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Abstract

MicroShield is a point-kernel computer code used for gamma-ray shielding
and dose rate assessment. It allows the modeling of simple source geome-
tries and simple shielding layouts which lead to very accurate results with
low computer time consumption, compared with more advanced methods
such as Monte Carlo transport code (e.g., MCNP), among others. The short
computer time in finding solutions is due to a deterministic transport using
analytic solutions for the direct source contribution (unscattered radiation)
to the detector, and then corrected by a build-up factor appropriate for the
geometry used in the calculation. On the other hand, Monte Carlo transport
codes, such as MCNP, solve the detailed physics of the transport in the real
geometry (calculating a build-up factor as a by-product); however, the set
up of the geometry and the implementation of variance reduction techniques
(always necessary in shielding problems) is complex and time consuming. Al-
though the MicroShield software give good results for many ~y-ray shielding
and dose rate calculations, there are still many unanswered questions about
the behavior of MicroShield build-up factors and their limit of applicability
when the line connecting source and detector is not parallel to the normal of
the shielding, creating an angle « (offset from symmetry axis). The objective
of this work is to compare similar shielding layouts using MicroShield and
MCNP, for typical shielding materials and typical energies of interest, but
explicitly assessing the incidence of the offset in the results, and therefore de-
termining a limit of applicability for MicroShield. The build-up factors used
in the current model of MicroShield have shown to yield reasonable results in
terms of the effective dose rates when compared with MCNP calculations at
low offset angle. However, as the offset angle increases the results obtained
with MicroShield deviates from the MCNP calculations. Using the maxi-
mum percentage error of 30 percent as recommended from the MS manual,
the limit of applicability of MS was determined at various materials thickness
of lead, iron, and concrete.
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1 Introduction

1.1 Background

As part of the licensing process of the Pebble Bed Modular Reactor (PBMR),
numerous calculations are performed which are included in the Safety Analy-
sis Report (SAR) that is forwarded to the National Nuclear Regulator (NNR)
as part of the application. Many of these calculations are performed with the
computer code MicroShield (MS) [1, 2], and the validation and verification
of this code is thus required by the NNR.

MicroShield is a point-kernel computer code for photon/gamma-ray () shield-
ing and dose assessment. It is widely used for designing shields, estimating
source strength from radiation measurements, minimizing exposure to peo-
ple, and teaching shielding principles. It is useful to health physicists, waste
managers, design engineers, and radiological engineers and only requires a
basic knowledge of radiation and shielding principles. MicroShield is fully in-
teractive and utilizes extensive input error checking. Integrated tools provide
graphing of results, material and source file creation, source inference with
decay (dose-to-Ci calculations accounting for decay and daughter build-up),
projection of exposure rate versus time as a result of decay, access to material
and nuclide data, and decay heat calculations.

MicroShield allows the modeling of simple source geometries and simple
shielding layouts which lead to very accurate results with low computer time
consumption, compared with more advanced methods such as Monte Carlo
transport code (e.g., MCNP) [3, 4], among others. The short computer time
calculations is due to a deterministic transport methodology using analytical
solutions for the direct source (unscattered radiation) to the detector, which
is then corrected by a build-up factor appropriate for the geometry used in
the calculations. On the other hand, Monte Carlo transport codes, such
as MCNP, solve the detailed physics of the transport in the real geometry
(calculating a build-up factor as a by-product), hence lead to very accurate
results, but setting up the geometry and the implementation of variance re-
duction techniques (always necessary in shielding problems) is complex and
time consuming.

Although point-kernel codes give good results for many ~y-ray shielding prob-
lems for very detailed geometries, there are still many unanswered questions
about the behavior of MicroShield build-up factors and their limit of appli-
cability when the line connecting source and detector is not parallel to the




normal of the shielding, creating an angle o (offset from symmetry axis) de-
fined by a = tan~}(Z/(Q + Y) (see Figure 1.1).

;(.//; re#— Detector point
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Figure 1.1: Ideal case of an offset angle from symmetry axis

MicroShield validation and verification studies designed for different source
geometries to test the offset results as well as symmetry of the results about
the axis of the source geometry have been done [5]. However, most of the
work performed for MS was only compared to other codes that use similar
approximations such as QAD [6, 7]. The MS calculations based on offset from
symmetry axis were found to be in good agreement with the QAD results [5].

1.2 Motivation for the Study

As already mentioned in section (1.1), part of the licensing and operating
requirements of the PBMR reactor is the physical modeling of the radiation
shielding designed for the reactor. The fluxes, and radiation sources at the
reactor (which are functions of energy, space, direction and time), are calcu-
lated using computer codes such as MicroShield.

It is therefore important that the MS code and the models used are validated
and verified according to the requirements from the NNR for the licensing of
the PBMR reactor. This work is one of the tasks currently being done by the
Radiation Safety group (RADS) at PBMR (Pty) Ltd. In this study the limit
of applicability of MS due to an offset angle « assigned to the build-up fac-
tors will be obtained by comparing MS results with the reference code MCNP.

The summary of the different materials, parameters and variables chosen for
all the case studies are given in Table 1.1.

The most common ~-ray shielding materials used in nuclear reactors and
other related facilities are lead, iron, and concrete [8]. Clearly, from Table
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Table 1.1: Materials, physical parameters and variables chosen for all the
case studies

Material Lead Iron Concrete
Z 82 26 8-14
Parameters plkg/cm® 11.37  7.86 2.35
Q [em)] 2 5 10

Ey[MeV] 0.3-3  0.3-3 0.3-3
Variables d[em) 1-20 2-50 10-250
afdeg] 0-60 0-60 0-60

J7 High Medium Low

1.1, the obvious choice for gamma shielding is lead with Z = 82. Lead has
the advantage of high atomic number, high density, high linear attenuation
coeflicient and thus minimizing the volume of material required to reduce the
dose due to v-rays. In addition lead is stable, easily machined, readily avail-
able, and is relatively inexpensive, therefore making it an excellent shielding
solution.

However, in situations where space is not a constraint and where structural
strength is required, concrete is used even though it is a less effective shield-
ing material. As a general shield material, there is much to recommend about
concrete; it is strong, inexpensive, and adaptable to both block and mono-
lithic types of construction.

The other material is iron with Z = 26. Although it is a medium weight
element, it also serves well as a ~-ray attenuator. For y-rays with energies
of 2 MeV, roughly the same mass of iron as of lead is required to remove a
specific fraction of the radiation. At higher and lower energies, however, the
mass-attenuation efficiency of lead is appreciably greater than that of iron.
Selection of iron is also based on its structural, temperature, and economic
considerations.

From Table 1.1, the study of each material is characterized by fixed pa-
rameters such as material properties (Z,p) and geometrical constrains, for
example, the distance between source and shield (i.e., Q). @ is defined as
10% of the maximum thickness of the different material to ensure that a
minimum solid angle for Compton scattering is created.

The selected energy range is based on the fact that Compton scattering is
the mostly favorable process which contributes towards the photon build-up
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factors. This energy range is important in providing information about the
behavior of the effective dose rate due to the offset angle, hence defining the
limit of applicability of MS by comparing with MCNP results.

Since it is important that MS and the radiation shielding calculation models
are validated and verified for licensing purposes, the limit of applicability of
MS due to build-up factor as a function of an offset angle a will be defined.
Also, it is expected that the offset angle will influence the accuracy of the
photon flux, and the dose rate through the shielding material. Therefore im-
portant information on these parameters and sensitivity of these parameters
will be discussed and the limit of applicability of MS will then be determined.

1.3 Research Goals and Objectives

The goal of the proposed work is to define a limit of applicability of MS.
This will be achieved by analyzing and comparing the results from MS and
MCNP. The objectives of this work are therefore as follows:

e to conduct effective dose equivalent rate simulations based on similar
source geometry and shielding layouts using both codes, for typical
shielding materials and energies of interest;

¢ to conduct explicitly the assessment of the incident of the offset in the
results; and

e to determine the limit of applicability for MS.

1.4 Outline of Dissertation

The dissertation is presented in six chapters. In chapter 2, the fundamental
principles of MS and MCNP codes are given. There is particular emphasis on
the various interactions of photons with matter. The point-kernel technique
and the photon transport are applicable in MS and MCNP codes, respec-
tively.

Chapter 3 focuses on the model description and set-up used. A description of
the geometrical layout of the shielding modeled in MS and MCNP is given.
The steps in creating, running, and obtaining output case from the MS code
are discussed. Furthermore, the material, source, and tally specifications
in MCNP are discussed, together with the implemented variance reduction




technique. A short description of the method followed to calculate the effec-
tive dose rate is also presented.

Chapter 4 deals with the initial studies of MS. These studies include the
investigation of the effective dose rates, build-up factors as well as the inter-
pretation of the results.

In chapter 5, a comparison of the results from MS and MCNP Results is
given. This chapter includes, the redefinition of maximum shielding thick-
ness, and the definition of limit of applicability of MS.

The conclusion of this work is presented in chapter 6. This includes recom-
mendations on the limit of applicability that should be implemented when
using MS.




2 Fundamental Principles of MicroShield and
MCNP

2.1 Interactions of Photons with Matter

When photons pass through a material, some of the photons interact with
the particles of the material and the photons can be absorbed or scattered
[9, 10, 11, 12, 13, 14]. The absorption and scattering of photons is called
attenuation. The number of photons that are attenuated in a medium de-
pends on the number of photons traversing the material, type and density
of material. The three main processes through which photons interact with
materials are the photoelectric effect, Compton scattering and pair produc-
tion (9, 10, 11, 12]. Each of these three processes occurs through separate
mechanisms at different rates depending on energy and results in varying
amounts of energy being transferred to the electrons in the medium. The
theory behind the attenuation coefficient as well as the three main photon
interactions are provided to generate a clear physical picture of how photons
interact with matter.

2.1.1 Linear Attenuation Coeflicient

The linear attenuation coefficient (1) is defined as the fraction of photons
that are absorbed or scattered per unit thickness of the absorber material
[9, 10, 11, 12, 13]. For example, if A is the number of incident photons, and
Az is the thickness of the absorbing material then the number of photons
interacting and being removed from beam, 7, is given by:

T = pAAz. (2.1)

Now, let AA be the change in the number of photons in the beam in passing
through Az. Since A is reduced by one for each interaction (i.e., AA = —71),
equation 2.1 can be written as follows:

AA = —pAAz, (2.2)




Equation 2.1 describes how A changes as photons pass through the atten-
uator, whereas Equation 2.2 gives the number of interactions in a slab of
thickness Az bombarded by a beam of A photons. The attenuation pro-
duced by thickness Az will depend on the type of target (e.g., number of
electrons, atoms, or nuclei) present in the layer. If a layer were to be com-
pressed to half the thickness, it would still have the same number of electrons
and the photons will still be attenuated by the same fraction; however, its
attenuation coefficient would be two.

If cross-sections oy, 0 and oy, are assigned to the photoelectric effect, Comp-
ton scattering and pair production, respectively, then linear attenuation co-
efficient for removal of photons from a homogeneous beam may be written
as

NZN(O'pe'I"O-pp)'I"ZNUC’a (23)

where N is the number of atoms of absorber per cm3. The atomic number
Z multiplies the cross-section, o,, because the Compton effect takes place
with individual electrons rather than with atoms as a whole. This is in fact
true only when the momentum transferred to an electron in the incoherent
scattering process considerably exceeds v/2m.Ey, where Fj is the electron
binding energy, so that the electron may be treated as free. If this is not
so the Compton scattering cross-section per atom, Zo¢ is reduced [13]. The
mass attenuation coefficient, p.,,, is obtained by dividing u by the density of
a particular absorber. Figure 2.1 shows the variation of yu,, with energy for
lead. Clearly the energy is not a single-valued function of u,, because the
pair production cross-section increases with energy while the photoelectric
and Compton cross-sections decrease. The relative importance of these three
main processes as a function of energy and atomic number of absorber is
shown in Figure 2.2. Measurements of the attenuation coefficient near min-
imum absorption is therefore not an unambiguous method of determining
photon energy in this region of the spectrum.

