exclusion principle allows and the energy of the particle is
greater than the cutoff energy, the second step is performed to transport

the products.

The interaction probability per unit length is given by free space cross
section, properly averaged over the Fermi motion of the target nucleons times
the local nuclear density. Therefore. the particle motion is formulated in a
classical way in that it can be subjected to an average nuclear potential,
which is added to the kinetic energy of the particle when traversing through
the nucleus. The effect of the nuclear mean field on the particle motion is ei-
ther null {zero) or it produces curved trajectories in a semiclassical approach
according to energy and momentum conservation. The curveture effects by

the mean field are commonly refered to as “refraction” or “reflection” effects.
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In principle, interactions occur like in free space in the Center of Mass Sys-
tem (CM) of the two colliding ions and because of the Fermi motion, the
laboratory frame does not coincide with the frame where the target is at rest
but a suitable Lorentz boost is applied to transform the secondary particles
back into the laboratory frame. Interactions occur in a completely incoher-
ent and uncorrelated way. No coherence or difractive effect is included and
neither are cluster or multibody processes are included. Quantum effects are
mainly limited to Pauli blocking. Secondary particles are treated in the exact
same way as primary particles, with the only difference that they start their
trajectory already inside the nucleus, The momentum of the target nucleus
is described by the Wood-Saxon distribution where the potential, V(r), is in
the form of several concentric spheres of different density as shown by the

expression below

v
1+ exp[=E]’

a

V(r)=-Vfr)= (2.3)

where R is about half density radius and a is the diffuseness parameter.
In this case the nucleus is considered to be a cold Fermi gas. The INC model
is less successful at low energies. The pre-equilibrium phase is the transition
between the first reaction and final equilibrium hence at low energies it re-

places INC model.

Two approaches are most commonly used to describe the pre-equilibriutm
phase, viz. quantum-mechanical multistep model and the exciton model
[Hod92]. The initial number of “excitons” (a particle above the Fermi surface

or a hole below the Fermi surface) is established. At each step the excited
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nucleus may emit a neutron, proton, deuteron, triton, helium-3 or an alpha,
or may even evolve toward an equilibrium number of excitons by increasing
the exciton number by one particle-hole pair. The chain stops when either
the exciton number or when the excitation energy is below any emission

threshold.

2.4 Residual radioactivity

Most of the residual nuclei produced via nuclear reactions are unstable. In
order to return to stability they subsequently decay either via alpha, beta, or
gamma ray emission. Mainly neutron-deficient radionuclides which decay by
means of positron emission accompanied with photon annihilation and also
with other gamma rays, are produced this way. Electron capture and electron
transition are other decay modes also common in neutron-deficient radionu-
clides. Hence, a production of a radionuclide usually result in a complex
mixture of radiations, e.g. neutrons and gammas, which can be problematic
especially to personnel and also to material and components of the target
bombardment station. Therefore sufficient steps should be taken towards
preventing the over-exposure of personnel and to limit the damage on the

components.

2.5 Neutron interactions

Being one of the primary particle types emitted in a nuclear reaction, neu-
trons are produced in great numbers when a target material is bombarded
with a proton beam. Unlike neutrons other light particles (protons. alphas.

etc.} also produced are rapidly slowed down and stopped in or close to the



target. Since neutrons are uncharged they do not experience gradual slowing
down when passing through matter. They interact only with nuclei hence
they travel great distances in matter. The secondary particles resulting from
neutron interactions are almost always heavy charged particles. These par-
ticles may be produced either as a result of neutron-induced reactions or by
nuclei of the absorbing material itself, which has gained energy as a result of
neutron collision. Consequently, they cause numerous secondary nuclear re-
actions not only in the material close to the target but also in the walls of the
room in which the bombardment is performed. The relative probability of
various types of neutron interaction change dramatically with neutron energy.
Therefore, neutrons are categorized into two groups viz. “fast-neutrons” and

“slow-neutrons”.

Slow-neutron interactions include elastic scattering in which the neutron
interacts with the absorbing material nuclei and a large set of neutron-
induced nuclear reactions. Veryv little kinetic energyv can be transfered to
the nucleus in elastic scattering. This is mainly due to the small kinetic en-
ergy that the slow neutron possesses. Elastic collisions bring neutrons into
thermal equilibrium with the absorbing material before a different type of
interaction takes place, which is why slow-neutron energy range is mostly
found among thermal neutrons. The real important slow-neutron interac-
tions are from neutron-induced nuclear reactions because they can create
secondary particles of sufficient energy to be detected directly. Since the in-
coming neutron has a low energy; the reactions must have a positive Q-value
to be energetically possible. Hence the radioactive capture reaction. (n.7), is
often the most probable reaction and plays an important part in the atten-

uation of neutrons.
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In the case of fast neutron interactions, the importance of scattering be-
comes greater because the neutrons can transfer a considerable amount of
their kinetic energy in one collision, resulting in recoil nuclei produced as
secondary particles. At each scattering point a neutron losses energy and is
slowed down to lower energies. On the other hand, if the energy is high the
neutron will undergo inelastic scattering with the nuclei. The recoil nucleus
is hence elevated to an excited state during the collision, followed by sub-
sequent deexcitation, with emission of a gamma ray. The neutron losses a

great deal of its energy than it would in an equivalent elestic collision.

Thermal effects such as free-gas and molecular binding thermal treat-
ments have to be taken into account when tracking neutrons. In this treat-
ment the target nuclei are in motion as a result of non-zero temperature
of the material. To best describe this effect an isotropic Maxwellian distri-
bution of the target velocities is assumed. Accordingly, cross sections are
the function of relative velocity between the neutron and the target. In a

[+

Maxwellian “sea” of targets mono-energetic neutrons “see” targets with a
spectrum of relative velocities leading to Doppler broadening of the cross
sections. Furthermore, the temperature has an impact on the kinematics of
neutron collisions due to neutrons tendencies to thermalise to energies con-

sistent with the material temperature.

In molecular binding thermal treatment the low energy-wavelength neu-
trons can interact with the lattice spacing of solids and the cross sections
shows very uneven behavior in that each peak corresponds to a particular

sets of crystal planes. It is found that in some directions cocherent scattering



(interference of scattered waves) has a constructive contribution while show-
ing an opposite effect (non-constructive contribution) in other directions.
This brings about change in angular distribution (Bragg scattering). Molec-
nlar energy levels can play an important role in liquids and solids, especially,
vibrational and rotational levels and also in cases where energy spacing is
approximately 0.1 eV to a few eV below. Neutrons can loose or gain energy
in discrete amounts thereby modifving the double-differential cross section
i.e. thermal inelastic scattering. Thermal cross section, S{«,3), are designed
to model neutron scattering as impacted by the binding of the scattering

nucleus in solid, liquid or gas moderators.

2.6 Photon interactions

An excited nucleus de-exite by radiating photons with different energy ranges.
In an electronic transitions in an atom only photons with low energies are
emitted but high energy photons are from nuclear bremsstrahlung. The trans-
port and the attenuation of the photons depend largely on the three major
interactions namely: Incoherent scattering. photoeletric absorption and pair
production as well as the other types of scattering. All these scattering pro-
cesses lead to a transfer of photon energy to electron energyv. The photon can
disappear competely or it can be scattered at a significant angle at which it
continuously interacts with other atoms.

Coherent scattering occurs when a photon interacts coherently with all
the electrons of the target atom. It is also known as Rayleigh scattering, and
it neither excites nor ionizes the atom. The photon retains its orignal energy
after the scattering events. This scattering is often neglected because of min-

imal effect on photon energy and small changes in direction. The probability
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Recoil electron

Incident photon

Scattered photon

Figure 2.2: Schematic representation of scattering of a photon and an electron

in the absorbing material.

of coherent scattering is significant only for low energy photons (i.e. few eV)
interacting with low atomic number targets. The probability is most promi-

nent when the interaction is with high atomic number targets.

The process of incoherent scattering take place when an incident photon
interacts with an individual electron in a target material. The photon trans-
fer a portion of its energy to the electron (assumed to be initially at rest)
after the interaction. The electron is known as recoil electron. The photon
subsequently continues to interact with other electrons until its energy is de-
pleted at some angle with respect to its original direction. The electron then
produces secondary ionization events. Thus, the angle of scattering depends

on the energy transferred to the electron. Figure 2.2 shows Compton scat-

tering which takes place between the incident photon and an electron in the
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where

1N
=2 (3.2)
<Y =1
and its relative error is given by
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The factors related to precision include the type of calcuations (forward
versus adjoint), estimator type, variance reduction techniques and number
of particles ran. Accuracy and precision are governed by the Central Limit
Theorem which states that the distribution of the sum of independent, iden-
tically distributed random variables approaches a normal distribution as n

approaches infinity [Man03].

The motivation for variance reduction is described by the relative error,

R, as
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The first two terms of the equation represent the non-uniform (nonzero)
scores while the last term represents the zero scores. The variance reduction

technique strives to equalize the x; scores as well as increase the fractions of
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Chapter 3

MCNPX

3.1 Overview

MCNPX is a Monte Carlo radiation transport code developed at Los Alamos
National Laboratory (US). This code was originally developed to transport
neutrons and photons at energies up to 20 MeV hence the name MCNP.
MCNPX was developed as a merge of the MCNP code and the LAHET code
system (LCS) in 1994. In other words MCNPX extends MCNP to virtu-
ally 34 particles e.g. neutrons, protons, electrons, photons, 5 leptons, 11
baryons; 11 mesons and 4 light ions (deuteron, triton, helium-3 and alpha)
at all energies. It is continuous in energy and direction. It treats arbitrary
3-dimensional geometry of materials in first or second-degree surfaces, tori,
ten macrobodies and lattices. It uses continuous cross section data, with a
range for neutrons, photons. electrons and protons that extend to energies
up to 150 MeV and used physics models for energies extending above 150
MeV. This code can model inter-dependent source variables. seven estimator

tyvpes and many modifiers.



absorbing material.

Photon interacts also through pair-production. This process occurs in
the intense electric field near the protons in the nuclei of the absorbing ma-
terial. The resulting effect is the creation of electron-positron pair. At the
end of this process the incident photon disappears. Since the rest mass of
the electron or positren is 0.511 MeV, therefore photons with energy greater
than 1.02 MeV are required for pair production to take place. If the inci-
dent energy exceeds this value, the excess energy appears in a form of kinetic
energy shared by the electron-positron pair. Therefore, the process consists
of converting the incident photon into electron and positron kinetic ener-
gies. Since the electron and positron are charged particles they are therefore
slowed down by the continuous Coulomb interactions with matter leading
to the production of Bremsstrahlung photons, with energies far lower than
that of the incident photon. When the positron has lost most of its energy,
it recombines with a negatively charged electron. Both leptons disappear,
and two annihilation photons are created, each with an energy equal to the
rest mass of the electrons. The two produced annihilation photons move in
opposite directions. at an angle approximately 180 degrees. The electron will

interact with the surrounding nuclei.

In this study the models used in order to describe the processes taking
place during the interaction of a proton and natural copper target are those

implemented in MCNPX code. This code is discussed in detail in the follow-

ing chapter.

[ R
Lt



MCNPX is supported on virtually all computer platforms e.g. Unix,
Linux, Windows and parallel execution with PVM or MPIL. It has a world-
wide user base of more than three thousand, of which about two thousand are
registered Beta testers [MCN05]. MCNPX has various applications, amongst
which there is proton therapy, spacecraft, detectors, fuel cycle, radiation
shielding, neutrino targets, etc. MCNPX can be accessed via the Radiation
Safety Information Computational Centre (RSICC) at Oak Ridge National
Laboratory [RSI05] and has limited access to the website [MCNO5].

3.2 Monte Carlo technique

The idea behind Monte Carlo techniques is to model a physical system by
statistically simulating individual physical events up to N times. With each
complete simulations, information on system properties are gathered. Like
in many other codes, the main concepts of Monte Carlo simulations are ac-

curacy, precision, central limit theorem. tally mean (error) and tally variance.

Accuracy is defined as the measure of how close the true mean is to the
phvsical quantity being estimated. This is sometimes refered to as the “sys-
tematic error” . Monte Carlo codes cannot directly estimate this. The factors
related to accuracy are: code accuracy {physics models, etc.} problem model-
ing (source. geometry, etc) and the user errors. On the other hand, precision
is defined as the uncertainty in X, caused by the statistical fluctuations in
the sampled x’s. Precision is sometimes called the “relative error” and is

estimated by Monte Carlo codes. Precision is mathematically described as

(=11

1 1 _
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Nnonzero scores.

The central moment of the history scores probability density function,
f(x), relates to the mean, variance, confidence interval shift and the variance
of variance. Therefore, a successful calculation should satisfy the following

statistical checks:

e Mean should have a random behaviour.

¢ Relative error must be less than 5% for point detector simulations and
less than 10% for other detector tallies. The half part should decrease

monotonically by one over square root of N.

e Variance of variance should be less than 10% for all tallies and the last

half should decrease monotonically by one over N.

e Figure of merit should have a constant value and show a random be-

haviour.

e History tally probability density function slope must be greater than

3.

The figure of merit (FOM) relates to the efficiency of the code, ie. a
measure of how quickly the desired precision is achieved. Monte Carlo codes
estimate FOM from its relation to the relative error as well as on the time

taken to complete the calculations. As such the FOM is given by

p—

FOM =

&
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where, R? = 1 and T=n. The FOM should be constant with n and the
larger it is the more efficient is the code. The factors affecting the FOM are
the history-scoring efficiency, dispersions in the nonzero history scores and

the computer time per history.

In summary the principle of Monte Carlo is the mechanisms for basic
physical processes are known and individual processes are simulated by means
of random numbers. Furthermore, the physics is used as a rule for the sim-
ulation. Subsequently, the random numbers are then uniformly distributed
between zero and one. Due to the change in the system specifications the
global properties of various physical system differs in terms of particle type,
geometry energy, etc. However, the basic elementary steps by which the

physics is modeled does not change.

3.3 Simulations in MCNPX

In order to perform MCUNPX calculations the train of event start by visualiz-
ing the problem and also by understanding the type of modeling assumptions
that are applicable for that specific problem. In short, two key questions need
to be addressed are: can the actual geometry be reduced to a representative
geometry and what quantity needs to be calculated for a particular system.

A calculation is hence guided by the following basic steps:

constructing a geometry

e defining material(s)

defining a source

histories / tallies
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INPUT FILE
TITLE CARDS
CELL CARDS
[blank line delimiter]
SURFACE CARDS
[blank line delimiter]

DATA CARDS

[end line]

Table 3.1: A typical MCNPX input file showing different card types.
e running the calculation

e output

There are three kinds of default files associate with MCNPX, namely.
input, output and the so called runtpe. The output is an ascii file while the
“runtpe” is a binary restart file. The “runtpe” contains information relating
to the number of particles. collisions and the time taken to complete the run.
The input is a free-field format, non-case sensitive file which is composed
of three basic card tvpes given in Figure 3. The “cell cards” represent the
so-called hybrid data entry in which the data is identified by a combination
of both position and argument. The “surface cards” represent the fized data
entry where the data is identified by its positions relative to other data in the
card while the “data cards™ denote the keyword data entry. In the data card

the data is identified by the arguments consisting of kevwords and values.
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The “data cards” are composed of information relevant to the particle
type, source, material (nuclide), histories, estimators (tallies), variance re-

duction, etc.

3.3.1 Geometry

Plotting geometry entails constructing a simplified yet representative geom-
etry of the problem. This is accomplished by labeling surfaces (as shown
by the example in equation 3.6) and constructing cells (equation 3.7). The
cells are composed by the combination of surfaces as well as material and its
density (equation 3.8), and each cell must have a variance reduction. Hence

they are the basic units of MCNPX!

# SPH V,V,V, R, (3.6)

mt# (+/=)density (+/—)surface imp: particle = 1, (3.7)

mt# ZZZAAALd (+/-)fraction (3.8)

The meaning of parameters in equation (3.6), (3.7) and (3.8) are as fal-

lows:
e # - surface/cell/material number
e SPH - spherical surface

V" - position (x.v,z) of the surface with respect to the cartesian plane

e R - radius in cm

mt - material



e imp - variance reduction

Depending on the variable following (4/-), it denotes either the SI units
or the cell sensor with respect to the surface number. For example, if (+/-) is

followed by the density then it signifies the grams/cm?® (-) or atom/barn-cm

(+)-

Different kinds of geometries can be plotted with MCNPX, e.g. spherical,
cylindrical, box, rectangular, ellipsoid, etc. These are defined in the surface
card v(equation 3.6) where, depending on the structure of interest, a first,
second or fourth order equation is used. The specification is by coefficients or
points. Special boundaries types such as reflecting (mirror), white (isotropic)

or periodic can be defined and most surface areas are calculated in MCPNX.

Two geometries were modeled in this study.

Spherical geometry

The spherical geometry was modeled by considering the radiation shield as a
concentric of spheres, with each layer represented by the sphere. The lavers
considered for the shield were iron (Fe), paraffin wax/boron carbide and lead
(Pb). This is shown in Figure 3.1 where different lavers depict the various
layers of the shield. The total thickness of the shield was 64 cm, which
counsisted of 30 cm of Fe, 30 cm of paraffin wax/boron carbide and 4 cm of
Pb.

For the spherical geometry the parameters that goes into the code are the:
vertex, (x.v.z). and radius. R. In this study the spheres were considered as

centered at origin. (0.0.0) and the radii {in cm} were 30. 30 and 4. respectively.
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Figure 3.1: Illustration of the spherical geometry plotted by means of MC-
NPX. The green color represents Fe, yellow represents paraffin wax/boron

carbide and red color represents Pb.

Cylindrical geometry

The general format for determining a cylindrical geometry is given by

RCC V.V,V, H, H, H, R. (3.9)



I/ 2L/0F S 6DE
testing geen

L]
1
¥
§
s
N
w
]

yredid = /TINS exM-a2
Sesiz  ¥r

{ C.0NOUD, I CV0UNE, 00000V}
o 0. M0000. & 00000T, I SP00Ne)
iy

L 4 ov, e e
extent - { 0.0, feon

VPSEETRRLISEYERAREEE

Edzit cel 4

fell z
. - e, o0, X
CERSCR SCALRS ¢ Cellline
Pestscript sozarr
cotoa zat
r - =
Laser = otf
MBODY of ¥

" ¥

Figure 3.2: Cylindrical geometry by means of MCNPX. Green denotes Fe,

yellow denotes wax/boron carbide and red denotes Ph.

In this work the parameters used to describe the cylindrical geometry, for
example, of Fe were the vertex (0,-30,0), height (60cm) and radius (30.75¢m).
A similar trend was followed to describe all the other layers. The plot of the

geometry is shown in Figure 3.2.

3.3.2 Source definition

In MCNPX the source type is defined by the kind of variables specified in the

source definition card (SDEF). The variables can take a form of a scalar or
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scalar or a vector. The parameters that are regarded as scalar variables are:
energy, time, direction, cell, particle, radius, height (extension), etc. while
position, reference vector for direction and reference vector for extension and

radius are vectors variables. A general format of the SDEF card is given by

SDEF wvar, = spec; vary = specy ..., (3.10)

The variables can be specified in three ways: explicit value {e.g. pos=0
0 0), éistribution of numbers {e.g erg=dl, with d1 meaning there are more
numbers following in the S1 card) or a function of another variable (e.g.
erg=f(pos)=dl).

MCNPX is capable of modeling different sources e.g. point, line, uniform
volume, etc. In each instance the most important information required by the
code is the energy (MeV), position of source with respect to the geometry, the
primary particle as well as the secondary particles (if any) to be transported.

Two source types were modeled in this study and these are discussed below.

Isotropic source terms

An isotropic source is defined as a source that emits radiation equally in all
direction. This source is completely independent of the angle of emission
hence the information relevant to describe this source are the energy, the
source position and the primary/secondary particle of interest. In this study
source was the 66 MeV proton beam impinging on a copper target. The
target was positioned at center (0,0,0) with respect to the geometry. The

particles of interest were neutrons and photons.
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Figure 3.3: The schematic diagram depicts the angle and plane normal to

the source used to describe the anisotropic source terms.

Anisotropic source terms

In anisotropic source the emitted radiation intensity is not rotationally sym-
metric about the normal to the source plane. The information relevant in
defining this source, that is, in addition to energy. position and particle types,
are direction (forward or backward), vector for position and the plane normal

to the source as illustrated in the equation below and in Figure 3.3.

SDEF pos = 005 erg = 66 par = h dir = dl nrm = -1 vec = 001. (3.11)

The angle is described by dir. with d! meaning covering the angles -7

and 7 in the forward direction (nrm=-1). vec is the position vector.

Neutron source strength

The total neutron source strength was estimated from the neutron vield. S,

bv making use of the vield obtained by Ryder ‘Rvd82] from protons up to
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200 MeV on a thick Cu target. The value extrapolated from Ryder is

S =6 % 10" neutrons.second * pA~l. (3.12)

Therefore, a typical 66 MeV proton beam with current intensity of 100

1A, produces neutrons with a strength of 6 x 10 neutrons/second.

Photon source strength

The total photon source strength was estimated from the photon vield by
making use of the vield obtained by Zobel et al. [Zob68] where the source
strengths were experimentally determined by folding the thick-target photon
production cross section with the proton stopping power. The proton energies

varied from 16 to 160 MeV. The source srength of

S§ =1.07 x 10" photons.second™t .y A™? (3.13)

was obtianed. Therefore the photon produced by the 66 MeV proton
beam of currents of 100 pA had a strength of 1.07 x10* photons/second.

3.3.3 Material Card

As already mentioned the cell is composed of the combination of surfaces.
material and its density as well as variance reduction. As such. each cell was

filled with Fe. paraffin wax/boron carbide or Pb as shown below
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ml 26056 —1 (3.14)

m2 1001 —0.146 6000 — 0.838 5010 — 0.0156 (3.15)

m3 82208 —1 (3.16)

where the contribution (by weight fraction) of each nuclide (iron, hydro-
gen, boron and lead) were represented by the 26056, 1001, 6000, 5010 and
82208, respectively.

3.3.4 Tallies / Estimators

The choice of a tally {method of calculating) depends on the physical quantity
of interest i.e. on the desired result. Therefore, it is important to ensure
that the selected tally has the correct quantity needed to obtain the desired
result. Unlike in Deterministic codes where an equation is solved directly
in order to calculate flux. heating, reaction rates, etc. Monte carlo codes
statistically sample events (track length, surface crossing, collisions and next
event) in order to calculate these observables. For example, to estimate flux
(cell or surface) the code samples either a track length (cell) or a surface
crossing (surface). Currently, MCNPX is capable of modeling 8 different
tallies, many tally modifiers (energy. time, cosine, rection multipliers, dose,
etc.) and special tallies (mesh tallies and gridconverters). In MCNPX the
units of a tally are determined by the source. i.e. if the source is given in

particles/second then the tally will be given in per second. However for the
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purpose of this study we only concentrate on those tallies applicable in the

calculation of dose rates and dose attenuation factors.

Calculation of particle flux

The flux is defined as the number of integrated particles per unit area. The
tracklength, A, is defined by the relation between the particle speed, v, and

the change in time, dt. Therefore, the cell flux, ¢, is defined as

W
> 7 vdt = > i—v,\ (3.17)

The variables W and V denote the particle weight and cell volume, re-

spectively. The surface flux is given by

Wa W
. = ) 3.18
2 54l = 2= A 019

where p = cos§ = ¢. The flux is given in particle/em?s7".