2.1.2 Photoelectric Effect

In the photoelectric absorption process, an energetic photon interacts with
an orbital electron of an atom, followed by subsequent ejection of the electron
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Figure 2.1: Mass attenuation coefficient for y-rays in lead (Z = 82,p =
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Figure 2.2: The relative importance of the three major types of y-ray inter-
action.

from the atom (see Figure 2.3):

~ + atom — atom™t +e* (2.4)



The interaction is with the atom as a whole and it does not take place with
free electrons. For «-rays of sufficient energy, the most probable origin of
photoelectron is from the mostly tight bound or K-shell of the atom [10].
The photoelectron appears with an energy, F, given by

E, = E, — E, (2.5)

where F., = hv is the photon energy and E, is the electron binding energy
(10, 15). The photoelectric effect is more likely to occur when the photon
energy is less than 0.5 MeV.

During photoelectric effect, the ejected photoelectron leaves a vacancy in the
atomic electron structure, and a cascade of characteristic x-rays is produced
as the remaining atomic electrons are rearranged to fill the vacancy. Occa-
sionally such an x-ray may interact with and eject a less tightly bound outer
electron (Auger electron) with energy equal to that of the x-ray minus the
binding energy of the outer electron. Figure 2.3 shows the process of the
photoelectric effect.

Ejected bound electron

Incident gamma phaton

Recoiling atom m exsited energy state
Figure 2.3: Ejection of a bound electron by a y-ray: The photoelectric effect.

The photoelectric absorption process is the predominate mode of interaction
for y-rays or relatively low energy (< 0.5 MeV). The process is also enhanced
for absorber materials of high atomic number Z. No single analytic expres-
sion is valid for the probability of photoelectric absorption per atom over all
ranges of £, and Z, but a rough approximate expression for the probability is



o, = constant x E35 = 'LLWP", (2.6)

~

where N is the number of atoms of absorber per ¢m?®, p,. is the photoelectric
effect linear attenuation coefficient. The exponent, n, varies between 4 and
5 over the y-ray energy region of interest [16, 17]. This dependence of the
photoelectric absorption probability on the atomic number of the absorber
is a primary reason for the preponderance of high-Z materials (such as lead)
in «y-ray shields. Equation 2.6 indicates that p,. & Z°/E35, and this implies
that the photoelectric linear attenuation coefficient is large for elements of
high atomic number, and increases with decreasing y-ray energy as shown in
Figure 2.1.

2.1.3 Compton Scattering

In Compton scattering, a photon collides with a loosely bound outer shell
orbital electron of an atom, loses some of its energy and is deflected from
its original direction of travel (see Figure 2.4). The relation between the de-
flected photon and the energy loss for Compton scattering, assuming the elec-
tron to be free and at rest, is determined from the conservation of momentum
and energy between the photon and the recoiling electron [10, 12, 13, 16, 17].
This relation can be expressed as

. E,
7 14 (B,/E.) (1~ cosb)’

(2.7)

where E, is the initial energy of the photon before scattering and E, is the
final energy of the photon after scattering, £, = m.C? is the total energy of
the electron at rest, and 8 is the photon deflection angle.

The probability of Compton scattering per atom of the absorber depends on
the number of electrons available as scattering targets and therefore increases
linearly with Z. The variation of y-ray energy with the Compton linear at-
tenuation coefficient, p. o Z/hv is indicated in Figure 2.1 for lead and g,
decreases with increasing y-ray energy.
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Figure 2.4: Scattering of a vy-ray by a free electron: Compton scattering.

The basic theory of Compton scattering, is well described by Klein and
Nishina [18] and experimentally confirmed by references [19, 20]. The an-
gular distribution of scattered vy-rays is predicted by the Klein — Nishina
Formula for the differential scattering cross section do/dQ2 [10, 16]

do  _ , 1 ]2 [1+c0529] [ N a*(1 — cosh)?
2 (1 +cos?8)[1 + (1 — cosbh)] )’

a0 210 1+ a1 — cosB)
(2.8)

where o = hv/mC? and 7y is the classical electron radius.

2.1.4 Pair Production

In pair production, photons with energy greater than 1.022 MeV interact in
the vicinity of the coulomb field with a nucleus; the v-ray disappears and is
replaced by an electron-positron pair (see Figure 2.5). All the excess energy
carried in by the photon above the 1.022 MeV required to create the pair
goes into the kinetic energy shared by the positron and the electron (i.e.,
0.511 MeV each). The excess energy will be carried away equally by these
two particles which produce ionization as they travel in the material. The
positron is eventually captured by an electron and annihilation of the two
particles occurs. This results in the release of two photons each of 0.511 MeV
known as annihilation radiation [10, 13, 16, 17). These two photons then lose
energy by Compton scattering or photoelectric effect.

The magnitude of the probability of pair production per nucleus varies ap-
proximately as the square of the absorber atomic number (i.e. 0, o Z?).

11
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Figure 2.5: The process of pair production.

The variation of pair production mass attenuation coefficient increases with
increasing ~y-ray energy as shown in Figure 2.1.

2.1.5 Photon Build-Up Factor Concept

As already mentioned in section 2.1, a beam of photons passing through dif-
ferent materials can either be absorbed or scattered. In addition, some of
the photons can travel trough the medium without any collision. For a nar-
row beam of mono-energetic photons of y-rays ( see Figure 2.6), the photon
fluence rate (flux) or the intensity which passes through a material without
any collision, ¢, can be expressed as [9, 21, 11]:

¢u— = ¢Oe_ﬂd3 (29)

where ¢y is the fux of initial photons, g is the linear attenuation coefficient
in em~! and d the thickness of material in em.

y-rays ———»

Figure 2.6: Narrow beam of rays incident on slab shield.
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The exponential absorption described in equation 2.9 is useful for calculating
the flux for narrow beam source geometry. However, this equation underes-
timates the required shield thickness for broad beam source geometry or for
thick shields because it assumes that every photon that interacts with the
shield is removed from the beam, and thus does not contribute to the flux.

For a broad beam source or thick shield, the total photon fluence flux, ¢r at
some point of interest r is the sum of two components: the uncollided flu-
ence, ¢, of photons that have streamed to r directly from the source without
interaction, and the scattered or secondary photon fluence, ¢ consisting of
source photons scattered once or more, as well as secondary photons such
annihilation «y-rays (see Figure 2.7). The total fluence can be written as

¢T = @y + ¢s- (ZAIO)

Thus, in practice, the absorption Equation 2.9 is modified by introducing the
build-up factor B such that:

$r = Beoe ™. (2.11)

Source

Figure 2.7: Schematic diagram illustrating the photon scattering concept.

For an isotropic point source {as shown in Figure 2.7) in infinite homogeneous
media, the total flux of photons becomes:

5B

47r?

¢r e, (2.12)
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where Sy is the source strength. Equation 2.12 can also be written in terms
of the total dose absorption rate by incorporating the detector response func-
tion, % (fluence-to-dose-rate conversion factor), and it becomes

_ SoBZ

—~pd
DT = A2 e ke, (213)

The build-up factor, B is defined as the ratio of the total dose, D (scattered

dose D, plus un-collided dose D, ) to the dose of un-collided photons only
[9, 21, 2, 22]

B==2L=1+=2, (2.14)

Build-up factors are not constant, but rather vary with a number of pa-
rameters such as medium thickness, geometry, source energy, and detector
position (affected by offset from symmetry axis) [21].

‘The ~y-ray build-up factors for isotropic point source in infinite homogeneous
media have been widely used in «y-ray shielding calculations combined with
the point-kernel model. There are many software codes which are based on
the point-kernel model. Some that have been widely used or in use today
can be found in references [1, 23, 24, 25, 26]. The earliest data set of vy-ray
build-up factors was developed by Goldstein and Wilkins [27] based on the
moments method and accounted for Compton scattering photons. The com-
prehensive data set of build-up factors was further developed by the American
Nuclear Society [28]. The relevant data were obtained based both on the mo-
ments method calculations for low-Z elements and on the calculations using
the PALLAS code [29] for high-Z elements up to several depths of mean free
paths. This data serves as a reference for all shielding radiation calculations
based on the point-kernel model.

The use of build-up factors in shielding design and analysis is greatly facili-

tated by interpolation methods devised by Taylor, Berger and Capo [30, 31,
32]. For an isotropic point source in an infinite medium, these interpolation
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formulae are given by

Bin(Ey,\) = Ae™*A + (1 — A)e™ 2, (2.15)
Bn(E,, ) = 1+ CXeP?, (2.16)
and
3
Bun(Ey, N) = ) B, (2.17)
=0

where A is the number of mean free paths at source energy. Parameters
A, oy, as, C, D, and 3, depend on the material, the photon energy, and, in
principle, the nature of the response.

2.2 MicroShield Code
2.2.1 Introduction to Microshield Code

As already mentioned in the introduction MS is a «y-ray shielding and dose as-
sessment program that is widely used for designing shields, estimating source
strength from radiation measurements, minimizing exposure to people, and
teaching shielding principles [1]. MicroShield is fully interactive and utilizes
extensive input error checking. Integrated tools provide graphing of results,
material and source file creation, source inference with decay (dose-to-Ci
calculations accounting for decay and daughter build-up), projection of ex-
posure rate versus time as a result of decay, access to material and nuclide
data, and decay heat calculations.

The most important features describing the capability of MicroShield include:

¢ Sixteen geometries that accommodate offset dose points and as many
as ten standard shields plus source self-shielding and cylinder cladding,.

15




The geometry display for entry is re-scaled as dimensions are entered.
Dimensional data are accepted in meters, centimeters, feet, or inches.
Display can be rotated in 3-D for viewing and printing.

Library data (radionuclides, attenuation, build-up, and dose conver-
sion) reflecting standard data from RSICC, ANS, and ICRP.

Provides the ability to access and use the optional ICRP-38 Nuclide
Library. This library, which is significantly larger than the standard
library, is currently being distributed with RadDecay 2.0. Microshield
will keep track of which library is used during the analysis or the cre-
ation of a source file.

Build-up and uncollided results are both automatically and simultane-
ously calculated.

Sources may be created, saved and moved among cases, either as nu-
clides or energies, or as concentrations or totals. Several photon group-
ing methods are provided including custom (user defined).

Source decay can be calculated with daughter products generated.

Provides the ability to design and save up to eight custom materials
for any case to add to the twelve built-in materials.

As many as twenty-five energy groups (with an energy range of 15 keV
to 10 MeV) may be used; input may be concentration or totals.

Sensitivity of exposure rate to time, source dimension, shield thickness,
or distance can be investigated. Integration conversion verification can
be conducted with sensitivity to quadrature order.

Decay heat/energy can be calculated.

Improved flexibility for users to control input and output units, case
file saving, printing, and emailing, export of results including graphs
to office documents.

Provides the ability to define multiple (up to six) dose points for a case
for almost all geometries.

Provides the ability to operate on multiple cases simultaneously.

Improved handling of graphics including displayed and printed graphs
as well as the case model.

16




The fundamental theory of MS is based on a point-kernel model/technique
with idealized geometry. The following section will briefly explain this tech-
nique to generate a clear picture of MicroShield principles.

2.2.2 Point-Kernel Technique

In most practical shields designed to attenuate penetrating radiation (e.g.,
photons) in nuclear reactors, extended sources are considered [9, 8]. All ex-
tended sources are considered to be composed of differential isotropic point
sources. Point sources are those sources in which the variation of radiation
particle flux density, ¢ with distance, r is described by the following expres-
sion:

S — Uz
= F:ze ue, (2.18)

¢

where B is the build-up factor, Sy is the source strength, p absorption coef-
ficient, and x is the thickness of the absorbing material.