The flux was normalized by multiplying it with a relevant source strengths

obtained as discussed in section 3.3.2.

Effective dose

MCNPX does not directly calculate the dose rate, however, it converts the
estimated flux into dose rate using standard fluence to effective dose conver-
sion coeffiecient of a specific radiation (emitted particles} given by the energy

and its corresponding dose function, DE/DF. The absorbed dose, D. is the
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amount of radiation delivered on a matter with mass per unit time. This
quantity is defined by the equivalent dose, H, and the effective dose E.¢;.

The equivalent dose is given by

Hy =) wr.Drr (3.19)

where Dy g is the average absorbed dose from radiation, R, in matter,
M ij is the radiation weighting factor for radiations , R, and the sum is
performed through all kinds of radiation that consitute the radiation field
considered. The values for the photons weighting factor recommended by by
ICPR is 1 while in the case of neutrons the values differ, depending on the
energy of interest e.g. for thermal neutrons, 100keV - 2 MeV, the value is 20,
for low energy neutrons, 2 - 20 MeV, the value is 10 and for fast neutrons,

E greater than 20 MeV', the value is 5. The effective dose is the sum of the

weighted equivalent doses in matter. It is given by

Eef_f - ZU}R . Hj\«[ (320)

The conversion factors were obtained from the Radiation Protection Dosime-
try data base [Fer97], [Cha01], {Boz01]. The dose rate was given in units of

(uSv/h)(particles/cm®.s71).

Dose attenuation factors

The dose attenuation factor is given by the ratio of the dose rate with shield-

ing and the dose rate without shielding:
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dose with shield
dose without shield

Dose attenuation factor = (3.21)

The attenuation factors for various shield layers were determined as dis-

cussed below.

Determination of boron carbide content

This calculation was performed in order to ascertain the amoumt of boron
carbide-to-wax mixing ratio that represents a good price-performing com-
promise. The concentration of boron carbide in the wax was systematically
accomplished by increasing the amount of boron carbide (by weight percent)
in wax from 0% to 10% in increments of 0.5% boron carbide into paraffin
wax as shown in Table 3.2. The values for the neutron and photon dose rates

obtained in this work are given in Appendix B.

Determination of the iron depth

This calculation was performed in order to determine ratio of wax to iron
that would minimize the neutron absorbed dose attenuation factor for an
iron/wax shield of 60 cm total thickness. This was accomplised by shifting
the position of the iron/wax boundary through the shield. An inner and outer
wax (conating boron carbide) were considered. The shield configuration was
considered as a two-layered interface consisting of iron and wax (with an
appropriate percentage of boron carbide). Basically, we started off with zero
iron and 60 cm paraffin wax implying that the “detector” was on the outmost
side of paraffin wax. Then. the iron layer was introduced in small discrete
steps on the “source” side. The dose attenuation factors for neutrons and

photons (only those that are produced by the neutron) were calculated at
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Content of B4C in Wax | Density Fraction of elements

Hydrogen | Carbon | Boron
100% PW / 0% B,C 0.9300 0.1486 | 0.8514 0
99.5% PW / 0.5% B,C | 0.9380 0.1479 | 0.8482 | 0.0039
99% PW / 1% B4C 0.9459 0.1471 0.8451 : 0.0078
98.5% PW / 1.5% B,C | 0.9539 0.1464 0.8419 | 0.0117
98% PW / 2% B4C 0.9618 0.1456 | 0.8387 | 0.0157
97.5% PW / 2.5% B,C | 0.9698 0.1449 0.8336 | 0.0196
97% PW / 3% B4C 0.9777 0.1442 0.8324 | 0.0235
96% PW / 4% B4C 0.9936 0.1427 0.8260 | 0.0313
95% PW / 3% BsC 1.010 0.1412 0.8197 | 0.0391
94% PW / 6% B,C 1.625 0.1397 0.8134 0.047(;—1
93% PW / 7% BsC 1.041 0.1382 0.8070 | 0.0548
92% PW / 8% B4C 1.057 0.1367 0.8007 | 0.0626
91% PW / 9% B,C 1.073 0.1352 0.7943 | 0.0704
90% PW / 10% B4C 1.089 0.1338 | 0.7880 | 0.0783

Table 3.2: Calculations of boron carbide content needed to optimize the

shield for neutrons and photons.
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1.5 m from the centre of the target. The scenario below describes the way

the shield was configured.
Fe  Wax

Jcm  60cm
10cm  30cm
20c  40em
Source
30crm 30em Detector
40cm  20em
20cm  10em
60cm  Dem

The values of the neutron and photon dose rates obtained in this work

are given in Appendix B.

Determination of the iron / paraffin wax interface

This calculation was performed in order to determine the optimal laocation
of the 20 cm thick wax (containing born carbide} layer. The wax layer was
moved through an iron/wax/iron shield with a total thickness of 60 cm. That

is, the paraffin wax was shifted across “detector” side to “source” side.

Fe Paraffin Wax Fe

Oem 20cm 40em
10em 20cm 30¢m
Source
20em 20cm 20ecm Detector

30cm 20em 10cm
40cm 20cm fcm
The values of the neutron and photon dose rates are given in Appendix
B while the dose attenuation factor results are discussed in the following

chapter (Chapter 4).
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Chapter 4

RESULTS AND DISCUSSION

4.1 QOverview

As already mentioned in the introductory chapter the main aim of this study
was to reproduce the data obtained by Steyn et al. [Ste92] where the multi-
group discrete ordinate code was employved. In that study only isotropic
source terms were modeled. Spherical and cylindrical geometries wer also
modeled. This chapter gives a detailed account of the results obtained from
calculations with MCNPX. The results presented in this chapter include the
particle absorption cross sections, the particle flux and dose attenuation fac-
tors. The dose attenuation results are categorized under “isotropic” and
“anisotropic” source terms. Where available. the results are compared with

the published data of Steyn et al.

4.2 Particle absorption cross-sections

In MCNPX the permissible energy ranges for cross-section data tables of

neutrons and photons are:



e Neutron phyiscs: 0 - 150 MeV

o Photons physics: 1 keV - 100 GeV ( 10° MeV)

Hence the total particle absorption cross section (in barns) is given as a
function of the maximum data-table particle energy (in MeV). The plots of
the absorption cross sections for neutrons and photons in iron, wax/boron
carbide and lead are given in Figures 4.1 and 4.2.
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Figure 4.1: Graph showing neutrons as they propagate through iron (black).
wax /3% boron carbide (blue) and lead (red).

Figure 4.1 shows the absorption cross section for neutrons in different

layers of the shield. The cross section decrease with increasing particle energy
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until a minimum is reached, after which it stays constant (plateau region) and
then fluctuates sharply towards the end. Although this trend is evidenced
in every layer of the shield but in comparison to the other layers Fe shows a
much shorter plateau that has a shoulder-like decrease, which is immediately
followed by sharp fluctuations. This makes the graph falls below that of lead.
This behaviour is evidenced at data-table energies between 1 x10~* and 2
x1072.
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Figure 4.2: Graph showing photons as they propagate through iron (black),
wax/3% boron carbide (blue) and lead (red).

Figure 4.2 shows a plot for the absorption cross-section of photons. The

cross-section exhibits a rapid decrease with increasing data-table particle
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energy until a minimum is a reached and then a gradual increase is evidenced.
The shape of the graphs of Fe and Pb show a similar trend in that there are
spuriuos and sharp hicups exhibited at occassional intervals. This is however
not evidenced in wax. In Pb the cross section reaches a minimum at about
10 MeV, while in Fe the minimum is reached around 30 MeV. At low energies
(1keV) the cross-section is very large (goes beyond 10 © barns) for Pb. This

is about two magnitudes greater than in Fe.

4.3  Particle flux

The neutron and photon flux is plotted against the emission energy as shown

in Figure 4.3 and Figure 4.4.

Figure 4.3 shows the flux for neutrons as they traverse through the shield.
From the plot we can deduce that the neutrons are emitted with energies up
to 60 MeV. From zero to 10 MeV the flux rapidly decrease to about 10 x10~1!!
(n/cm?/s). It then gradually decrease to almost 10 x10™!? {n/cm?/s) beyond

10 MeV.

In Figure 4.4 a plot of the photon flux for Fe, wax/boron carbide and Pb
is shown. It is clear from the plot that photons are emitted with energies up
10 MeV. The flux fluctuates from 10 x1078 to about 6 x10~!! (p/cm?/s),
with a drop to 10 x107'" at 8 MeV.
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Figure 4.3: Calculated neutrons flux densities for the radiation shield con-

sisting of leayers of iron, paraffin wax/3% boron carbide and lead.
4.4 Dose attenuation factors

The dose attenuation factors are presented in two categories, namely, isotropic
and anisotropic source terms. In each case the data obtained for spherical

geometry and also for cylindrical geometry is presented.
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Figure 4.4: Calculated photon flux densities for the radiation shield consisting

iron, paraffin wax/3% boron carbide and lead..

4.4.1 Isotropic source
Spherical geometry

In Figure 4.5, a plot of neutron and total dose attenuation factors as a func-
tion of boron carbide content is shown. The total dose attenuation factor
decreases rapidly from a value of 0.018 to 0.0063 between 0% and 0.5% boron
carbide content after which it shows a slight decrease until at about 3% where
it remains almost constant at a value of 0.005. While Figure 4.6 shows the
neutrons and total dose attenuation factors as a function of iron/wax depth

(thickness). In this case the dose attenuation factor, specifically that of neu-
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trons shows a gradual decrease until about 42 - 44 cm where a minimum
value of 0.004 is reached. After that thickness it increases gradually to 0.005
and increases sharply to almost 0.2 at the thickness of 60 cm iron/wax. The
figure that depicts the calculation performed in order to determine the best
position for iron (inner or outer} with respect to paraffin wax is given by
Figure 4.7. Similarly, the neutron as well as the total dose attenuation fac-
tors are plotted as a function of iron/wax depth. In this case both dose dose
attenuation factors show a linear decrease with the thickness of iron/wax,
with an exception after 30 cm where the total dose increases from a value of

0.009 to 0.02.
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Figure 4.5: Calculated neutron and total dose attenuation factors at 1.5 m
from centre of source for a 64 cm thick iron(60 ¢m)/wax(20 cm)/lead(4 cm)

spherical geometry, as a function of boron carbide mixing ratio.
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Figure 4.7: Calculated neutron and total dose attenuation factors at 1.5 m
from center of target for a 60 cm thick Fe/wax/Fe spherical shield, as a

function of Fe/wax depth. The thickness of wax is fixed at 20 cm.



Cylindrical geometry

The neutron and total dose attenuation factors were also calculated here.
These are presented in Figure 4.8, 4.9 and 4.10, respectively. The trend
witnessed for spherical geometry is also shown by the dose attenuation factor
in this case however the attenuation factor has decreased slighly in this case.
Overall, the value of the dose attenuation factor has decreased by a factor of

about 0.23 in comparison to the values obtain for a spherical geometry!
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Figure 4.8: Calculated neutron and total dose attenuation factors at 1.5 m
from centre of source for a 64 cm thick iron{60 cm)/wax(20 cm)/lead(4 cm)

cylindrical geometry, as a function of boron carbide mixing ratio (by weight).
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Figure 4.9: Calculated neutron and total dose attenuation factors at 1.5 m
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4.4.2 Anisotropic source terms

The anisotropic source was modeled as discussed in section 3.3.2 (Chapter
3). Here we present only the spherical geometry. The results are shown in
Figures 4.11 to 4.13, where the respective graphs present determinations of
boron carbide mixing ratio, thickness of inner iron layer and the position of
the inner iron/wax. Again, the shape (trend) of the dose is the same as those
shown in the above sections. There is an overall improvement of about 17%
to the dose attenuation factors. With anisotropic source terms Figure 4.12
shows that the value of the optimal configuration is an iron layer of about
46 cm, implying that the thickness of wax should be at least 14 cm!
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Figure 4.11: Calculated neutron and total dose attenuation factors at 1.3
m from centre of an anisotropic source for a 64 cm thick iron/wax/lead

sphericical geometry, as a function of boron carbide mixing ratio.
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Figure 4.12: Calculated neutron and total dose attenuation factors at 1.5 m
from centre of an anisotropic source for a 60 cm thick iron/wax spherical
shield, as a function of Fe layer thickness. The wax contains 3% boron

carbide.
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Figure 4.13: Calculated neutron and total dose attenuation factors at 1.5 m
from center of an anisotropic source for a 60 cm thick Fe/wax/Fe spherical

shield, as a function of Fe/wax depth.



4.5 Previous data

The results obtained from this present study were compared with those previ-
ously obtained by Steyn et a. [Ste92] where the multigroup discrete ordinate
code was employed. Due to lack of availability of numerical values the data
of Steyn et al. is presented in a seperate figure (Figure 4.14). These data
were taken exactly as they are presented in the publication. In the figure
the dose attenuation factors given as a function of (a) thickness of iron (b)
thickness of Fe/wax interface, and (c) boron carbide content, respectively.

If we compare Figure 4.5 with Figure 4.14(c), there is a clear difference
in the way the attenuation factor drops between 0 and 1% boron carbide
mixing ratio. {Note that Figure 4.14(c) is in linear scale!} The previous data
shows a curvy drop while the present data shows a linear drop. However
in both cases the dose drops gradually until its constant. The good price-
performance ratio was attained at 2.5% while a value of 3% was determined
in this study. Furthermore, Figure 4.14(c) shows a huge difference of ap-
proximately 80% between the neutron and the total dose attenuation factors
while the difference shown by MCNPX is about 29%.

Regarding the optimal configuration presented by Figures 4.6 and Figure
4.14(a), the value of about 0.0012 is achieved at 40 cm iron layer while in this
work the value of 0.004 is reached at 40 cm iron layer. There are similarities in
the shapes of the dose functions, though. Figureé 4.7 and 4.14(b) show quite
a difference in the way the dose drops off and picks up again. For instance,
the change in the dose rate in Figure 1.14(b) is a smooth hyperbolic curve
while Figure 4.7 shows a sharper change in dose. In both cases the neutron
dose show a linear decrease however, the contribution of these neutrons to
the total dose rate far less (5 time less for Figure 4.7 and 7 times less for

Figure 4.14(b)) when the depth of the inner iron/wax interface is 30 cm.
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Chapter 5

CONCLUSION

This thesis describes MCNPX simulations for the local radiation shield of
the radionuclide production target bombardment station at iThemba LABS.
The study had two main objectives. In the first case we had to reproduce
the data obtained previously by means of the multigroup discrete ordinate
code [Ste92] while the second motive was to model anisotropic source terms
which could not be modeled previously. The reason for modeling anisotropic
source was to check the accuracy of the results. In order to accomplish
the first objective conditions such as isotropic source terms, cylindrical and
spherical geometry terms were maintained. The results obtained in the first
case were compared with those published by Steyn et al. [Ste92] and ulti-

mately, isotropic source terms were compared with anisotropic source terms.

As a point of departure, the shield designed was optimized by varying
thicknesses of layers or varving positions of material boundaries one by one
while others were kept constant. In this way an optimal value for these specifi-
cations could be selected simply by observing the response of the transmitted

absorbed dose rate. This process was repeated until an ideal optimal shield
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design configaration was achieved within the initial boundary conditions. In
principle, designing a radiation shield requires various homogeneous materi-
als that are more practical for a given situation. This is evidently shown in
this study by the different and complexity of the chosen materials. Because
of the proximities within the target bombardment station at iThemba LABS
the distance of 1.5 m from the centre of the source is a practical distance at

which maintanance is perfomed.

The multigroup discrete ordinate code underestimated the dose attenu-
ation factor at which the optimal configuration is acheived by a factor be-
tween 4 to 7 times less than that predicted by MCNPX. Secondly, according
to MCNPX the optimal configuration is an iron layer of about 46 cm thick-
ness together with a wax layer of about 14 ecm. The wax should contain the
boron carbide mixing ratio of about 3%. However, there is an agreement
between the two codes in that they both predict that it is more practical to
employ a shield consisting of an inner iron/wax layer (neutrons shield), and
an outer thin lead layer (gamma ray shield) where the iron is on the “source
side” and the lead is on the “detector side”. The discrepancies between the
two set of data can be attributed to the the fact that in order to achieve
these calculations with the multigroup discrete ordinate code, two codes had
to be employed in order to model spherical and cylindrical geometries, al-
though same library was used in both cases. To model the spherical geometry
ANISN (RSIC CCC-254, [Eng73]) was employed and DOT 3.5 (RSIC CCC-
267, [Rho73]) for cylindrical geometry. Furthermore, isotropic source terms
are useful only as rough estimates while an accurate indication of the dose
can be estimated with anisotropic source terms because the emitted radia-

tions are dependent on the angle of their emission, implying that the dose
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rate depends on the angle of emission! In MCNPX one can model various
geometries (spherical, cylindrical, cone, box, etc.) and many different source

types (point, line, volumetric, etc)!

The absorption cross sections of neutrons and photons in Fe, wax, boron
carbide and lead shown in the results confirms the effectiveness of a shield
configured by a combination of material which compliment each other in
terms of their ability to absorb or stop certain particles. For example, the
combination of the high-atomic number material (iron) and a material with
a great proportion of hydrogen and boron (paraffin wax/boron carbide) also
illustrates the advantages of using these materials in order to stop neutrons.
The inner iron layer effectively reduces fast neutrons to intermediate energies
via nonelastic nuclear interactions while in the second layer neutron of about
4 MeV are moderated to thermal energies by elastic scattering due to the
hydrogen in the wax. These thermal (slow) neutrons are then absorbed by
boron-10 (**B). This reduces the magnitude of the thermal neutron flux leak-
ing from the wax and also decreases the 2.23 MeV photon dose rate outside
the shield. These photons are emitted during the neutron capture by °B
which has a high propensity to capture slow neutrons than does 'B. The
reaction, 19B(n,a) L, was first characterised by Taylor and Fermi and others
in 1934 [Tay58], {Fer35]. The outer lead layer serves to attenuate both the
2.23 MeV photons as well as those residual photons from highly-activated
targets and/or beamline components after irradiations. In this way the dose

level is to maintainance level.

Overall, we can deduce that MCNPX has satisfactorily reproduced the

previous data. The results from this study serves as benchmark for the design
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of the newly installed Vertical Beam Target Station at iThemba LABS. Fur-
thermore, results assures that MCNPX can be further applied in radionuclide
production studies such as modeling complex targetry systems beam profile,
heat transfer calculations as well. Also, MCNPX would would be very useful
for the study of the newly installed Flourine-18-FDG (**F-FDG) targetry

system as well.



Chapter 6

APPENDIX A - Typical
MCNPX output file

The output file contains input information as well as tables. There are about
33 tables in total. Some of these tables are default and some can be turned-
off. The most important tables are given with their corresponding table

number.

e Material compositdion - 40

e Cell volumes and masses - 50

e Cross section data summary - 100

e Transport particles and energy limits - 101

e Source variables for the first 50 histories - 110
e Problem summary table

e Activity by cell - 126

e Tally data and/or Keff summary table
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e Tally statistical analysis summary page - 160
e Printed plot of probability density function - 161
e Tally fluactuation chart

An example of a typical MCNPX output is given below.



imcopx version 2.5 ld-Mon Feb 23 08:00:00 MST 2004

01/29/06 21:46:24

i=hbts o=hhts.o r<hbts.r

-
= Copyright Botice for MCHPL

-

+ This program was preparwd by the Regents of the
* University of Califormia at Loa Mlamos National

* Lahoratory (ths University) under contract number
= W-TA05-ENG-36 with the U.S. Department of Energy
» (DdE}). The University hax certain rights in the
* program pursuant to the contract and the progras
* should not be copied or distribgted outside your
* organization. ALl rights in the program are
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1- Calculate for hbts, iscksphers
- ¢ call card

3- 11 -8.96 -t isp:h,p,n=1

4 22-7.01 -2 imp:h,p,nst

5- 33 -0.9777 2 -3 imp:h,p,net
6- 4 4 -11.3% 3 -4 dimpsh,p,n=1
7- 5 5 -0.0012 4 -5 imp:h,p,nrl
B- 605 imp:b,p, o=0

9-

10~ c surface card

11~ 1 eph 00 0 0.75

12- 2spa 000 30.75

13- 3aph @00 60.75

14 4 apk 00 0 6475

18- 5 sph 00 0 150.75

18-

17- ¢ data card

18- c mods cerd / definiticn

19- mode h p o

20— c physics card

21- phya:a TO 0 C 0 20 -1 1

22- phys:p 70 0 O 1

23- phys:¢ T0 G ¢ 0 1 0101t
24 phys:ch 70 00§ 03O

25- sdef pos=0 0 0 erg=G6 par=h
26- ¢ material definition
27- =i 29063 -1 § Cu as a source
2a- =2 26056 -0.89 25000 -G.11 ¥ cast iron
29~ =3 6004 -0.83237435 1001 -9, 14414685
30~ 5010 -0.0234783

31- mé 52208 -1 $ Fb

3z2- =5 7014 -0.7552 8016 ~0.232 18040 -0.01280 § air

az- ¢ tallies

Probid =

01/29/06 21:46:24



warning.

18040.
25000.
1001.
5010.
§Q00.
7014.
18040.

M2 6E13
f2:n &

de2 1B-12 2.5E-8 1E-3 1E-2 1E-1 1 10
30 50 100 200 500 1000 10000

4f2 3.96E-8 4.32E-8 4.63E-8 1.916E-7 E.62E-7 1.044E-8
2.1204E-6 1.2204E-6 1.4832E-6 1.746E-6 2.0GBBE-6

2.502E-6 3.2112E-6 1.098E-5

del2 ¢.01 0.02 0.05 0.1 0.5 1
1.523465¢€
8 10 20 30 40 50
100 200 506 1000 10000

4f12 2.232E-10 B.64E-10 1.3248E-9 1.6468E-9 5.928E-¢ 1.6092E-8
2.2068E-8 2.6892E-8 3.5TB4E-8 4.392E-8 4.896B-3 5.472E-8
6.58BE-8 §.028E-8 1.3176E-7 1.8216E-7 2.2356E-7 2 6532E-7

4 284B-7 5.436E-7 6.84E-7 7.7Q4E-7 1.0548E-6

IM12 1.07E14
£12:p §
npa 1000000

1LAHET physics options:

lch
leh

lea

lea

1lsb
leb

fcells

L R R

1

islan ipreq ierxisa ichoic jecul nexite
2 1 1 23
flenb(i),i=1,6

3.4500E+03 3 49C0E+03 2.4800E+03

2.43008+Q3

use models for the follewing missing data tables:

npidk  noact
g 1

icen

[

ctofs

£1imG

priot tabie 41

8.0000E+02 8.0000E+02 -1.0000E+00 -1.0000E+(0

ipht tcc nobalc nobals  ifbrk  ilvden ievap nofis
1 4 1 o o ] 1

yzare bzere FEerc bzeara

1.5000E+00 8.000QE+00  1.500QE+00  1.000QE+Q1

atam Zram

cell mat density dansity 7olume man s pisces
1 1 B8.57426E-02 5.9600CE+00 1.75715E+00 1.58336E+01 1
2 2 7.55135B-02 7.CO00QE+UC 1.21792E+05 8.52542E+05 1
3 3 1.26394E-01 9.77700E-21 B.17T34CE+CE 7.99114E+05 1
4 4 3_28354E-02 1.1340CE+DL 1.579S0E+(5 2.245I1B+06 1
5 5 4.96861B-05 1.200002-03 1.32132E+07 1.58558E+04 1
[ 0 0.000CCE+00 C.GCOOCE+CQ G.0U0CCECDIT O.GO00UE+D0 o]