The response (e.g., dose rate) of a detector due to any extended source may
be obtained by summing or integrating the responses from the point sources
from which the extended source is made up. Let us consider a volume ele-
ment dV as a point-kernel of a mono-energetic isotropic volume source with
source strength Sy (rs) placed at position r, and the isotropic point detector
(a target) is placed at r, in a homogeneous medium. The total dose rate can
be expressed as,

ASy(rs, E)B(u, E) _,.
D(r,) = /V v 4M)2 W B) iz gy, (2.19)

where Z is the flux-to-dose conversion factor, B(u, E) is the dose build-up
factor, u(FE) is the linear attenuation coefficient, and r = |rs — r;| is the
source to detector distance.

Equation 2.19 holds for any geometry or medium provided that the material

through which a ray from r, to r, passes has a constant interaction coefficient
p(E). If the medium is heterogeneous (see Figure 2.8) between r, and r,,
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then, in the expression above, exp(ux) is replaced by exp(l), where [ is the
distance in mean-free-path length between r, and r;, and is expressed as

I = /0 " (s)ds. (2.20)

volume ¥

Figure 2.8: Ideal case representing a volume source

From equation 2.19 it can be seen that the total dose at r, from an isotropic
volume source depends on the material properties along a line joining r,
and r; and on the distance between these two points. This approximation is
based on build-up factors, is sometimes called ray theory, indicating that the
total dose is determined simply by the material and distance along the ray
joining source and detector points [9, 8]. In many situations it is an excellent
approximation and is widely used in photon shielding calculations.

2.3 MCNP Code

MCNP is a general-purpose Monte-Carlo N-particle code that can be used
for neutron, photon, electron, or coupled neutron/photon/electron transport,
including the capability to calculate eigenvalues for critical systems [3, 4]. It
treats an arbitrary three-dimensional configuration of materials in geometric
cells bounded by first- and second-degree surfaces and some fourth-degree
surfaces, and uses point wise (continuous) cross-section data with photon
energy ranging from 1 keV to 100 GeV, for electrons ranging from 1 keV to
1 GeV, and for neutrons ranging from 10-11 eV to 20 MeV.

MCNP is a stochastic process involving a randomly determined sequence
(using random numbers) of observations each of which is considered as a
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sample of one element from a probability distribution, analogous to throw-
ing dice in a casino, hence the name Monte Carlo {3, 4, 33, 34].

MCNP is among the first physics codes produced and became available on
any commercially viable, state-of-the-art computers. It has been made as
system independent as possible to enhance its portability, and has been writ-
ten to comply with the ANSI-Standard FORTRAN 90 and global data is
shared via FORTRAN modules (3, 4].

2.3.1 Photon Transport in MCNP

In particle transport, the Monte Carlo technique is pre-eminently realistic.
It follows each of many particles from a source throughout its life to its death
in some terminal category (e.g. absorption, escape, etc). The outcome at
each step of its life is randomly sampled from probability distribution using
transport data. Figure 2.9 is an example of a photon history in Monte Carlo
transport theory.

_ Compton recoil
& f electron

Scattered photan
Incident photon
ANANANNNS X-ray

e
Compton recoil
electron e /’W‘f
Photoelectron

Figure 2.9: Photon history in Monte Carlo method.

When following a photon, MCNP starts to verify if it interacts or not in a
medium. The probability that a photon will travel a distance S without un-
dergoing any interaction is given by exp (£+S5), where 1S is the probability
to interact in the interval dS. So, the probability for a first collision to occur
between S and S + dS along its line of flight is

P(S)dS = e*5%1dS, (2.21)
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where 27 is the macroscopic total cross-section of the medium and is inter-
preted as the probability per unit length of a collision. Setting £ to be a
random number which is uniformly distributed on interval (0.1), with the
line of flight to /, to be

1 Sl
€= /0 P(S)dS = 1 — &5, (2.22)

this can be expressed as:

1
L= ~5-in(1-8), (2.23)

but, because 1—¢ is distributed in the same manner as £, the equation can be
rewritten and an expression for the distance to the first collision is obtained as

= —%Tln(é) (2.24)

The photon is then transported to the location of the first interaction (col-
lision). Subsequently, the type of interaction to be simulated is sampled,
based on the partial cross-section for different interactions contained in the
interaction data tables [3, 4, 35]. The theories describing the kinematics of
the various photon interactions are implemented during the photon trans-
port. For example, in the Compton scattering, the energy and direction of
the scattered photons are sampled. The process is repeated until the photon
is absorbed or escapes from the system.

2.3.2 Input and Output for MCNP

Before running a simulation in MCNP the user creates an input file, in which
the problem to be simulated is defined. The contents of the input file for
MCNP are presented as follows:
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Problem Title Card
Cells Cards

Surface Cards
Data Cards

The first row is a title card which contains information describing the problem
to be simulated. The cells specification cards define the geometric volumes,
which together make up the model set-up that will be used in the simu-
lation. The cell cards contain information about the geometry, the user’s
specified materials with their respective densities. They also contain infor-
mation about the particle type with a specific importance in each cell. The
surface cards define all surfaces in terms of position and shape. The surface
cards are invisible and contain no material and they are used to define the
shape of the cells.

The Data cards contain most of the information about the whole simulation
model, except for the geometry. For example, the necessary information in-
cludes the source specification, particle type, particle energy, the number of
events, the material composition, variance reduction techniques and how and
what type of answer is desired, etc. The type of answer desired by the user
is obtained by using the scoring process (i.e., tallies). Tallies are determined
by a variety of estimators which evaluate fluence, or fluence like-quantities,
at & point or region. The most frequently used tallies are current at a surface
(F1), average flux at a surface (F2), flux at a point or ring (F5), and average
flux over a cell (F4). Similar to flux tallies over a cell are various tallies of
energy deposition (F6 and F7).

The quality of MCNP results can be evaluated with the relative error pre-

sented in the output file. The relative error, is defined as:

RE = —— (2.25)

where N is the number of samples (particle histories) and C = ¢,/Z is the
relative error in population of samples, where ¢, is the variance and T is
mean value. For a generally reliable result, RE should not be larger than
0.1. If the error is large MONP will print a warning in the output file.
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The efficiency of the simulation can also be evaluated from the figure of merit
(FOM), which is defined as:

1

FOM = BEIT

(2.26)

where T' is the computer time in minutes. The more efficient the Monte
Carlo calculation is, the larger the FOM will be because less computer time
is required to reach a given value of RE [3].
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3 Model Description and Set-Up

The work in this thesis has mainly been done with the help of two computer
codes. MicroShield has been used to simulate the effective dose rates with
respect to the offset angle and MCNP has been used for comparison.

In this chapter, the description of the model with MS and MCNP as well as
the strategy in calculating the dose rate points are explained.

3.1 MicroShield Model Description

The geometrical source configurations modeled with MS include: point, line,
disk, rectangular area - vertical and horizontal, sphere, cylinder volume - side
shields, cylinder volume - end shields, cylinder surface - internal and external
dose point, annular cylinder - internal and external dose point, rectangular
volume, truncated cone, infinite plane, and infinite slab.

The geometrical layout of the model as defined in the MicroShield code will
be described in the next section.

3.1.1 Geometry Layout of MicroShield

The geometry layout modeled for this work includes the distance and orien-
tation between the source, dose point as well as the intervening shields.

For the purpose of this work, a simple geometry with an isotropic point
source and a slab shield material of air, lead, iron, and concrete were modeled.
Figure 3.1 is a 3-D schematic diagram as modeled in the MS code for different
possible dimensions for all shielding materials (i.e., concrete, lead, and iron).
The point source is positioned at the origin of the x, y, z coordinate system
(MS does this by default). The first slab shield material on the left represents
air. The first slab shield material was chosen to be air to avoid a contact of
the source with the slab shield of lead, iron, or concrete. In addition, in most
practical cases in nuclear engineering, in the shielding of gammas or neutrons
a gap is always available to permit the flowing of the cooling system. The
second slab represents the shielding material to be used during the run. The
six dotted points represents the dose rate points.

3.1.2 Creating a Case

To create a case study for each material, the point geometry setup as ex-
plained above was chosen from the new file menu of the MS interface. The

23



Figure 3.1: 3-D view of geometrical layout as modeled in MicroShield.

input steps for a new case were constrained by fixed sequence as recom-
mended in the MS manual. For modifying an already defined case, the steps
below may be exercised in parallel since there already exists a basis for other
input steps.

e The first step in designing a case is to assign the dimensions of the
source, shields, and dose point locations which give the physical layout
shown in Figure 3.1.

e The second step is to assign the material densities for the slab shield of
air, lead (or iron or concrete), as well as the air gap between the shield-
ing material and the source points. Material information is required
for build-up factor reference material prompting.

e The third step is to assign the source strength. For the purpose of this
work the user defined method for the photon energy was considered.
This method allowed us to enter photon energies ranging from 0.3 - 3
MeV and the activity of 1Ci = 3.7 x 10'® in photons per second for
each value of energy. Photon energies are required for build-up factor
reference material prompting.

e The fourth step is to assign the build-up factor reference material which
in this study is lead, iron, and concrete. Build-up factors are retrieved
and interpolated from tables of data.

e The fifth step in creating the case is to assign the integration parameters
(depending on the geometry of the case). In this study this step was
not required because an isotropic point source was considered.
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The sixth step is to give the case a title and description, for user con-
veniernce.

The last step is the sensitivity analysis - this step allows the user to
evaluate sensitivity of exposure to user selected variables. It was not
necessary to go through this last step because it is not part of the pro-
posed work. However, it could be used to perform a further validation
step if necessary.

3.1.3 Running a Case

To explain the steps in running the case in MS a single run is considered (a
batch run can also be created in MS). After creating the case geometry as
explained in section 3.1.2 the next step is to run it. Upon initiation of the
executation of a single case, MS does the following:

formulates the linear attenuation coefficients for each shield based on
the densities and material designated. MicroShield looks up values for
mass attenuation coefficients by material type and bracketing energies,
interpolates for energy, multiplies by the individual material density,
and sums to obtain linear attenuation coefficients for each shield region.
The linear attenuation coefficients are multiplied by the physical path
length through each shield and then summed over all shields.

uses the reference build-up factor material for each case energy to create
arrays of build-up factor times attenuation factor with mean free paths
as the independent variable.

for each kernel (in case of a volume source) and for each case energy,
mean free paths are determined between the kernel and the dose point
through the intervening materials.

the uncollided and build-up photon fluence rate are both calculated at
the dose point for each kernel and added to results for previous kernels.

Steps 3 and 4 are repeated for each dose point.

3.1.4 Case Output

The fundamental result of point-kernel integration is the photon fluence rate
(photons/cm?/sec) at the dose point in the case. This is multiplied by en-
ergy to achieve the energy fluence rate, (MeV/cm?/sec). To provide usable
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results, photon fluence rate is converted to units of exposure, energy absorp-
tion in air, and the effective dose equivalent (important in this study). These
use conversion tables in ICRP publication (36], and the units definitions of
the Sievert, among others.

Automatic conversions is conducted to exposure rate in air, expressed as
milli-Sievert per hour (mSwv/hr). The exposure rate in air is determined
using table 11 in reference [36]. This table was calculated with values of
mass energy absorption coefficients for dry air by reference (15]. MicroShield
V6.02 simultaneously calculates the uncollided fluence rate (without build-
up) and the effects of scatter (with build-up).

3.2 MCOCNP Model Description

The MCNP input file is an ASCII file containing command lines called cards
(cell cards, surface cards, and data cards). The cards provide a description
of the situation that is to be simulated, such as:

e the geometry specification,
e the material specification and cross-section selection,

o the location and the characteristics of the neutron, photon, or electron
source,

e the type of answer desired, and

e any variance reduction techniques (chosen by the user) used to improve
efficiency.

To explain how the geometry layout of the model was constructed using the
different cards as mentioned above the input file of MCNP given in appendix
A.1 was considered.