69

osutron

importancs

1.0000E+00
1. GOUGEHOQ
1. 000GE+GO
1.0005E+00
1. {JCCOE+CT
4. 0G0GE+CD

photon

izportance

-

- DOO0E~QQ
- Q0COE+CQ
-QGO0E~QO
-QGQQE~DQ
- JODQE+Qd
- DO0GE+GG

@ e e e

print table &0

proton

importance

1.0CO0E+00
1.COQ0E+OC
1.0Q00E+D0
1.GOQGE+OC
1. 00GQE+QC
9.000QE+00

photon wt

geosration

-1.0008+00
-1.CGOE+GO
-1 GOCE+0Q
-1. GOOE+CO
-1.GOOE+OG
=1.QC0E+~3Q



total

1.43503E+07 3.91274E+06

random number contral 0.83020535C379520E+14

minimm gource weight = 1.0Q00QE+Q0 maximuw source waight = 1.0C00E+0C

! warning mesaage so far.

lcrosz-saction tables

table

langth

tables from file endf60

no particle-production data for ipt= @ frem  1001.60c

1001.60c

2388

1-h-1 frem endf-wi.!

a0 particle-production data for ipt= 9 from  5010.60¢

5010.60c

24446

5-b-10 from endf-vi.1

no particle-production data for iptx § from  6000.60¢

6000 .60¢

19941

§-c-nat from andf-vi.1

no particle-production data for ipt= @ frop T(14.60c

7014.60c

54536

7-n-14 frox spacial lanl endf-§ evaluation

no particle-praduction data for ipt= 0 from  8016.60«¢

8016 .60c

54249

g-0-16 from endf/b-vi

no particle-production data for ipt= ¢ from 26056.60c

26056.60c

161938

endf/b-vi.1 fae56a

no particle-production data for ipt= 9 from 29063.60c

29063.60c

106583

29-cu-63 from endf/b-vi.2

ne particle-production data for igt= 9 from 82208.60c

82208.50<

1000.02p
5000.02p
6000.02p
7600.02p
8000.02p
18000.02p
25000.02p
26000.02p

82000,02p

8016.24u
26056 240
29063 .24
82208.24n

total

59600

623
623
623
623
6§23

651
651

755

72930
64043
73548
TIG98

778579

andf/b-vi pb208

tables from file mcplibQ2

tablas from file Lal50u

Li150 Pbotcuuclear Data Library 0-16

LA150 Photonuclear Data Library Fe-56
LL150 Photonuclear Data Library Cu-63
Li1SQ Phetonuclear Data Library Ph-208

nat

25

prict table 100

mat 125

mat 525

mat 600

mat 725

mat2631

zat2925

mat8237

mat 825
=at2§31
mAt292E

8237

11/26/93

11/25/93

11/25/93

11/25/93

11/25/93

11/25/93

11/27/93

11/27/93

01/15/93
01/15/93
01/15/93
oi/15/83
01/15/93
01/15/63
01/15/93
01/15/93
01/15/93
01/15/93

O7/26/00
07/26/00
a7/26/9¢
07/26/00

any neytrons with enefgy Ereater than emax = 7.00000E+0! frem the source or froz a collisisn 9ill be resampled.

neutron cross secticns outside the range froz 0.0CGUE+C0 ts 7 JCCOE+01l =ev are srpunged.



maximps photon ensrgy set to

1000. G3e
5000. 03«
6000.03e
7000.03«
B8000,03e
18060.03e
25000 . 03=
2600¢ .03«
25000.03e
8#2000.03e

2329

2333
2333
2333
2341
2345
2348
2347
2373

tables from file «103

lparticles and snergy limits

particle

type

1 a neutron

2 p photon

phot
3 & =

9 h P

The following nuclides use physics models rather than data tables:

warning.

varning.

warning.

onnclear
lectron

roton

18040.
25000,
100z
5G10.

T014.
18040,

material

meterial

material

particle maximmun
cutoff particle
.M!’g 4OeIEY

0. 0C00E+OG 7.0000E+01
1.0000E-03 7.0000E+01
5.777SE+HD0 7.0000E+01
1.0000B-03 7. 0000E+(1
1.000QE+D0 7.0000E+C1

70.0 mev {maximum alectron snargy)

szallest
table

mAXimmm

2.COQQE+DE
1.0000E+]5
1.50G0E+02
7-0000E+01
0.000QE+0G

1 has bean set to 2 conductor.

2 has besn set to a cooductor.

4 bhas been aet to a copnducter.

largest
table

e i mom

7.2000E+01
1.0000E+0S
1.S00JE+G2
7.0000E+01
0. 00C0E+00

alvays
use table

below

. 0000E+00
1. QQCOE+3T
0.00COE+00
1. GOO0E+3T
0. GOQOE+OD

alwvaye
use model

above

2.0000E+01
1.0000E+37
1.5000B+02
1.C000E+37
3. 0000EH0

the bremsstraklung prodoction cross section fozr &ll materials is scaled by the facter 0.3000E+30

bremsstrablung genarated 63 each electron substep.

secondary electron producticn raduced by 99%.

the knock-or slectron producticn cross section for all materials is scaled by the factor

the sacondary electzon production cross asction for all materials is sceled by the facter

ldecimal words of dynamically allocated storage

0.G000E+OC

1.0000E-52

6/6/98
6/6/98
6/6/98
6/6/98
6/6/93
6/6/98
6/6/98
6/6/98
6/6/99
6/6/98

Print table i01



genaral Q
tallies 8512
bank 70401
cross asctions 778580
total [+] * 0 bytes
»u L1} LIELEELT L] Lt LI bS]
duwp oo, 1 on file kbts.r nps * 0 coll = Q ctm = 0.00 nre = Q
4 warping messages so far.
» - 11} - LT P FTY suy SranEakasrarrdd bbb wERaaanhed
dump no. 2 oo file hbts.T opx = 245440  coll = 53083491 cta = 15.01 o ¥ 489112000
PLEL L LI T AT I PR EE PR LI TP RS LT LY LEd ] ELLEL LY R L) LRl L
dump o 3 on file hbts.T cps = 491738  coll = 166450343 ctm =  30.01 urm = $300C161H
HRRERFERRARS EEPEREERNEF NN - - LRI LR LY L LIRS T LRl o PRI T 1Y)
durp nao. 4 om file hbts . r nps = 737579 call = 249662329 ctm = 45.02 nra = 1470052468
- rensanens B T Y Y T PSP PPy
dump na. 5 en file bbtas.r nps = $83120 ceil = 332777503 ctz = 60.03 nra = 1655657728
lproblex suzxary
rus terminated when 1000000 particle Bistories were dons.
* 01/29/06 22:47:34
Calculate for hbts, isodsphers probid = 01/29/06 21:46:2%
neutron creation tracks ueight nergy nsutron loss tIacks veight nergy
(pexr wource particle) {per zource particle)
source Q c. o s3cape @ %.21828-04 5.9611B-03
mucl. interactiom 160183 1.5T158-0t 4.786QE-01 anergy cutoff ¢ @ 0.
particle decay Q a. a. time cutoff 0 9 0.
weight window Q 0. a. weight window 0 0 a.
csll importance a Q. a. cell impertance 9 Q Q.
seight cutoft Q 1.3577E-Q3 i.1480E-08 veight cutoff 74968 1.3755E-03 1.1832E-06
ensIgy impertance 9 a. g, anargy importance g a. Q.
dxtran o a. a. drxtran 0 a 0.
forcad collimicas 0 9. a. forced collismions [+ | Q.
exp. trassform Q . G. exp. transform ] [} 0.
upscattering 1] a. 4.7671E-10 downscattering a Q 1.90508-01
photonuclear 27 1,2507TE-09 2. 3644E-08 capture a 7. 6431E-02 1.1807E-02
(n,%n) 3620 3.3182E-03 5.7353E-01 loss to {&,=m} 1807 1.6563E-C3 2.TATOE-02
srompgt fisston Q q. a. loxs ta Fisaiecn o] Q. Q.
delayed fiasion g 4. G mucl. interacticz 26624 8.1943E-32 2.5850E-01
particie decay o] 0. G.
tabular boundary 58463 5.5047E~02 3.98722-02 tabular boundary 58463 5.5Q47E-02 3.9872E-C2
tabular sampl:ng s 0 0.
total 232363 2. 1688E-01 5.2421E-01 total 222303 Z.16HAE-01 §.2421E-01



numbsr of feutrons banked 220486
ceutfon tracks per acurce particle 2.2230E-01
neutron callisions per source particls 3.268BE+(30

totel mautron collisions 33264793
net multiplication 0.0QGOE+Q0 0.G000
pheton creation tracks  weight Anergy

(per source particla)

source 0 0. G.

nucl. interaction 237930 2.2972E-01 3.0137E-01

particle decay Q Q. Q.
waight window o o. V]
call igportance 1] G. Q
veight cutoff 0 0. [+]
anergy importance a 0. 1]
dxtran Q 0. 0.
forced collisicns Q Q. Q
axp. transform 4 a. +]
from peutrons 171655 1.7596E-0t 2.1617E-01
bremsstraklung q a. .
p-annihilation 306 3.1056E-04 1.5870E-04
photomclear 8 2.0022E-06 7.7483E-06
slectron x-rays 0 0. 0.

1st Tluorescencs 116101 1.1500E-01 1.4431B-63

2nd fluorescencs 2968 2.9407E-03 3.5926E-05
(gamma , rgmmmn) 0 2. a.
tabular sampling 0 0. a.
total 528977 5.2384E-01 5.1912E-01
nuzber of photons banied 412723
photon tracks per saurce particle 5.2898E-01
photon collisions per source particle 2.4345E+00
total pheton collizions 2434451
proton creation tracks  weight energy

(per source particls)

source 1000000 1.0000E+00 §.6000B+01
nuel. interaction 73668 T.3666E-02 7.9335E~01
particie decay 9 a. o,
weight windev a9 g. a.
cell izportance bl Q. G.
seight cutoff [ B o.
ensrgy importance Q Q. Q.
dxtran Q a. Q.
forced collisions Q Q. a.
arp. transform ] 9. a.
tabular yampling 9 a. Q.
photonuclear < a. a.
elasti¢ recoil 4343 4.1Q79E-C3 1.418F-02

any termination

average time of (shakes)

proton lows

sacape

s2eTgy cutoff
tine cutof?
weight window
cell importance
veight cutoff
enargy impartance
drtran

forced collisions
Ip. transform
mnltiple scatter
bramsstrahlung
pucl. imtaraction
elastic acatter
particle decay

capturw

eECApe T.42TTEH01
capturs 2.2564E+G2
capture or escape 2.2481E:(2
any termimation  t.3972E+02
peoton loxa tracks
ascaps 290
aDergy cutoff o
time cutaff 0
weight window 0
¢ell importance a
weight cutoff 9
«D#IgY impolrtance ]
drtran ]
forced collisions Q
eXp. traunsforms Q
compton acatter o
capturs §13353
pair productioen 15334
photonuclear abs 9
total 528977
average time of (shakes)
*1CApe 7.5609E+02
capture 1.5432E+09

capture® or escape 1.5424E+]S
1.497TE+O9

tracks

1024025

O o o 0 e 0 o0 o a o

54035

2

e
5
i
L

5

cutoffs
teo
[ 1--}
wel
wc2

weight

1. 0000E+34
0. 00COE+0D
5. 000E-Q1
-2.5000E-01

anergy

{per sourcs particle)

L\ T130E-04

-QB46E-01
.5202E-02
-D622E-06

-2394E-01

cutoffs
tco
®CO
wel

wecl

weight

3.9366E-01
5.3497E-02
7.1270E-02
9.5119E-06

5.1918E-01

1.0000E+34
1.0000E-G3
-5.00C0E-01
-2.5000E-01

enargy

(per source particls)

Q.