3.2.1 Geometry Layout of MCNP

The geometry defined in the input file of MCNP is treated by three-dimensional
configuration of user-defined materials in cells bounded by regions called sur-
faces. The cells are treated in a Cartesian coordinate system and are formed
by intersections, unions, and complements of regions bounded by surfaces.
When the cells bounded by surfaces are defined correctly in the cell cards,
MCNP will track the particle path by checking the sense of the intersection
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point for each surface listed for the cell.

The geometrical layout modeled for this work using MCNP is shown in Fig-
ure 3.2. The source and shield are surrounded by a sphere outside of which
particle transport is terminated. In MCNP terminology, the exterior of this
sphere is referred to as the outside world. The tori for tallies are indicated
on the right side of the shield. The vertical black line shown in middle of the
shielding material indicates the splitting of the slab for variation reduction
technique (i.e., splitting).

The geometry layout modeled with MCNP was designed in such a way that
it represents the actual MicroShield setup as closely as possible. In the case
of tally F4, a small gap of 0.0001 ¢m between the shielding material and
detector was provided to avoid a geometrical error in MCNP run.

Tori for tallies

:g -
=
=
g
=
=

Figure 3.2: 2-D Vertical cross-section of geometrical layout as modeled in
MCNP.

The first line numbered 1 in the input file (Appendix A.1) is the title card
describing the problem to be run. The next line numbered 2 beginning with
c is a comment line and it representing the beginning of the geometry cells.
The first column in line number 3 represents the cell numbered 1, and the
next column after the cell numbered 1 column represents the cell material

27



number (lead/concrete/iron in this work), followed by the 3"¢ column rep-
resenting the cell material density (it is entered as negative entry which is
interpreted as mass density in units of g/cm?).

The subsequent numbers after each cell material density entry represent a
complete specification of the geometry of the cells that follows. This speci-
fication includes a list of surfaces bounding the cell where the signs indicate
the sense of the regions defined by the surfaces. In this case, cell 1 with
specific cell material density for concrete is bounded by 6 surfaces, and has
an importance of one. Lines numbered 22 to 27 are the repetition of the
above description for different cell numbers with different importances. In
cell card numbered 2, the cell material density is considered as void because
there is no material and this cell represents the vacuum of the system and
it is bounded by 19 surfaces and it has an importance of one. Lines 8 to
19, represents cell cards for different tallies with no material and bounded
by different surfaces but similar importances. Line 31 which is a void cell,
represents the boundary for the system (outside world), it is bounded by
only one surface numbered 7, and has an importance of zero (any particle
crossing this boundary is terminated).

Line 33 represents the comment line describing the starting point for surface
cards. The next line numbered 34 starts with a surface number 1, followed
by an alphabetic mnemonic indicating the surface type. In line 34, surface
1 (PZ 3000) is a plane normal to the z-axis. This description is similar for
surfaces 2-6 (in lines 35-39) as well as 22-27 (in lines 54-59) for the remaining
axis. In line 40, surface 7 (SO 6020) is a sphere with radius 6020 cm from
the origin. In line 41, surface 8 is an ellipsoid which is located at (0, 5.0501,
and 0) coordinate along the y-axis with minor and major radius of 0.227533
and 420 c¢m, respectively. Line 42, surface 11 is a torus, the first 3 entries
after the alphabetic mnemonic indicates the origin of the torus (i.e., x,y,z-
coordinates), the 4th, 5th and 6th entries represents the major (i.e., inner
radius of the torus itself), thickness and minor radius of the torus (i.e., the
radius of the cross-section of the torus). Similarly for surfaces 12-21 in lines
43-52 for different dimensions.

3.2.2 Material Specification

The material specification card specifies both the elemental (or isotopic) com-
position of materials and the cross-section evaluations to be used in the cells.
This card is used to specify a material for all cells containing material m,
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where m cannot exceed more than five digits:
Mm  ZAID{ fractiony ZAID, fraction,......

The m corresponds to the material number on the cells cards. The consecu-
tive pairs of entries in the material card consist of the identification number
(Z AID) of the constituent element or nuclide followed by atomic fraction (or
weight fraction if entered as a negative number) of that element or nuclide,
until all the elements and nuclides needed to define the material have been
listed.

The nuclide identification number (ZAID) is used to identify the element or
nuclide desired, and the form of the number is ZZZAAA.nn X, where:

e 777 is the atomic number of the element or nuclide,

e AAA is the mass number of the nuclide, ignored for photons and elec-
trons,

e nn is the cross-section evaluation identifier. If blank or zero, a default
cross-section evaluation will be used, and

e X is the class of data: C is continuous energy; D is discrete reaction;
T is thermal; Y is dosimetry; P is photon (relevant in this study); E is
electron; and M is multigroup.

For naturally occurring elements, AAA = 000. Thus ZAID = 82000 repre-
sents lead, and ZAID = 26000 represents the element iron.

The material specification in this work is provided in appendix A.1. Line
63, m1l corresponds to the material number on the cell card. The remain-
ing pairs of entries after this number consist of the identification number
(ZAID) representing the constituent elements for concrete followed by the
weight fraction of that specific element and this sequence is continued until
all the elements constituting the material concrete have been listed.

3.2.3 Source Specification

The source and type of radiation for MCNP are specified by the SDEF com-
mand. The SDEF command has many variables or parameters that are used
to define all the characteristics of all sources in the problem. The SDEF com-
mand with many variables is one of the more complex MCNP commands and
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is capable of producing an incredible variety of sources-all with a single SDEF
command. Some of the sources are point source, area source, volume source
and multiple sources. Only one SDEF card is allowed in an input file.

The source has to define the values of the following MCNP variables for each
particle it produces: ERG-the energy of the particle (MeV), TME-the time
when the particle started (shakes), POS-the position of the particle, IPT-the
type of the particle, WGT-the statistical weight of the particle, ICL-the cell
where the particle started, and JSU-the surface where the particle started or
zero if the starting point is not on any surface.

The source specification used here is defined in line 84 indicating the particle:
source energy (ERG), the statistical starting weight (WGT'), and the position
of the source (POS). The definition of starting cell (CEL) and the starting
direction for source particles in this work is not included in the input file
because for an isotropic source MCNP determine the above parameters by
default.

3.2.4 Tally Specification

The tally (scoring) cards in the MCNP input file are used to specify the
parameters of interest, that is, type of answers from the Monte Carlo calcu-
lation. The scoring process is determined by a variety of estimators which
evaluate fluence, or fluence like-quantities, at a point or region. The most
frequently used tallies are current at a surface (F1), average flux at a surface
(F2), flux at a point or ring (F5), and average flux over a cell (F4). Similar
to flux tallies over a cell are various tallies of energy deposition (F6 and F7).
For the purpose of this work, tally F4 and F'5 were used to obtain information
about the effective dose rate in a cell and at a point.

The physical significance of tally F4 can be well understood by considering
a particle of weight, W and energy, E which makes a track-length (segment)
T within a specified cell of volume, V. This segment makes a contribution
WT/V to the flux in the cell. The sum of the contributions is reported as
the F4 tally in the MCNP output. Technically, if ¢(r, F, Q) were the energy
and angular distribution of the fluency as a function of position, the F4 tally
would measure

gy L J
Fi=2 /Vd.V/EdEAF dNR(E)d(r, E, ), (3.1)
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where Z(F) is a fluence-to-dose conversion factor. MCNP will carry out this
calculation, obtaining values of Z(F) by interpolation of values specified in
a table placed in the input file (lines 116 - 140-appendix A.1). The form of
the table is

DE4 A E1 BE2... Bk ,$energy grid for fluence — to — dose factors
DF4 B F1 F2...Fk $ fluence — to — dose conversion factors

Entries F1 through Fk are tabulated values of energy and F1 through Fk
are corresponding tabulated values of Z(F). Entries A and B, either LOG
or LIN, specify logarithmic or linear interpolation, respectively.

Unlike F4, F5 does not require a particle to reach the detection location. F5
scores at every collision the probability that the next event being at the de-
tector side, and scores Wp(u)exp(—X)/rmr?. Where p(p) is the value of the
probability density function at p, the cosine of the angle between the par-
ticle trajectory and the direction of the detector, A the total number of the
mean-free-paths integrated over the trajectory from the collision point to the
detector and r is the distance between the collision point and the detector.
The probability density function, p(i), and consequently F5, are available
only for neutrons and photons. This is done by tracing the pseudo-particle,
without altering the original random walk path, from the collision site to the
detector. The same process is also performed for source particles to provide
the uncollided component. MCNP provides estimates of the quantities of
interest for source particles alone (called direct contribution), due to uncol-
lided particles, as well as due to the source and interactions combined (total
contribution).

Line 86 corresponds to a point detector located along the y-axis and line
87-97 represents a ring detector. Line 96-107 represents tally type F4 for
different position with respect to the offset angle «.

The remaining input data for MCNP are data cards composed of the fol-
lowing lines: particle designator (MODE), and problem cut-offs (NPS). Line
number 62, defines a mode card which consist of the mnemonic mode fol-
lowed by the type of particle to be transported (photons in this case), and
line 83 defines the number of histories to be run by MCNP.
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3.2.5 Variance Reduction Techniques

The variation reduction (biasing) techniques (VRT) for MCNP simulations
can reduce the amount of computer time required for obtaining results of suf-
ficient precision (3, 35, 37, 38, 39]. The main goal of all VRT is to decrease
the relative error defined by Equation 2.25.

Generally, VRT are classified into three categories: modified sampling meth-
ods (e.g., source biasing, implicit capture, discrete angle biasing, forced colli-
sions, and exponential transformation), population control methods (e.g., ge-
ometric splitting/Russian roulette, weight cutoff, weight-windows, and strat-
ification), and semi-analytic methods (e.g., point detectors and DXTRAN).
Among the VRT, the most effective and widely used technique in radiation
transport problems for reducing the variance and computational time of a
Monte Carlo simulations is the geometry splitting /Russian roulette method
(38, 39].

The main objective of the splitting/Russian Roulette technique is to spend
time sampling important regions (spatial cells) and less time sampling unim-
portant regions. It is easily done by subdividing the geometry of the problem
into cells and assigning each cell 4 an importance I;. As the particle of weight
w; passes from a cell with an importance I; to a cell with higher importance
I;(I; < I;), the particle is split into v = I;/I; identical particles of weight
w;/v (see fig. 3.3). Conversely, if a particle of weight wq passes from a cell of
importance /; to a cell with lower importance I.(I; < I;;), Russian roulette
is played and the particle is killed with probability 1 — (I; < Ii), or followed
further with 7;/I; and weight w; x I;/ I}, [38, 39].

Cell j
Celli

wy2

W/

4[]

Figure 3.3: Schematic diagram illustrating the geometrical splitting tech-
nique.

In general, splitting decreases the history variance (decreases C); however, it
increases the time per history (decreases N for a fixed amount of computer
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time); whereas Russian roulette decreases the time per history (increases N
for a fixed amount of computer time).

The above VRT technique was applied in this work: line 3 in the input file
(appendix A.1) represents the first cell numbered 1 for the VRT; other celis
where the VRT was applied are shown in cells 16-21 (lines 22-27). Note that
the importances are different for each cell representing the concept explained
above.

3.3 Dose Rate Points Calculation

The dose rate points were calculated by using the following equations (based
on Fig. 1.1 and Table 1.1):

Z=(Q+Y)tana, (3.2)
, _(Q+Y)
AZ = e (3.3)

where @ is the distance between the source and slab, Y is the thickness of
the slab. Aa was assumed to be plus or minus two degrees of each angle to
represent the error within the calculation. This error is given by AZ.