1

o o @ oW o0 0 o o a o

-Q2ITE+QQ

-4035E-02

o.
1.0237E+00
0.

L3SICE+CL

- 2G62E+G0
-G285E-03

= T T T = R R R = <



(gamma, xgan_chg) 45 8.6232E-08 2. T440E-07
total 1678060 1.0778E+QC 6.6808E+01
number of particlex backed 78080

particle tracka par aocurce particle 1.071E+00

particle substeps par source particle 3.3279E+02

total particle subste

compater tims sc far in

computer time in morun

ps

this ron

source particles per minuts

b wd
.

332735807

61.16 mirutes
61.06 minutes
1.637TE+04
1993243282

tabular sampling

total

1073060

marimum oumber aver in bani

bank overflows to backup fils

dynamic storage

most Tandom numbers used wam

range of sampled source waights = 1.0CO00E+00 to 1.0000E+00

1nsutrom activity in

tracks

call sntering

1 1 3038
2 2 104034
3 3 101476
4 4 450
s 5 441
total 209440
iphoten activity in
tracks

zell sntering

1 1 5865
2 2 161807
3 3 15616
4 4 22282
5 5 290
total 205230
iproton activity in
tracks

cell sntaring

1 1 10000GA
2 2 8
3 3 a
4 % &
5 5 o
total 1090414

aach cell

populatien  collisions

73364 17328

219602 2236324

81970 1014355

583 782

451 4

375869 3268783

sach cwll
population  collisions

143187 87244
357158 1749257
70843 550365
24700 47583
90 2
596218 2434451
sack cell
population substeps

1071101
2588
4380

7

]

1078074

332310313
345001
128015

2338
o

332785807

1summary of protens preduced in peutron =allisions

collizians
* weight
(per history)

1.7280E-92
1.9784E+00
9.6204E-01
7.351BE-04
3. 7816E-06

2.9584E+00

collisions
* veight
{per history)

8.7512E-02
1.7388E+0Q
5.4723E-01
4. TO61E-Q2
1.9849E06

2.4216E+Q0Q

BuDSteps

= weight
(p.r histary)

3.32318+02
3.4476E-01
1 2034E-01
2.3055E-03
G. GOOCE+CO

3.32TTB+32

74

numher
weighted

ener gy

1. 3467E+00
2.1414E-02
3. 3560E-03
1.1954E-01
3.0505E-01

ouzbar
usighted

anargy

1.5764E+00
1.G778E+30
2.6436E-01
1.5800E+00
2. TG04B+00

mupber
weighted

SOeXgy

A.73TIE+01
1.0037E+Q1
9. 303CE+20
7. 9585E+00
0.000aE+30

0.

a.

1.0778E+00 6. BROAE+H]]

cutoff
teo
/Ko
wcl

w2

[

0 words,

flux
weighted

snergy

4. T207TEXQQ
9.9383E-01
1.0247E+00
9. $258E+00
1.3245E+C1

flux
veighted

energy

1. 5764E+0C
1.077BE+QQ
2.6436E-01
1.55Q0E+0C
2. 70042+0Q

flux
waighted

AnSrgy

4. 24398+01
1.330&E+01
1.30632+01
9. 35228+00
0. 00002+00

]
1.0000E+34
1. 000QEHQQ
0. 00C0E+0Q
4. BOCOEHQ

Q bytes.

29318 in history 108473

ATeTALE
track wveight

(relative)

9.97T53E-01
9.4172E-01
©.5388E-01
9. 5056E-01
9.56G0E-01

average
track weight

{relative)

1.0034E+00
§.9627E-01
§-8335E-01
9.6857E-01
6.3803E-01

average
track weight

(relative)

1. QO00E0G
9.9962E-01
2.6576E-C1
§.9002E-01
3. GOC0EHDC

print table 126

average
track afp
{cm)

3.3880E+00
8.84228+00
1.2111E+09
5.3090E+00
1.1838E+04

print tabls 126

average
track =fp

{em)

2.0043E+0Q
2.0186E+00
7.2368E+00
1.0279E+00Q
2.05S6E+04

print table 126

average
track xfp

(em)

7.02818-03
1.6009E-03
1.3631E-02
3.44348-04
G. OQQ0E+00



cell number of weight per enATEY par avg photon mav/gm par vwight/oeut snaxgy/naut

photons source neut 10urce neut .nergy source peut collinicn collisien
1 1 5224 6.54453E-C3 8.59200E-03 1.52218E+00¢ 5.42642E-04 3.26648E-01 4.972L8E-01
2 2 102108 1.059408-01 1.75536E-01 1.65631E+Q¢ 2.058STE-07 5.35690E-02 4. AT26VE-Q2
3 3 64183 6.41830E-02 32.17823E-02 4.94871E-01 3.97469E-08 6.67152E-02 3.30154E-02
4 4 143 1.54229E-04 2. 7T7874E-04 1.80169E+00 1.23763E-10 2.09792E-01 A.77T982R-01
5 5 a G.00000E+00 0.0000CE+00 0.00000E+00 0. 00000E+OC Q. 00000E+Q0 0. 0000GE+00
5 & a 0.00C00E+00 G-QCO00E+00 0.0000QE+Q0 0. BOGOOE+O0 0. 00000E+00 0. 00000E+00
total 171655 1.75962E-01 2.16168E-01 1.22849E+00
enaTgy Tumbar of mber Tum mEber waight of weight cum welght
interval photens fraquancy distribotion photons frequancy distribution
20.000 Q 0.00000E+00 0.900060E+00 0. 0000CGE+D0 0. GOOQOE+Q0 . 00000E+QQ
15.000 E 3 1.74769E-05 1.74769E-05 3.23206E-06 1.83731E-05 1.83731E-06
10.000 2t 1.22338E-04 1.35815E-04 2.52953E-05 1.43754E-04 1.62127E-04
5.000 364 2.12053E-03 2.26035E-03 3.73755E-04 2.12408E-03 2.286{9E-03
8.000 322 1.88751E-0G3 4.14785E-03 3.51416E-04 1.99T11E-63 4. 2B330E-03
7.000 51y 2.04888E-G2 2. 45366802 3.66882E-03 2.08501E-G2 2.651334E-02
6.000 1198 6.97912E-03 3.16157E-C2 1.32727E-C3 7 .54295E-03 3.26783E-02
5.400 iT1t 9. 96767E-03 4.158348-02 1.89383E-03 1.07633E-02 4.34396E~-02
4.000 2902 1.830608-02 5.84854E-02 3.20727E-03 1.82271E-02 6.1666TE-Q2
3.000 4986 2. H641£-02 8.755358-02 5.40464E-03 3.07148B-02 9.23818E-02
2.000 8538 4.97393E-0C2 1.37293E-01 9.01369E-03 5_12252E-02 1.43607E-01
1.000 15411 #.977T89E-02 2.27072E-01 1.646498-02 9. 3I5TO6E-02 2.3717TE-01
0.500 61734 3.59640E-C1 5. 86712E-01 6.28532B-02 A.57198E-01 5.84375E-01
0.100 66451 3.871208-Ct 9.73831E-04 6.56770E-02 3.78929E-01 9.73304E-01
0.010 3749 2.18403E-02 9.956T2E-01 3.93533E-03 2.23681E-02 9. 9567201
0.000 743 4.32845F-03 1.00000E+00 7.61543E-04 4.32791E-03 1.0000CE+C0
total 171655 1.00000E+00 1.7SB62E-01 1. QO00CE0D
itally 2 aps = 1000000
tally type 2 particle fluz aversged over a surface.
particle(s): nsutrom
this tally is modified by & doss functiom.
tkis tally s all mmitiplied by &.00000E+13
arwas
surface: 5
2. 855THE+CS
surface S5
1.14486E-01 0.0474
fapalysis of the results in tas tally fluctuation chart bin (tfc] for tally Z with ops = 10HK00 print table 160
normed average tally per history = 1.14$86E-01 SInormed averags rally per history = 3.2684TE+Q4
extimated tally relative error = 0.3574 estimated variance of the variance = 0.006%
Jative srror from zero tallies = 0.0521 relative error from nonzero scorss = 0.0241
number of noczers history tallies = 68 efficiency for the nonzero tallies =« 0.0004



history number of largest tally = 969713
tally)/{average tally)} = 1.25808E+04

{largest

(confidence interval shift)/mesan = 0.0021

largest unnormalized histery tally = 4.11325B+08

(targest tally)/(avg nonzerc tally)= 4.6297T3IE+00

shifted confidence interval center

= 1.14721E-01

if the largest history scors zazpled o far wers to occur on the naxt history, the tfe bin quantitiss would changs as follawse:

astimated quantities

mean

relative error

wariance of the variance

shifted center

figurs of merit

valus at ops

1.14486E-01
5.74207E-02
6.90263E-03
1.1AT21E-01
4.9669TE+CQ

thare iz not enough informatjon inm the largest

the history score probability density function appears to have an unsaapled region at the largest

valus at nps+l

1.159262-01
5.80522E-02
8.38219E-G3
1.15T438-01
4. 85949E+00

0.012580
0.010998
0.214347
0.0001%4
-0.021638

value{ops+l)/valus{nps}-1.

history scores (uaually less than 500 scorss} for a rsliable sstimate of the alope.

history scotes: please examice.

esulta of 10 statistical checks for the estimated ansver for the tally fluctuation chart (tfc} bin of tally 2
tfc hin --mean-- ~ --------- relative error--------- ----variance of tha variance---- --figure of merit-- -par-
bebavior behavior valus decreass  decreass rate valus decreass  decrease rate valua behavior slops
dasired randem <0.10 Tz 1/sqrt(nps) <0.10 you i/nps constant Tandom >3.00
observed random 0.06 Yos yuu 0.01 Fos Fou constant randoz 0.00
passed? hall Yyas yas bt ball Tus Yos yos yas ne
warning. the tally in the tally fluctuaticn chart bio did not pess 1 of the 10 statiatical checks.

fom = (Ristories/minute}*{f(x) signal-to-noiss ratio}ws2 = (1 63BE+04)e( 1[.742E-02)as2 = (1.53IBE+04)#(3.033E-04) = §.967E+QC

lunnormed tally density for tally 2

abgcissa

tally Dumber

2.51+06
3.16906
3.98+06
5.01406
§.31+06
7.94406
1.00+07
1.26407
1.58+07
2.00+07
2.51+07
3.16+37
3.98+¢7
5.01+07
§.31+07

MR R N DO W W

R
-

ordinate
num dap log den:
5.81-12 -11.236
4.61-12 -11.338
0.00+00  Q.000
Q.00+00  G.000
1.54-12 -11.8B12
6.12-13 -12.213
1.94-12 -11.7T11
2.32-12 ~11.63%
6.14-13 -12.212
7.31-13 -12.136
3.87-13 -12.412
3.08-13 -12.512
3.86-13 -12.436
2.91-13 -12.538
8.48-13 -12.072

tonzero tally mean{m) = 8.884E+07 nps =

1000000

print table 161

log plot of tally probability density function im tally fluctuation chart bin{d=decadw,slopes 0.0}
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7. 94407 80 4.90-12 -11.310 | |
1.00+08 150 7.29-12 -11.137 | |