Numerous calculations were performed for each material using the parameters
and variables provided in Table 1.1, but only one example will be demon-
strated here using the input file of MCNP provided in appendix A.1 (concrete
with 35 cm thickness). The major and the minor radii of the tori from lines
42-53 (6" and 8" column) represent the dose rate points for different offset
angles and AZ calculated using Egs. (3.2, 3.3).
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4 MicroShield Results

The MicroShield geometrical model and procedures described in chapter 3
were used to determine a set of effective dose rates (both uncollided and
collided) for the materials listed in Table 4.1 at seven photon energies (0.3,
0.5, 0.75, 1, 1.5, 2, and 3 MeV). In addition, from the uncollided and collided
effective dose rates the exposure build-up factors were calculated.

For each photon energy, calculations were performed at 12 offset angles
(0, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, and 60 degrees) for various materials
thickness as listed in Table 4.1. The position of the source from the shield
was 10% of the maximum thickness of each material (i.e., 2 em for lead, 5
cm for iron, and 25 em for concrete). The effective dose rate points were cal-
culated using equation 3.2 described in section 3.3 in chapter 3. The results
for representative MS cases are presented in the following sections.

Table 4.1: Materials, physical properties, and slab thickness used for dose

rate calculations with MS.
Material density (g/cm®) slab thickness (cm)

Lead 11.37 1, 3, 7.5, 10, 15, 20
Iron 7.86 2,7, 18, 25, 37.5, 50
Concrete 2.35 10, 35, 90, 125, 187.5, 250

4.1 Effective Dose Rates

The presentation of results begins with focus on the different lead thicknesses,
as lead is a primary photon shielding material. Shown in Figure 4.1 are the
effective dose rates for photon energies ranging from 0.3-3 MeV as a function
of the offset angle a. Of particular interest is the noticeable downward trend
in the effective dose rates with respect to increasing offset angle for all photon
energies and lead thicknesses. Furthermore, for each material thickness, the
effective dose rate decreases with decreasing photon energy. The behavior of
lead also applies for iron and concrete (see Figures 4.2 and 4.3).

The dose rate at low photon energy for 0.3-0.5 MeV, and larger lead thick-
nesses (see Figures 4.1: (d), (e) and (f)) present change in the continuous
and smooth expected behavior. Such problem is also observed for iron (see
Figure 4.2: (f)) and concrete (see Figures 4.3: (e) and (f)). This numerical
saturation, present in every case at 10724 mSv/hr, could be due to the very
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low dose rate values with respect to the intensity of the source used in these
calculations. The dependence of this saturation value on the intensity of the
source might be related to the numerical accuracy of the MS software and
it could be further investigated, but for this particular study the numerical
saturation ounly affects results in the non-relevant dose rate region.
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4.2 Exposure Build-Up Factors

Figures 4.4, 4.5, and 4.6 display build-up factors with respect to the offset
angle for photon energies ranging from 0.3-3 MeV and various thicknesses
of lead, iron, and concrete shielding. As shown in these figures, there is a
significant increase of build-up factors with respect to increasing offset angle
relative to normal, for photon energies ranging from 0.5-3 MeV and various
materials thickness. At low energies (i.e. 0.3 MeV) the build-up factor in-
creases much slower with increasing offset angle. As the thickness increases
the increase in build-up factors decreases. At deep penetration the variations
of build-up factors with respect to a increase very quickly. From Figure 4.7
it can be observed that at low photon energies (0.3-0.5 MeV), the build-up
factors are extremely high for lead (in the order of 10%®), and increase with
increasing material thickness. A Similar trend is further noted for iron and
concrete at photon energies ranging from 0.3-0.5 MeV. For iron and concrete
the build-up factors are in the order of 10'?, and 1032, respectively.

Another interesting observation is the discontinuous behaviour of the expo-
sure build-up factors as shown in Figure 4.6 (f) for 1.5 MeV and Figure 4.7
(a), (b), (c), and (d) at the various energy levels. This numerical problem
is only present at the points where the numerical values of the effective dose
rate saturates (see previous section).
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Figure 4.6: Build-up factors as a function of the offset angle for concrete
thicknesses of (a) 10 c¢m, (b) 35 cm, (¢) 90 em, (d) 125 e¢m, (e) 187.5 cm,

and (f) 250 em

42




——E=0.3eV_S0cm
—a—E=0.75 MeV_90cm
—«—E=05MeV_125cm

—&—E=0 5 MeV_90cm
——E=0.3 MeY_125cm
——E=0.75MeV _125cm

coe8--75cem —&—10cm
«— 15¢cm —+—20cm
1.0E+50 4 — - 3
g 1.0E«1 .»'
B | ,
8 1.0E+32 & i
e &
T 1 0E«Z23 - &
; 1.0E+14 1 HPOT o - & &
=) —
= 1.0E+05 A e R "
 x—a B s
1L—~I—I——I+I——I—I—F-'.--«-’ I
1.0£-04 T v T T — \
a 10 20 30 40 50 80
(a) Offset angle (angle)

-+ 2. -E=D.3 MeV_50cm —— E=05 MeV_50cm
—a— E=0.3 MeV_37.5cm
106412 | 2
- :
Q "
g 3
8 10€+08 3
-y 3
=
3 .
2 ;
= 1.0E+04 °
g t
RS S e e e S
1.0E+00 . . - . .
0 10 20 el 40 0 &0
(®) Offsetangle (deg)

——E=03MeV_187.5cm
—&— E=0.75 MeV_187 5cm
——E=05MeV_230cm

~8—E=05MeV_187 5cm
—*—E=0.3 MeV_250 cm
—8—E=0.75 MeY_250 cm

E=1 MeV_125cm ——E=1 MeV_250 cm
1.0E+05 — 10E+36 1——
5 ‘ T 10840 |
1.0E+04
!
& E 1.0E+24
gmw R e g waﬂ
g 2 10e12 1
2 o
-] L2 1.0E6 {
L
. 1.0E+00 . — . . !
0 0 20 30 40 L 60 a W 20 0 50 50
(c) Offset angle (deg) (d) Offset angie (deg)

Figure 4.7: Tncreasing of build-up factors as a function of the offset angle
for (a) lead with 7, 10, 15, and 20 ¢m for photons of 0.3 MeV, (b) iron with
37.5 and 50 ¢m for photons of 0.3-0.5 MeV, and (c-d) concrete with 90, 125,
187.5, and 250 em for photons of 0.3-0.5 MeV.

43



4.3 Qualitative and Quantitative Analysis of Results

As indicated in figures 4.1-4.3, the dose rates simulated by MS show a de-
creasing trend with increasing offset angle with respect to the photon energies
and various materials thickness. To determine why these trends are observed,
a qualitative and quantitative analysis of slab thickness is presented.

In Figure 4.8, photon traversing in path length ry with offset angle oy = 0
degrees may experience an interaction (or traverse without an interaction)
within the shield subject to scattering into an angle detected by Klein —
Nishina formula [18]. Since the photon is normally incident on the slab, the
azimuthal component of scattering angle has no influence as to the remain-
ing path length that a photon must traverse to exit the slab. This implies
that all scattered photons exit the slab with equal probability. In the case
of a photon traversing in path lengths r| and r» with offset angles «) and
ova, the azimuthal component of the Klein — Nishina scattering angle has
a significant effect on whether the scattered photon will exit the slab. For
example, should a photon scatter at an angle such that it follows the ”short”
escape path of length optical thickness, zor¢, the probability for it to exit
without further scattering is e ®srert. The same is true when that photon
scatters into the angle that takes it along the "long” escape path. Hence
quantitatively, e™%shert > gTTlong that is, particles scattered along the short
path length are more likely to escape the slab.

~
v, 5

— 050_—5:-:— Y e

u

(@ ®) ©

Figure 4.8: Escape path differences for (a) normal, (b) moderate, and (c)
extreme offset angles.

Qualitatively, one can see that the extent by which the short and long escape
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paths differ depends heavily on depth in the shield at which the collision oc-
curs, and the scattering angle itself. Particles escaping along the short path
cross the exit surface with angles less severe (relative to normal) than those
escaping along the long path and thus contribute less to the flux across the
slab’s exit surface. As the offset angle increases, both the normal thickness
and short optical escape path length x4, decrease significantly. This allows
these particles to have a shorter optical path length that is more in the nor-
mal incident direction. It enables these photons to have a higher probability
of escaping the slab with fewer interactions. As a result, the contribution to
the total exit flux decreases with increasing photon offset angle and leads to
an increase in the build-up factor value.

Equation 2.12 which represents an isotropic point source, can easily be used
to clarify the decreasing trend of the dose rate and increasing of build-up
factor with respect to the offset angle. Equation 2.12 indicates that as the
distance between the source and the detector point r; increases, the total
flux ¢ decreases with the square of this distance. For example, in Figure
4.8 ¢ > ¢1 > ¢2 because ro > r; > rg for ag, 1, and as. Furthermore,
the exponential function in equation 2.12 is one of the factors contributing
toward a decreasing trend of the total flux. The distance z; traveled by pho-
tons in the shielding material differs with respect to the cosine of the offset
angle ; (or with respect to the normal). The effect of the cosine due to the
offset angle results in z; increasing, and in turn a decrease of the exponential
function (i.e., e7#*0 > e™#%1 > ¢=#%2) and finally a decreasing trend of the
dose rate.

From equation 2.12 the build-up factor B is defined as ¢r /¢, (1 + @s/d).
It is clear that the value of the build-up factor is always greater than one
due to the extra photon scattering component. The scattering component of
photons increases with increasing x; with respect to the cosine of the offset
angle ;. In other words, the photon scattering component depends on z;
and the distance r; travelled by photons. Photons traveling longer distances
r; have a higher probability of interacting with the material more than once.
This effect causes the ratio ¢,/¢, to increase, and therefore, resulting in in-
creasing build-up factors.
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5 Comparison between MicroShield and MCNP
Results

In this chapter, the redefinition of maximum shielding thickness, comparison
of MS with MCNP results, and the definition of limit of applicability of MS
are presented.

5.1 Redefinition of Maximum Shielding Thickness

As explained in chapter 4, the MS simulations have shown that for all vari-
ous larger materials thickness and at low photon energies (0.3-0.5 MeV) the
effective dose rates as a function of the offset angle saturates in the order
of 10724 — 10725 mSv/hr. In addition, the effective dose rates at various
larger materials thickness are observed to be very low in comparison with
the natural background radiation (2 mSv/y). As a result of these effects, the
maximum shielding thickness for all the materials to be used in the compar-
ison between MS and MCNP calculations were redefined as shown in Table
5.1.

Table 5.1: Redefined maximum shielding thickness for various materials.
Material density (g/cm?®) slab thickness (cm)

Lead 11.37 1,3, 7.5, 10
Iron 7.86 2,7, 18,25
Concrete 2.35 10, 35, 90, 125

5.2 Comparison of Results

For each of the materials and three photon energies (0.3, 0.75, and 3 MeV),
MS and MCNP effective dose rates were calculated at various materials thick-
ness as listed in Table 5.1, and at the 12 offset angles. As Monte Carlo calcu-
lations are computationally more expensive, the goal was not to repeat each
MS calculation, but to perform sufficiently simulations so that a convinc-
ing argument can be made regarding the limit of applicability of MS code
compared to a different method. MicroShield and MCNP effective dose rate
results are tabulated in Appendix A.2-4.

In general, the two codes demonstrate reasonable similarities as shown in
Figures 5.1 and 5.2 for photon energies of 0.3, 0.75, and 3 MeV at different
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slab thicknesses of lead, iron, and concrete. From these Figures, it can be ob-
served that for the selected materials and photon energies, the effective dose
rate values of both codes decreased as a function of increasing offset angle.
Another trend that occurred for the investigated materials and incident pho-
ton energies studied was that the effective dose rates of the two codes began
to differ substantially for photons at the highest offset angles. This means
that the point-kernel calculations of MS underestimates the effective dose
rates measured on the outer surface of the slabs for photons at the highest
offset angles. In addition, these Figures indicates that the shielding effective-
ness per unit mass increases as the composition of the shield changes from
heavier to lighter mass materials. For example, at 3 MeV, lead is the most
effective gamma shielding material (dose rates are in the order of 1072 to 10!-
see Figure 5.1(a)) in comparison to concrete (dose rates are in the order of
10° to 10!-see Figure 5.2(a)) for shielding thickness of 10cm. Similarly, lead
is the most effective gamma shielding material (dose rates are in the order
of 10° to 10'-see Figure 5.1(a)) in comparison to iron (dose rates are in the
order of 10! to 102-see Figure 5.1(d) for shielding thickness of approximately
7em. The reasons for these trends are the same as explained in section 4.3.

The major difference between MS and Monte Carlo (MCNP) methods lies
in the treatment of the energy variable, evaluation of build-up factors, and
theoretical model. Photons in Monte Carlo exist at specific energies (i.e., con-
tinuous) detected by the laws of interaction physics, while the MicroShield
incorporates the unabridged energy groups. The geometry defined in the
dialog box does not correspond to the geometry used in the determination
of the build-up factor, which was a broad beam with the outer surface of the
slab as the detector. MicroShield uses the point-kernel method to break a
line, area, or volume source into segments to compute the attenuation along
the trajectory from the source element through any shield, and integrates
the contributions at the receptor location from the large number of ”point”
sources. On the other hand, Monte Carlo solves the detailed physics of the
photon transport in the real geometry. However, the statistical uncertainty
in the MCNP calculations play a major role on the outcome of the error
associated with the model investigated. In this work the absolute error ob-
tained was very small in such a way that error bars lie within the points.
The small uncertainty in the results was achieved by running the cases for
longer periods, or using variance reduction techniques based on splitting par-
ticles or Russian roulette. The relative errors of the MCNP calculations are,
in general, lower than 1%. Only the cases where the transport of particles
was numerically challenging (larger thickness, lower energy and large offset
angles) had relative errors between 1% and 10%. Every MCNP result in this
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Figure 5.1: Effective dose rate as a function of the offset angle for various
materials thickness of (a) lead: E, = 3 MeV, (b) lead: E, = 0.75 MeV, (c)
lead: E, = 0.3 MeV, (d) iron: E, = 3 MeV, (e) iron: E, = 0.75 MeV and

(f) iron: E, =.3 MeV.

48




——MS_10cn —&— MCNP_10cm  —&—MS_35cm
-~ MCNP_35cm —— MS_90cm —o—MCNP_90cm
——MS_125cm  ——— MNP _125cm
= N -
= g |
10801 | PR e
W) T ATk k4 g, " (
é .i.».,_*
10602 3 J
E 1 |
2 !
7]
810605 -
=
2
1.0E-08 x — T T T +
0 10 20 30 40 50 60
(a) Offset angle (deg)
——MS_10cm —e—MONP_10cm  —h—MS_35cm
- -MCNP_35cm —%—MS 90cm —a—MCHP_90cm
——MS_1%8cm  ——MCRP
1.0E+04 i
= e |
E " » -
& 10603 ] L B RS
£ Y
A a
D 1 0E10 -
£ 1.0E-10
1]
@ -
8 1.0E417 1 ~
=
2
1.0E-24 — . T T
0 10 20 30 40 50 60
() Offset angle (deg)

—4—MS_10cm —5—MONP_10cm  —&—MS_35cm
oo -MCNP_35cm  —%—MS rorn —e——MCNP _90cm
——MS 1%Bem —— MNP _125
1.0E+03 |
- i {
1)
g 1.0E-01 3
2
~= 1 0E-05 7
@'_.;‘ .
£ 40609 {
-]
g
~ 1.0E-13 |
=
2 |
1.0E17 T T T T —
] 10 20 30 40 50 60
)] Offset angle (deg)

Figure 5.2: Effective dose rate as a function of the offset angle for various
thicknesses of (a) concrete: E, = 3 MeV, (b) concrete: E, = 0.75 MeV and

(c) concrete: E, = 0.3 MeV.
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As shown in Figures 5.1, and 5.2, the results obtained with both MS and
MCNP are in very good agreement for low offset angles. However, as the
photon energy decreases and materials thickness increases some significant
discrepancies arise with increasing offset angle.

To quantify the relative differences between MS and MCNP, the relative de-
viation (RD) was calculated using the following expression:

MS — MCNP)

_
RD=""%rcnp

x 100% (5.1)

Figures 5.3, and 5.4 show the RD between MS and MCNP for photon en-
ergies of 0.3, 0.75, and 3 MeV at various materials thickness of lead, iron,
and concrete. From Figure 5.3 (a) the RD between MS and MCNP results
is constant at 1 and 3 cm of lead (i.e., within 0-9%) for photon energy of 3
MeV. However, at 7.5 and 10 ¢m the RD remain constant between 12-13%
up to 40 degrees and then increases rapidly to 22% as a result of the increas-
ing build-up factors with increasing materials thickness. Similar trends are
observed in Figure 5.3 (b) for lead with RD increasing up to 60%; (d) and
(e) for iron with RD increasing up to 98%; and Figure 5.4 (a) for concrete
with RD increasing up to 58%.

For photon energies of 0.3-0.75 MeV, the RD between MS and MCNP results
ranges from 0 to 30% at 1 em of lead (see Figure 5.3 (c)); 0-13% at 2 cm
of iron (see Figure 5.3 (f)); 0-25% at 10 c¢m of concrete (see Figure 5.4 (b)
and (c)). From the same Figures and same photon energies, the remaining
materials thickness of lead, iron, and concrete show an increasing trend of
RD at very low offset angles ranging from 25-40 degrees and then saturates
from 40-60 degrees.
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Figure 5.3: RD between MS and MCNP as a function of the offset angle for
various materials thickness of (a) lead: E, = 3 MeV, (b) lead: E, = 0.75
MeV, (c) lead: E, = 0.3 MeV, (d) iron: E, = 3 MeV, (e) iron: E, = 0.75
MeV and (f) iron: E, = 0.3 MeV.
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5.3 Definition of Limit of Applicability

The comparison between MS and MCNP calculations from the previous sec-
tion have shown that as the photon energies decreased from high to low as
well as the materials thickness increases, the effective dose rate values began
to differ substantially for photons at highest offset angles. In addition, the
RD of MS from MCNP simulations occurred at different offset angle and
photon energies for lead, iron, and concrete. Therefore, to define the limit
of applicability of MS in terms of the offset angle (defined as cpyy), Figures
5.3 through 5.4 were used together with the maximum error of 30 % recom-
mended by the MS manual [1].

The results defining the limits of applicability of MS in terms of the offset
angle a are presented in Table 5.2 for photon energies of 0.3, 0.75, and 3 MeV
at materials thickness of lead, iron, and concrete. The results presented in
this work are mainly applicable for mono-energetic y-rays only. Complete
results are tabulated in Appendix A.5-6.

Table 5.2: Limits of applicability of MicroShield for various materials thick-
ness of lead, iron, and concrete.

Lead thickness (em) Qmaz at 3 MeV  aunqs at 0.75 MeV  apq, at 0.3 MeV

1 60 60 55

3 60 60 40

7.5 60 55 30

10 60 50 30
Iron thickness (e¢m) Qae at 3 MeV  apep at 0.75 MeV  aypep at 0.3 MeV

2 60 60 60

7 60 60 45

18 60 45 30

25 55 40 25
Concrete thickness (cm) Qo at 3 MeV  apqr at 0.75 MeV e, at 0.3 MeV

10 60 60 60

35 60 50 40

90 60 45 30

125 55 35 25
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6 Conclusion

The ease of use and low computer time in finding solutions are advantages
that make MS a useful scoping analysis tool for the evaluation of gamma
radiation shielding. An important drawback is related to the behavior of MS
build-up factors for different «y-ray energies and geometries as well as their
limit of applicability due to the offset angle from the symmetry axis.

The aim of this research was to evaluate MS build-up factors and define their
limits of applicability with respect to the photon offset angle . In order to
evaluate the behavior of MS build-up factors and define their limits of ap-
plicability, the effective dose rates obtained from MS and MCNP codes were
compared. The investigation in this work was performed using an isotropic
point source with various material thicknesses of lead, iron, and concrete for
photon energies ranging from 0.3 to 3 MeV.

Despite the differences of MS and MCNP geometries, photon energies treat-
ment, cross-sections data, and the theoretical models used to calculate the
effective dose rates, there is generally good agreement with the build-up fac-
tors for offset angles ranging from approximately 0 to 30 degrees. However,
the results of both codes are different at the highest offset angles. To quan-
tify the difference between MS and MCNP the relative deviation between
the two codes was evaluated. From the relative deviation results, the limit
of applicability of MS with respect to the recommended maximum error of
30% from the MS manual was defined.

In summary, for a certain range of offset angles around the symmetry axis,
the comparison of effective dose rates obtained with MCNP show that re-
liable radiation shielding calculations can be obtained with MS. Based on
the criteria defined in section 5.3, offset angles smaller than 25 degrees al-
ways compare well with MCNP, regardless of v-ray energy, material type
and thickness. However, for offset angles greater than 25 degrees some cases
(very thick shielding, very low energy and high Z material) could be affected
by the use of build-up factors and the analyst should ensure that the case
modeled is still within the limit of applicability.

The work done in this project has been concentrated on simple slab geome-
try. Future projects may involve the evaluation of MS build-up factors and
their limit of applicability for complex geometries such as cylinder, line and
volumetric shielding.
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Appendices

The following appendices include a sample input file of one of the materials
(concrete) implemented into the MCNP code. This section also incorporates
the compilation of the comparison effective dose rates and Relative Devia-
tion between MS and MCNP for all three shielding materials over the photon
energies of 3, 0.75, and 0.3 MeV.

Appendix A.1: Sample Input File for MCNP code

The MCNP input file contains information about the problem geometry, the
source and the materials involved. An example of the input file that has
been used in the present study is shown below (for concrete). The input file
is divided into cards. The cell cards and the surface cards define the geome-
try of the problem. The data cards contain all other information that needs
to be defined in an MCNP problem like the definition of the source and the
materials. See the MCNP manual [3] for details.

kR kokkkkokkokok ok okskok kR skskok kR koK KRRk kKRR kok Rk kR Rk ok ok Kk
1 Title: Dose Rate Calculation for Concrete

2 ¢ Cell Cards

3 1 1-235-124-56-22 imp:p=1 $ Shielding (slab)
4 2 0-7(1:-2: 3: -4: 5:-6) 8111213 14 1516 17 18 19 20 21 imp:p=1 $
ir

>

c
¢ FRrkkkRkkokiokiokk Tori for Tallies ¥FFFF Rk iolobokikiokiokkokiok ok ok ok ok okdoR ok ok

c

4 0-8 imp:p=1.11E+401

5 0-11 imp:p=1.11E401

7 0-13 imp:p=1.11E401

13 9 0-15 imp:p=1.11E+01

14 10 0 -16 imp:p=1.11E+01

1511 0 -17 imp:p=1.11E+401

16 12 0 -18 imp:p=1.11E+01

17 13 0 -19 imp:p=1.11E+01

18 14 0 -20 imp:p=1.11E+01

19 15 0 -21 imp:p=1.11E+401

20 ¢

9] ¢ *FRERkrkkkkkkRkE Variance Reduction ¥FFHFRkskitikitikol ikt ok
2216 1-2.35-14-56 22 -23 imp:p=1.51E+00

23171-2.35-14-56 23 -24 imp:p=2.17E400

2418 1-2.35-14-5 6 24 -25 imp:p=3.23E+00

= © 00 3OO
—
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2519 1-2.35 -1 4 -5 6 25 -26 imp:p=4.87E+00
26 20 1-2.35-14-5 6 26 -27 imp:p="7.34E+400
27211-235-14-5627-3 imp:p=1.11E401
gg CC FrRkR ROk ytside World FFFHHFHFRkk bk ktk kb kkk R kR Rk Rk
30c