1.26+08 59 2.28-12 -11.642 | aad Ll
1.58+08 16 4.91-13 -12.309 | » I
2.94+08 § 2.19-13 -12.659 | 1
2.51+08 7 1.35-13 -12.863 O | 1
3.16+08 1 1.54-14 ~13.813 sewssnsr | H
3.58+08 ¢ 0.00+00  0.000 ! 1
5.01+08 1 9.70-15 -14.033 = 1 I
total 368 3.68-04 a--- -d-----= d--- -—-
cumulative tally mumber for tally 2 aonzerc tally oean(m) = S5.884E+07 npps = 100000 print table 162
abacissa cm  ordizate plot of the cuzulative numbaer of tallies in the tally fluctustion chart bin from { to 100 percent
tally number cum poki----- St L ety 2Q-mm e AG----=-=-40-=-=~ =B —m - BO-——mm == =T B e 90--—---~ 10¢
2.51139E+06 3 G.8151= I 1 | I I H I ! I I
3.15228E+06 L] 1.630 (= ! 1 | 1 | 3 | | | |
3.981C8E+06 & 1.530 =+ ! | | 1 ! i 1 ! { i
5.01183E+06 ] 1.630 |+ ! | I | ! | | ! ! i
6. J095BE+CE 8 2.1741=e i 1 | | ! | I I 1 1
7 .94329E+06 ] 2.445}%e { 1 t | i | ! i | i
1.0000CEH0T 13 3,533 jeenn 1 I ! i 1 1 1 I | 1
1.25893E+07 19 5.163 |ssass | 1 [ 1 t 1 | 1 | 1
1.58490E+07 21 5. 70T jewwwss | | i ! | | I ! ! t
1.99626E+07 24 5.522{saansen | ! i 1 t | ) i | |
2.51189E+07 6 7065 | wrwmunn | ) i i i | I 1 | i
3. 1§228E+Q7 23 7609 ssnensne | [ i i 1 ! I | | |
3.98108E+07 3% 8424 asssnann | ) { i | ! ! | | |
5.01188E+07 34 5239 swnesrrex| ] i ] 1 I | | I i
&.30953E+07 45 12,228 |ssaazemn=|a [} i i | ! | 1 | 1
7 .94329E+07 125 33.967|seswssvre|vnsnssassjsvnonuncn|zrnn I 1 | b } i i
1.00000E+08 275 74.728| 1 t | } d | f l !
1.25893E+08 3345 Q0 TGl |ennnsnansn|sssssnenisnsnnners | sanarstos|sasnnrren | ansunsadn | duursrvnt [asaassnin| suobnnnix|y {
1.58450B+08 50 95.100 |ssssnivrn | ressassns | sessranrs | nanaatnie [ aesusannn] | el |oasnnsanaianenr b
t . 99826E+08 359 97_554|....---:-|a-:.-n---;--u-us-h-u-s--t|---:-.---E-aa-as:nq.st:n---;-----.-u|-------.-1--u-.-s |
2.51:38E+08 366 99.457) hidd| ! o> R e T L e T T ¥
3. 1§270E+08 57 99.720 | sasasnn | anzaw LIL LT T Ty P P T L P IT T TY Jssnsssose| ssnsntsnn|sssssbins | bashuasnn jsassmnnnnf
3.98108E+08 367 s9.T24| 1 1 (e ST P P I LT T T T Ty P PPIFTeT e
5.01188B+08 368 100.000 wandetrrs | worsusnan satmamenn | sanuvstat | neea snas | sasnasint A0S rreens | ssnasanns | sanassasni snrnnnrey|
total 368 100.00Q:-—~----10---mm-ms 2)--—m e 30-------~ 40-~——-=--! 50—~ B0-——r-—-=T0---—--=- 8g----mnm- QQmm o 100
ttally 12 zps = 1000006
tally type 2 particle flux averaged over & surface.
particle{s}: photon
this tally is mcdified by & dose function.
this tally is all sultiplied by t.O0TOCQE+14
arsas
surface: 5
2.85578E+05
aarface 5

3.234142-03 0.0679

tanalysi# of the results iz the tally fluctuation chart bin (tfc) for tally 12 with sps = 1000000 print table 16



normed average tally per histery
estimated tally relative srrox

relative srror from zero tallies

number of nonzero history tallies
histery number of largest tally
(largest tally)/(average tally)

(confidenca ipterval ahift)/mesn

if the largest

aztimated quastities

oean .
relative error
variance of the variance
shifted center

figure of marit

thers im mot snough infermation in the largest history scores

the history scorw probability demxity tunction appears to have

a

3.234148-03
0.0679
0.0591

286
965329
1.46124E+04

Q.002¢

walus at ups

3.23414E-03
6.79206E-02
8.63795E-03
3,24339E-03
3.54957E+QQ

unnOTHed averagt tally per history
sstimated variance of the variance

ralative error from monzarc scorwa

vificiency for the nonzerc tallies

> 9. 235B8E+02

= 0.0086

= 0.0334

= 0.0003

largest unnormalized kiztory tally = 1.34060E+0T

(largast

shifted confidence interval center

value at npe+l

.28139E-03
-84T39E-02
.84703E-03
- 24403E-03
-49283E+00

W ow v o w

tally}/{avg monzero tally)= 4,17915E+00

= 3.24335B-03

0.014611
0.008146
0.139967
0.000196
-0.016095

valua(npe+l)/value{nps}-1.

history scors saxpled so far vers to occur an the naxt history, the tfc bin guantities would change as follows:

(usually less thac 500 scores) for a reliable sstimate of the slope-

an unsanpled Tegiom at the largest histoTy scores: pleass sxamine.

reaunlts of 10 statistical chacks for the estimaied answer for the tally fluctuation chart (tfe) bin of tally 12
tfc bin ~rmean-- 0 TTTTTTes relative error--------- ----gariance of the variance---- --figure of mACit-- ~pdf-
behavior behavior valus decrsass  decrease rate Talue decreass  decrease rate valus behaviar slops
desired random <0.10 yos 1/sqrt {npa} <0.10 o3 1/nps constant random >3.00
observed random 0.07 yon yos 0.01 Fan o conatant random 9.00
pansed? Fou FuE Teu yas b1l ya3 Fox hill yas no
varning. the tally in the tally fluctustion chart bin 4id not pass 1 of the 10 stetistical checks.

fom = (historiss/minute) »{f(x) signal-to-noime ratia}=*2 = (1.G638E+D4)e( 1.472E-02)e»2 = (1.638E+04)=(2.168E-04) = 3.S502+00

lusnormed tally density for tally

abscisse ordincatw

tally oumber

12

ponzerc tally sean(a) = 3.229E+06

ups =

2.00+08 1 2.44-11 -10.613
2.51+08 o 0.00+00  C.000
3.16+05 1 1.54-11 -10.813
3.98+05 9 6.00+¢ 0.000
5.01+35 Q0 0.00+00  6.000
§.31+05 G G.00+00  0.000
7.94+05 5 3.06-t1 -16.514
1.00+06 14 §.81-11 -10.167

»

78

1000000

AR AR A R ARk N e LR A AN R AN AS (AR RNk AR SR

print table 161

AR RNAEREARE | FEER VRN AR SRk AT YRS A |
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log plot of tally probarility density fumction in tally fluctuation chart bin{d=decads,slcps= 0.0}
oum daz Log denm:id--—----—-- e e e e e e e O el e e dem - e e
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1.26+06 13 5.02-11 -10.299 i - *| -
1.56+H6 24 7.36-11 -10.133 k *| -
2.00+06 22 5.36-11 -10.271 I Ty
2.51H6 32 6.19-11 -10.208 | wus | nusn
3.16+06 64 £.30-11 -10.081 [ | wn | -
3.98+06 37 4.52-t1 -10.345 | i
5.01+06 33 3.20-11 -10.495 e
6. 31406 28 2.16-11 -10.866 1
7.94H06 18 1.16-11 -10.934 =s» - |
1.00+07 2 9.72-13 -12.012 *#a=SERIFSRASUIRENALS ] |
1.26407 0 0.00+00 0.000 ! |
1.5847 1 3.07-13 -12.513 = | i
total 286 2.86-04 e mm e - T d=mmmmmmmmmmmmm e
cumulstive tally number for tally (2 nonzero tally mean{a} = 3.229E+06 nops =~ 1000000 print table 162

abscissa . cum ordinate plot of the curmlative number of tallies in the tally fluctustion chart bin from 0 to 1G0 percent

tally mmber cuR peti----mos 10--=-=-mm 20-------- B I et L 80-------- 90------- 100
1.58626E+05 1 0.3501] | | i | | H | | } 1
2.51189E+05 1 a.3501 | 1 | t | i | | i |
3. 16220E+05 2 0.6991» I | i i i i i | ) I
3.98108E+U5 2 0.699]= ¥ 1 1 i | 1 | 1 | !
5.01188E+05 2 0.699 1 i ] 1 | § | | i !
6. 30USBEHG6 2 0.699)+ 4 1 i : | i | 1 | !
7.94329E+05 7T 2.4480e» t I } ( i 1 i | | i
1. Q0Q0VE+6 2 7.343|ssnsane | I t i 1 i | 1 | ]
1.25803E+06 34 11.B88|mesmas=erise | 1 i | H 1 | } i
1 .EB4G0E+06 58  20.280|sesessess|snvennnnn]| { | 1 1 | | 1 1
1.99826E+6 B0 27.972|=ssssassaiacsexmese sassesss | 1 | i 1 ¢ I {
2.511898+36 112 39.161 | *=reenivsrs | sensassanr [sssrnnass | sronvrrna| | ! | ] | i
3.16278E+06 166 58.042)ssmusnvis|sannenmen|snnssssts|snansisss|[sunnnnnre|erusnsna | ] | i i
3.981CAE+06 203 70.979) i | | | | | Im 1 i F
5.01188E+06 236 H2.S17)sassarmrnjsarsrrrrz]ssssenins|ansarsbsne nannasnsn)ararannan [ansansann[asansanes|onn i b
&.30958E+06 264  92.308ixveressss |ssssannas|sarsnasns| bbanttstslsusnannes | sereraren [ sanssrbislssndbboss[sososnina]nn |
7. 94379E+06 283 93'951F--l-a----En-us-u:-.]-.ntu---s|u-'u-t--tIv-n-nulttliolai-lini---lttuti|O-----a--!---t-u-a-}---t-----{
1.000C0E+07 285 99.650jeesweiiis | sdishnbar|rnsnssnns|snnadnss | sanmninns | vrrnrreny | easskskin | Susbotnss | sunsnshnsanpatrnes]
1.25893E+07 285 90.550 memmeasns [errrenzas [ anspnanns] sesvenans [ nerernnns | ansens T Y LT T T T R T P e P T FY S T
1.58490E+07 286 EL e e P L IR L T

total 286 100.000Q.-----m==10~—=-==--==Q0-—mmmm e L EE DL L e BQ-—------ 6§0-----=--70

1status of the statistical checks used to form confidence intervails for the mean for each tally pin

tally

12

romult of statistical chacks for the tfc bizn (the first check not passed is listed) and error magnitude check for all bins

mimsed 1 of 310 tfc bin checks: thers is insufficient tfc bin tally information to estinmate the large tally slope reliably

passed all bin erTor chack: 1 tally hins 211 have relative srrors less thas 0.10 with no zero bins

missed 1 of L0 ©fc bin checks: there is izsufficienmt tfc bin tally information to sstimats the large tally slope rteliably

passst all bin error checi: 1 tally bins all have relative srrors less than 0.10 with no zZero bins

the 10 statistical checks are czly for the telly fluctuation chart bin and do oot apply tc other telly bhins

Warnisg-

2

of the

2 taliy figctuation chart bins did oot pass ali 10 statistical checis.

1tally rluctuaticn charts



tally 2 tally 12

nps mean #ITOT VOV  slopa fom maen eITor vo¥  slope fom
84000 7.5601E-02 0.263& 0.083% 0.0 3.7E+00 3.7692E-03 0.2453 0.0906 0.0 4.3E+Q0
128000 7-.G377E-02 0.1875 0.0475 0.0 3.6E+00  3-0991iE-03 0.1846 0.0508 0.0 3.BE+00
192000 B.9909E-02 0.1444 0.0335 0.0 4.1E+00 3.2563E-03 G.1569 0.0374 0.0 3.5B+00Q
256000 9.3443E-02 0-1204 0.0220 4.4E+00  3.2539E-03 0.1351 0.0274 0.0 3.5B+00
4. TEXQ0 3.2861E-G3 C.120% 0.0217 0.0 3.5BH00
4.6E+400 3.0985E-03 ¢.1114 Q.Q189 (.0 3.4E+Q0
4. BE+0D 3.3083E-03 ©.10C3

4
320000 9.7041E-02 0.1041 0.0158 [
4
1]
0 4.BE+00  3.2380E-03 (-0852 0.0139 €.0 3.5E+00
0
[
0
1}

a
o
384000 9.8594E-02 (.0961 0.013% 0
448000 1.0410B-0 C.0876 0.0116 0 -0155 0.0 3.6B+00
512000 1.0369E-0t C.081% 0.0101 O.

0.0 4.7E+00  3.1485E-03 C.0907 0.0127 (.0 3.5E+10

]

o]

]

a

Q

0

0

576000 1.0220E-01 C¢.0776 Q.0Q8% 4]
4.BE+00  3.190IE-03 €.0853 0.0115 0.0 3.5E+00

0

a

0

Q

a

a

640000 1.057QE-01 ©.0731 Q0.0084
704000  1.0464E-01 0.069% 0.0077
TEBO0C  1.0Q595E-01 0.0665 0.00639
B3200¢ 1.0578E-01 0.0641 0.0064 0.0 4.BE+00  3.1B865E-03 0.0743

4 8B+00  3.1484E-C3 0.0B19 0.0106 0.0 3.5E+00

4.8E+00  3.2167E-03 0.Q776 0.0094 ©.0 3.5E+00
L0088 C.0 3.6E+10
-00B1 C.0 3.6E+0{
L0074 0.0 3.6E+00

-0086 G.0 3.5E+00

B96000 1.0762B-01 0.0615 0.0060 0.0 4.BE+00  J.185BE-G3 0.0715
960000 1.1117E-01 0.0582 0.0052 0.0 5.0E+00  3.1915E-03 0.0687
1000000 1.1449B-01 Q.0574 0.0069% ©.0 5.0E+00  3.2341E-03 0.0679

. L T L T Y PP e PP PP PP P Y - LTT T TP

nc. 6 on file bbte.r ope = 1000000 ccll = 3368489051 cta = £1.06 ars = 1953243282
dhmp

7 warning oessages so far.

run terminated when 1000000 particle histories vers dorne.
computer time = §1.16 minutes

BEDPX version 2.5« Men Feb 23 08:00:00 MST 2004 01/29/06 22:47:34 probid = 01/29/06 21:46:24
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Chapter 7

APPENDIX B - Calculated

neutron and photon dose rates

The neutron and photon dose rate values calculated in this study are pre-
sented in the tables below. The data is categorized under isotropic and
anisotropic source terms. In order to obtain the dose attenuation factors of
each material equation (3.21) was used. The dose rate without shielding is
given separately in Table 7.1 below. Note that the for anisotropic source
terms the values represented in this study are those values obtained when

the spherical geometrv was modeled.

7.1 Isotropic source terms

Tables 7.2, to 7.7 give the values obtained from the determination of (a}
boron carbide mixing percentage, (b) depth of iron with respect to iron/wax
shield, and (c) the position of iron/wax with respect to iron/wax/iron shield.

respectively.
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Geometry (cm) | Source (cm) | Dose rate (Sv/hr x particle/cm?)
Neutron Photons
Spherical Isotropic 1.74 x10 9.56 x10~1
Anisotropic | 1.51 x10 7.87 x1071
Cylindrical Isotropic 1.38 x10 7.53 x107!

Table 7.1: Neutron and photon dose rates calculated at 1.5 m from centre of

source without shielding.

7.1.1 spherical geometry

Tables 7.2 to 7.4 shows the values obtained for this geometry.



Weight percent | Dose rate (Sv/hr x particle/cm?)
Neutron Photons
0% 5.22 x1073 1.26 %1072
0.5% . 4.78x1073 1.81 x1073
1% 4.29 x1073 1.42 x1073
1.5% 4.46 x1073 1.27 x1073
2% 4.46 x10°3 1.15 x1073
2.5% 4.59 x1073 1.01 x1073
3% 4.57 x1073 9.82 x10~*
4% 4.61 x1073 8.74 x107*
5% 4.36 x1073 7.96 x10°*
6% 4.48 x1073 7.79 x10~*
7% 4.53 x1073 7.98 x10~*
8% 4.49 x1073 7.09 x10~*

Table 7.2: Neutron and photon dose rate calculated at 1.5 m from centre
of source for a 60 cm thick iron/wax/lead spherical geometry, as function of

boron carbide mixing ratio.
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Fe thickness (cm) | Wax thickness (cm) | Dose rate (Sv/hr x particle/cm?)
Neutron Photons
0 60 3.61 x107? 1.94 x107!
10 50 2.60 x10~* 7.17 x1072
20 40 1.71 x107! 4.40 x107?
30 30 1.20 x107! 4.49 x1072
40 20 7.90 x10~2 5.74 x10~2
41 19 7.39 x10~2 5.93 x107?
42 18 6.47 x10~2 6.16 x10 2
43 17 6.95 x102 5.93 x10 2
44 16 6.30 x1072 6.51 x10°2
45 15 6.81 x10~* 6.85 x107?
46 14 6.67 x10~2 7.02 x1072
47 13 6.97 x10~2 7.26 x10~?

Table 7.3: Neutron and photon dose rate calculated at 1.5 m from centre

of source for a 60 cm thick iron/wax spherical geometry, as function of iron

depth.
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Fe (cm) | Wax (cm) | Fe (cm) | Dose rate (Sv/hr x particle/cm?)
Neutron Photons
0 20 40 5.95 x107* 3.29 x1073
10 20 30 3.25 x107! 2.42 x1073
20 20 20 |212 x10! 2.54 x10°3
30 20 10 1.35 x1071 5.06 x1073
40 20 0 7.90 x 1072 5.74 x1072
Table 7.4: Neutron and photon dose rate calculated at 1.5 m from centre

of source for a 60 cm thick iron/wax/iron spherical geometry, as function of

iron/wax depth.

7.1.2

cylindrical geometry

Tables 7.5 to 7.7 show the values obtained for this geometry.




Weight percent

Dose rate {Sv/hr x particle/cm?)

Neutron Photons
0% 3.33 x1073 1.02 x1072
0.5% . 2.92 x1073 1.55 x1073
1% 3.01 x10~° 1.29 x1073
1.5% 2.99 x1073 1.11 x1073
2% 3.09 x1073 9.55 x10~*
2.5% 2.87 x1073 8.47 x10™*
3% 2,68 x1073 7.77 x107*
4% 2.57 x1073 6.57 x10™*
5% 2.64 x1073 5.69 x10~*
6% 2.85 x10°3 5.26 x1074
7% 3.05 x1073 5.40 x107*
8% 3.05 x1073 4.75 x107*

Table 7.5: Neutron and photon dose rate calculated at 1.5 m from centre of

source for a 60 cm thick iron/wax/lead cylindrical geometry, as function of

boron carbide mixing ratio.
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Fe thickness (cm) | Wax thickness (cm) | Dose rate (Sv/hr x particle/em?)
Neutron Photons
0 60 2.14 %1071 1.26 x107!
10 50 1.51 x107! 4.31 x1072
20 40 9.79 x107? 2.62 x1072
30 30 7.18 x1072 2.95 x1072
40 20 3.54 x1072 3.99 x10~2
41 19 3.40 x1072 4.17 x1072
42 18 3.54 x1072 4.36 x 1072
43 17 3.66 x 1072 4.41 x1072
44 16 3.22 x102 4.64 x1072
45 15 3.41 x107? 4.78 x1072
46 14 3.39 x1072 5.00 x10~2
47 13 3.51 x1072 5.28 x 1072

Table 7.6: Neutron and photon dose rate calculated at 1.5 m from centre of

source for a 60 cm thick iron/wax cylindrical geometry, as function of iron

depth.
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Fe (cm) | Wax (cm) | Fe {(cm) | Dose rate (Sv/hr x particle/cm?)
Neutron Photons
0 20 40 | 349 x107! 2.36 x1073
10 20 30 1.90 x107? 1.31 x1073
20 20 20 1.15 x1071 1.23 x1073
30 20 10 6.80 x1072 2.89 x1073
40 20 0 3.54 x10°2 3.99 x1072
Table 7.7: Neutron and photon dose rate calculated at 1.5 m from centre of

source for a 60 cm thick iron/wax/iron cylindrical geometry, as function of

iron/wax depth.

7.2 Anisotropic

Similarly, the values of dose attenuation factor as a function of {a) boron

carbide, (b) iron thickness, and (c) iron/wax interface are respectively given

in Tables 7.8 and 7.10 below.
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Weight percent

Dose rate (Sv/hr x particle/cm?)

Neutron Photons
0% 5.85 x1073 1.56 x 1072
0.5% . 5.69x1073 2.76 x1073
1% 5.90 x1073 2.14 x1073
1.5% 5.76 x1073 2.14 x10°3
2% 5.41 x1073 1.71 x1073
2.5% 5.49 x1073 1.68 x10~3
3% 5.29 x1073 1.44 x1073
4% 5.25 x1073 1.33 x1073
5% 5.44 x1078 1.29 x1073
6% 5.08 x1073 1.17 x1073
7% 5.02 x10°3 1.16 x1073
8% 5.18 x1073 1.06 <1073

Table 7.8: Neutron and photon dose rate calculated at 1.5 m from centre

of source for a 60 cm thick iron/wax/lead spherical geometry, as function of

boron carbide mixing ratio.
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Fe thickness (cm) | Wax thickness (cm) | Dose rate (Sv/hr x particle/cm?)
Neutron Photons

0 60 3.52 %1071 1.68 x10°!

10 . 50 2.43 x107! 7.37 x1072

20 40 1.67 x1071 4.31 x1072

30 30 1.12 x107! 4.50 x1072

40 20 8.24 x107? 5.71 x1072

41 19 8.16 x10°* 5.96 x1072 N
42 18 7.62 x1072 6.23 x1072

43 17 7.64 x1072 6.43 x 1072

44 16 7.03 x10°2 6.68 x10~2

43 15 6.99 x10~2 6.86 x10~2

46 14 6.75 x1072 7.19 x1072

47 13 6.88 x1072 7.35 x1072

"Fable 7.9: Neutron and photon dose rate calculated at 1.5 m from centre

of source for a 60 cm thick iron/wax spherical geometry, as function of iron

depth.
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Fe (cm) | Wax (cm) | Fe (cm) | Dose rate (Sv/hr x particle/cm?)
Neutron Photons

0 20 40 5.63 x10°! 2.90 x1073
10 20 30 1311 x107t 212 x10°3
20 20 20 1.83 x107! 2.54 x1073
30 20 10 1.29 x 107! 4.85 x1073
| 40 20 0 8.24 x10°2 571 x1072

Table 7.10: Neutron and photon dose rate calculated at 1.5 m from centre

of source for a 60 cm thick iron/wax/iron spherical geometry, as function of

iron/wax depth.
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