31220 7 imp:p=0

32

33 ¢ Surface Cards

341 PZ 3000

352 PYO

363 PY 35

374 PZ -3000

38 5 PX 3000

39 6 PX -3000

40 7 SO 6020

41 8 SQ 0.227533 420 0.227533 0 0 0 -1 0 35.0501 0
42 11 TY 0 35.0501 0 10.58985404 0.05 2.1616
43 12 TY 0 35.0501 0 16.09256061 0.05 2.2470
44 13 TY 0 35.0501 0 21.85952698 0.05 2.3742
45 14 TY 0 35.0501 0 28.00595774 0.05 2.5524
46 15 TY 0 35.0501 0 34.67537743 0.05 2.7954
47 16 TY 0 35.0501 0 42.05462142 0.05 3.1246
48 17 TY 0 35.0501 0 50.39728058 0.05 3.5730
49 18 TY 0 35.0501 0 60.06233184 0.05 4.1937
50 19 TY 0 35.0501 0 71.58136987 0.05 5.0753
51 20 TY 0 35.0501 0 85.78315345 0.05 6.3745
52 21 TY 0 35.0501 0 104.0424468 0.05 8.3896
53 ¢ kEkkkkkkkkkkkk Variance Reduction®FF ks kikiotiotiotitiotiotiokiokiobk kb
54 22 PY 5

55 23 PY 10

56 24 PY 15

57 25 PY 20

58 26 PY 25

59 27 PY 30

60

61 ¢ Data Cards

62 MODE P

63 m1 13027.66c -4.380E-02 $ Al-27

64 20000.66¢c -5.760E-02 $ Ca-nat

65 26054.66c -5.984E-04 $ Fe-54
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66
67
68
69
70
71
72
73
77
78
79
80
81
82

26056.66¢
26057.66¢
26058.66¢
1001.66¢

19000.66¢
12000.66¢
11023.66¢
8016.66¢

15031.66¢
16000.66¢
14000.60c
2004.66¢

27059.66¢
73181.66¢

-9.646E-03
-2.248E-04
-3.045E-05
-3.000E-03
-2.250E-02
-6.400E-03
~1.000E-02
-4.834E-01
-1.000E-04
-2.200E-03
-3.307E-01
-2.979E-02
-2.000E-06
-5.000E-06

$ Fe-56
$ Fe-57
$ Fe-58
$ H-1

$ K-nat
$ Mg-nat
$ Na-23
$ O-16
$ P-31
$ S-nat
$ Si-nat
$ He-4
$Co-59

$ Ta-181

R R

84 SDEF ERG 3 WGT 3.7E10 POS 0-25 0 $ isotropic source with E=3MeV

85 nps 3E6
86 f005:p035 0 0.03 $ point detector (alpha=0)
87 f015Y:p 35 10.58985404 0.03 $ ring Detector (alpha=10)

88
89
90

f025Y:p 35 16.09256061 0.03 $ ring Detector (alpha=15)
f035Y:p 35 21.85952698 0.03 $ ring Detector (alpha=20)
f045Y:p 35 28.00595774 0.03 $ ring Detector (alpha=25)

91 f055Y:p 35 34.67537743 0.03 $ ring Detector (alpha=30)
92 f065Y:p 35 42.05462142 0.03 $ ring Detector (alpha=35)
93 f075Y:p 35 50.39728058 0.03 $ ring Detector (alpha=40)
94 f085Y:p 35 60.06233184 0.03 $ ring Detector (alpha=45)
95 f095Y:p 35 71.58136987 0.03 $ ring Detector (alpha=50)
96 f105Y:p 35 85.78315345 0.03 $ ring Detector (alpha=>55)
97 f115Y:p 35 104.0424468 0.03 $ ring Detector (alpha=60)
98 f004:p 4 $ flux in a cell (alpha=0)

99 f014:p 5 $ flux in a cell (alpha=10)
100 f024:p 6 $ flux in a cell (alpha=15)
101 f034:p 7 $ flux in a cell (alpha=20)
102 f044:p 8 $ flux in a cell (alpha=25)
103 f054:p 9 $ flux in a cell (alpha=30)
104 f064:p 10 $ flux in a cell (alpha=35)
105 f074:p 11 $ flux in a cell (alpha=40)
106 f084:p 12 $ flux in a cell (alpha=45)
107 f094:p 13 $ flux in a cell (alpha=50)
108 f104:p 14 $ flux in a cell (alpha=55)
109 f114:p 15 $ flux in a cell (alpha=60)
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110 ¢ ¥¥*RkkkRRRkkkk kR Rk Rk kR R Rk R

112 ¢ Annals of the ICRP - ICRP 74 - Vol 26 - Nos 3/4, 1996, pp. 179-200

113 ¢ Data taken from PBMR database 026103 Rev.2b

114 ¢ FFrkkrkkikrkkpkkkkkk kool oo koo Rk ook ok ok &
115 #  DEO DFO0

116 1.00E-02 2.20E-07

117 1.50E-02 2.99E-06

118 2.00E-02 3.78E-06

119 3.00E-02 2.92E-06

120 4.00E-02 2.30E-06

121 5.00E-02 1.98E-06
122 6.00E-02 1.84E-06
123 8.00E-02 1.91E-06
124 1.00E-01 2.20E-06
125 1.50E-01 3.20E-06
126 2.00E-01 4.32E-06
127 3.00E-01 6.48E-06
128 4.00E-01 8.57E-06
129 5.00E-01 1.05E-05
130 6.00E-01 1.24E-05
131 8.00E-01 1.58E-05
132 1.00E+4-00 1.87E-05
133 1.50E4-00 2.48E-05

134 2.00E4-00 3.10E-05
135 3.00E+00 4.00E-05
136 4.00E+00 4.82E-05
137 5.00E4-00 5.58E-05
138 6.00E+4-00 6.34E-05
139 8.00E+00 7.78E-05
140 1.00E+01 9.22E-05

sokskskor Rk kokkokok kb kR ok kok sk ok skokoskosk sk ok sk ok sk ok sk kb sk ok ok ok sk ok skokkok sk ok ok ok sk kR skok ok sk kR sk ok ok ok Rk koK
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Appendix A.2:

Comparison of effective dose rates (mSv/hr) between MS and MCNP for lead.

a(deg) MS_lem  MCNP_lem  MS_3cm  MCNP_3cm MS_7.5¢cm MCNP_7.5cm  MS_I0cm  MCNP_t0¢m
E,=3McV
[ 9.06E+03 9.29E+03 1.60E+03 1.74E+03 7.84E+01 8.92E+04 £.81E+01 2.08E+01
10 8.75E+03 8.94E+03 1.52E+03 1.65E+03 7.26E+01 8.16E+01 1.65E+01 1.87E+01
15 8.37E+03 8.55E+03 143E+03 1.55E+03 6.59E+01 7.38E+01 147E+01 1.66E+01
20 7.85E+03 8.02E+03 1.31E+03 1.42E+03 5.72E+01 6.43E+01 1.24E+01 1.40E+01
25 7.20E+03 7.34E+03 1.17E403 1.27E+03 4.73E+01 5.32E+01 9.81E+00 1.11E+01
30 6.46E+03 6.59E+03 1.01E+03 1.09E+03 3.71E+01 4.17E+01 7.28E+00 8.24E+00
35 5.65E+03 5.76E+03 8.34E+02  9.07E+02 2.72E+01 3.06E+01 4.98E+00 5.63E+00
40 4.79E+03 4.88E+03 6.63E+02 7.20E+02 1.85E+01 2.07E+01 3.08E+00 349E+00
45 3.93E+03 4.01E+03 4.99E+02 541E+02 1.43E+01 1.27E+01 1.68E+00 1.91E+00
50 3.00E+03 3.14E+03 3.50E+02 3.79E+02 6.09E+00 6.88E+00 7.70E-01 8.88E-01
55 2.30E+03 2.33E+03 225E+02  242E+02 2.73E+00 3.12E+00 2.80E-0L 3.31E-01
(1] 1.60E+03 1.60E+03 1.27E+02 1.36E+02 9.37E-01 L1LE+00 7.21E-02 9.08E-02
E,=0.75 MeV
0 2.04E+03 2.25E+03 1.26E+02 143E+02 4.82E-0% 5.72E-01 2.63E-02 3.10E-02
10 1.95E+03 2.14E+03 1.17E+02 131E+02 4.18E-01 4.88E-01 2.19E-02 2.58E-02
15 1.85E+03 2.02E+03 1.06E+02 1.19E+02 3.48E-01 4.08E-01 1.73E-02 2.05E-02
20 L71E+03 1.86E+03 9,29E+01 1.OAE+02 2.67E-01 3.11E-0t 1.23E-02 1.46E-02
25 L.54E+03 L68E+03 7.75E+01 8.68E+01 L.86E-01 2.20E-01 7.80E-03 9.31E-03
30 1.35E+03 147E+03 6.13E+01 6.87E+01 L17E-0L 1.38E-01 4.20E-03 5.15E-03
35 1.14E+03 1.24E+03 4.56E+01 5.12E+01 6.43E-02 7.70E-02 2.00E-03 243E-03
40 9.27E+02 1.00E+03 3.14E+01 3.53E+01 3.02E-02 3.64E-02 7.54E-04 9.36E-04
45 7.19E+02 7.75E+02 1.97E+01 2.23E+01 1.15E-02 1.42E-02 2.18E-04 2.80E-04
50 5.26E+02 5.63E+02 1.O9E+01 1.25E+01 3.34E-03 4.35E-03 4.38E-05 6.03E-05
55 3.55E+02 3.78E+02 5.08E+00 591E+00 6.59E-04 9.43E-04 5.33E-06 8.44E-06
60 2.15E+02 2.27E+02 1.85E+00  2.25E+00 7.37E-05 1.29E-04 3.08E-07 7.90E-07
E,=03McV
0 3.22E401 3.71E+01 2.59E-03 2.99E-03 3.59E-12 3.93E-12 5.34E-17 543E-17
10 2.93E+01 3.31E+01 2.06E-03 2.35E-03 2.12E-12 2.34E-12 2.68E-17 2.74E-17
15 2.59E+01 2.93E+01 1.54E-03 1.76E-03 1.08E-12 1.21E-12 L1IE-17 L.16E-17
20 2.17E401 2.46E+01 10IE-03 1.16E-03 4.07E-13 4.67E-13 3.06E-18 3.34E-18
25 L72E+01 1.95E+01 5.71E-04 6.70E-0¢ 1.08E-13 1.31E-13 5.35E-19 6.29E-19
30 1.26E+01 1.44E+01 2.71E-04 3.24E-04 1.92E-14 2.45E-14 547E-20 7.29E-20
35 8.58E+00 9.81E+00 1.05E-04 1.29E-04 2.08E-15 3.19E-15 293E-21 5.53E-21
40 5.27E+00 6.06E+00 3.12E-05 4.14E-05 1.21E-16 3.31E-16 6.92E-23 6.5TE-22
45 2.85E+00 3.32E+00 6.65E-06 9.95E-06 3.19E-18 4.36E-17 9.33E-25 2.56E-22
50 1.30E+00 1.56E+00 9.05E-07 L.77E-06 2.85E-20 L79E-17 7.71E-25 1.32E-22
55 4.69E-01 5.95E-01 6.57E-08 2.57E-07 5.59E-23 1.26E-17 6.14E-25 6.95E-23
60 1.21E-01 1.75E-01 1.80E-09 4.78E-08 TA3E-25 8.31E-18 4.66E-25 3.79E-23
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Appendix A.3:

Comparison of effective dose rates (mSv/hr) between MS and MCNP for iron.

a (deg.)

10

20
25
30
35
40
45
50
55
60

15
20
25
30
35
40
45
50
55
60

15
20
25
30
35
40
45
50
55
60

MS_lcm

1.686+03
1.62E+03
1.55E+03
1.45E+03
1.33E+03
1.20E+03
1.05E+03
8.94E+02
7.36E+02
5.81E+02
4 34E+02
3.02E+02

5.25E+02
5.05E+02
4.81E+02
448E+02
4.08E+02
3.62E+02
3.12E+02
2.60E+02
2.07E+02
1.57E+02
1.11E+02
7.09E+01

1L.67E+02
1.59E+02
1.50E+02
1.37E+02
1.23E+02
1.06E+02
8.81E+01
7.02E+01
5.29E+01
3.72E+01
2.38E+01
1.33E+01

MCNP_lcm

1.81E+03
1.73E+03
1.65E+03
1.55E+03
LA2E+D3
1.27E+03
LI1E+03
9.38E+02
7.66E+02
5.97E+02
4.39E+02
2.99E+02

5.53E+02
5.31E+02
5.04E+02
4.67TE+02
4.22E+02
3.70E+02
3.15E+02
2.58E+02
2.02E+02
1.49E+02
1.02E+02
6.25E+01

1.66E+02
1.58E+02
1.48E+02
1.35E+02
1.20E+02
1.02E+02
8.38E+01
6.58E+01
4.88E+01
336E+01
2.12E+01
1.18E+01

MS_3cm

2.32E+02
2.20E+02
2.06E+02
1.87E+02
1.64E+02
1.39E+02
1.13E+02
8.74E+01
6.33E+01
4.23E+01
2.52E+01
1.28E+01

3.26E+01
3.04E+01
2.77E+01
2.42E+01
2.02E+01
1.60E+01
1.19E+01
8.13E+00
5.05E+00
2.75E+00
1.24E+00
4.30E-01

2.57TE+00
2.31E+00
2.02E+00
L67E+00
1.28E+00
9.12E-01
5.90E-01
3.40E-01
1.68E-01
6.82E-02
2.08E-02
4.18E-03

MCNP_3cm

E,=3MeV
2496402
2.33E+02
217B+02
1.97E+02
172E+02
146E+02
LI8E+02
9.04E+01
6.53E+01
433E+01
2.5TE+01
1318401

E,=0.75MeV
331E+01
3.04E+01
2.76E+01
2406401
2.00E+01
1.58E+01
LITE+01
8.07E+00
S.07TE+00
2.86E+00
1.39E+00
5.78E-01

E,=03MeV
2.59E+00
231B+00
2.02E+00
L6TEH00
1.30E+00
9.39E-01
6.24E-01
3.78B-01
2,05E-01
9.83E-02
4.09E-02
1.53E-02

MS_7.5cm

5.58E+00
5.07E+00
4.48E+00
3.75E+00
2.95E+00
2.16E+00
1.45E+00
8.80E-01

4.65E-01

2.05E-01

7.04E-02
1.67E-02

7.66E-02
6.53E-02
5.32E-02
3.95E-02
2.64E-02
1.57E-02
7.99E-03
3.39E-03
1.13E-03
2.74E-4
4.20E-05
3.28E-06

2.24E-04
1.76E-04
1.29E-04
8.17E-05
4.42E-05
1.98E-05
7.06E-06
1.89E-06
3.50E-07
3.91E-08
2.16E-09
4.19E-11

MCNP_7.5cm

5.98E+00
5.40E+00
4.80E+00
4.03E+00
3.15E+00
231E+00
1.56E+00
9.42E-01
5.05E-01
2.27E-01
8.17E-02
2.19E-02

8.00E-02
6.82E-02
5.60E-02
4.20E-02
2.84E-02
1.71E-02
9.12E-03
4.14E-03
1.57E-03
4.81E-04
1.33E-04
3.57E-05

2.58E-4
2.02E-04
L.51E-04
9.87E-05
5.58E-05
2.68E-05
1.10E-05
3.70E-06
1.07E-06
2.90E-07
9.16E-08
3.24E-08

MS_10cm

6.12E-01
5.40E-01
4.60E-01
3.65E-01
2.66E-01
1.77E-01
1.05E-01
5.40E-02
2.32E-02
7.77E-03
1.85E-03
2.65E-04

1.66E-03
1.34E-03
1.02E-03
6.79E-04
3.94E-04
1.93E-04
7.71E-05
2.39E-05
5.32E-06
7.57E-07
5.74E-08
L71E-09

5.89E-07
4.22E-07
2.76E-07
1.48E-07
6.38E-08
2.12E-08
5.15E-09
8.44E-10
8.28E-11
4.07E-12
7.52E-14
3.25E-16

MCNP_10cm

6.67E-01
5.80E-01
4.93E-01
3.91E-01
2.87E-01
1.92E-01
L13E-01
5.87E-02
2.58E-02
8.93E-03
231E-03
4.03E-04

1.74E-03
1.43E-03
1.09E-03
7.39E-04
4.36E-04
221E-M4
9.30E-05
3.19E-05
8.11E-06
1.94E-06
4.18E-07
1.13E-07

7.28E-07
5.28E-07
3.50E-07
1.96E-07
8.98E-08
3.32E-08
9.64E-09
2.25E-09
4.74E-10
1.29E-10
4.88E-11
1.62E-11
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Appendix A .4:

Comparison of effective dose rates

concrete.

(mSv/hr) between MS and MCNP for

a(deg) MS_i0cm MCNP_10cm MS_35cm  MCNP_35cm  MS_90cm  MCNP_9%0cm  MS_125cm  MCNP_125cm
Ey=3MeV
0 5.86E+01 6.20E+01 4.61E+00 4.69E+00 2.48E-02 2.63E-02 9.98E-04 1.04E-03
10 5.64E+01 5.93E+01 4.32E+00 4.43E+00 2.17E-02 2.29E-02 833E-04 9.03E-04
15 5.37E+01 5.65E+01 3.97E+00 4.09E+00 1.82E-02 1.92E-02 6.60E-04 7.18E-04
20 5.02E+01 5.26E+01 3.51E+00 3.63E+00 142E-02 1.50E-02 4.71E-04 5.10E-04
25 4.58E+01 4.78E+01 2.98E+00 3.07E+00 1.01E-02 1.08E-02 2.99E-04 3.23E-04
30 4.08E+01 4.23E+01 2.42E+00 24TE+00 6.47E-03 6.93E-03 1.65E-04 1.80E-04
35 3.53E+01 3.64E+01 1.85E+00 1.90E+00 3.67E-03 3.96E-03 7.68E-05 8.47E-05
40 2.96E+01 3.02E+01 1.32E+00 1L.33E+00 1.78E-03 1.95E-03 2.90E-05 3.26E-05
45 2.38E+01 241E+01 8.67E-01 8.39E-01 7.09E-04 8.13E-04 8.37E-06 9.87E-06
50 1.83E+01 1.81E+0L 5.06E-01 5.22B-01 2.16E-04 2.54E-04 1.68E-06 2.17E-06
55 1.31E+01 1.28E+01 2.53E-01 2.66E-01 4.54E-05 5.86E-05 2.01E-07 3.17E-07
60 8.62E+00 8.18E+00 1.00E-01 LI12E-01 5.49E-06 9.99E-06 1.13E-08 2.68E-08
Ey =075 MeV
4] 1.74E+01 1.65E+01 3.28E-01 2.93E-01 3.04E-05 3.13E-05 7.65E-08 7.80E-08
10 1.67TE+01 1.58E+01 2.97E-01 2.71E-01 2.38E-05 2.40E-05 5.47E-08 5.75E-08
15 L5TE+01 1L49E+0! 2.60E-01 237E-01 1.74E-05 1.78E-05 3.55E-08 3.78E-08
20 1.45E+01 1.36E+01 2.15E-01 1.97E-01 1.10E-05 1.L5E-05 1.90E-08 2.07E-08
25 1.30E+1 1.20E+01 1.67E-01 1.53E-01 5.95E-06 6.46E-06 8.10E-09 9.2JE-09
30 1.13E+01 1.03E+01 1.19E-01 1L11E-01 2.65E-06 3.07E-06 2.66E-09 3.27E-09
35 9.53E+00 8.52E+00 7.80E-02 7.42E-02 9.39E-07 1.20E-06 6.34E-10 8.98E-10
40 7.68E+00 6.70E+00 4.53E-02 4.52E-02 2.49E-07 3.89E-07 1.01E-10 1.85E-10
45 5.87E+00 5.00E+00 2.26E-02 248E-02 4.52E-08 1.05E-07 9.56E-12 347E-11
50 4.20E+00 3.47E+00 9.21E-03 1.20E-02 4.95E-09 2.62E-08 447E-13 6.96E-12
55 2.73E+00 2.20E+00 2.82E-03 5.06E-03 2.63E-10 7.31E-09 7.72E-15 1.56E-12
60 1.56E+00 1.23E+00 5.69E-04 1.891-03 4.80E-12 2.61E-09 3.03E-17 7.21E-13
Ey=03 MeV
¢ 6.50E+00 5.13E+060 2.59E-02 2.06E-02 4.64E-08 4.54E-08 8.61E-12 9.15E-12
10 6.18E+00 4.87E+00 2.26E-02 1.79E-02 3.28E-08 3.26E-08 5.32E-12 5.83E-12
15 5.78E+00 4.52E+00 1.89E-02 1L.52E-02 2.10E-08 2.18E-08 2.87E-12 3.33E-12
20 5.26E+00 4.06E+00 1.46E-02 1.20E-02 1.10E-08 1.23E-08 L.17E-12 1.50B-12
25 4.63E+00 3.53E+00 1.02E-02 3.74E-03 4.56E-09 5.96E-00 344E-13 5.20B-13
30 3.92E+00 2.94E+00 647E-03 5.90E-03 1.44E-09 2.36E-09 6.94E-14 1.44E-13
35 3.18E+00 2.34E+00 3.59E-03 3.62E-03 3.28E-10 7.91E-10 8.84E-15 3.47E-14
40 245E+00 L77E+00 1.69E-03 2.02E-03 491E-11 247E-10 631E-16 8.65E-15
45 1.76E+00 1.26E+00 6.46E-04 1.04E-03 4.28E-12 8.13E-11 2.10E-17 2.87E-15
50 1.16E+00 8.27E-01 1.85E-04 4.82E-04 1.79E-13 3.30E-11 247E-19 L.18E-15
55 6.73E-01 4.96E-01 3.55E-05 2.15E-04 2.64E-15 1.32E-11 6.62E-22 5.22E-16
60 3.29E-01 2.64E-01 3.75E-06 9.06E-05 8.19E-18 5.69E-12 3.57E-24 245E-16
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Appendix A.5:

Relative deviation (%) between MS and MCNP for lead and iron.

Lead Iron
adeg.) RD_1cm RD_3cm RD_7.5cm RD_10cm RD_2cm RD_7cm RD_18e¢cm RD_25cm
E,=3 MeV
0 -3 -9 -12 -13 -7 -7 -7 -8
10 -2 -8 -11 -12 -6 -5 -6 -7
15 -2 -8 -1 -12 -6 -5 -7 -7
20 -2 -8 -1 -12 -6 -5 -7 -7
25 -2 -8 -1 -12 -6 -5 -6 -7
30 -2 -8 -1 -12 -6 -4 -7 -8
35 -2 -8 -1 -12 -5 -4 -7 -7
40 -2 -8 -1 -12 -5 -3 -7 -8
45 -2 -8 -11 -12 -4 -3 -8 -10
50 -1 -8 -12 -13 -3 -2 -10 -13
55 -1 -7 -13 -15 -1 -2 -14 -20
60 0 -7 -16 -21 1 -3 -24 -34
E,=0.75 MeV
0 -10 -12 -16 -15 -5 -2 -4 -4
10 -9 -11 -14 -15 -5 0 -4 -6
15 -9 -1 -15 -16 -5 0 -5 -7
20 -9 -11 -14 -16 -4 1 -6 -8
25 -8 -1 -15 -16 -3 1 -7 -10
30 -8 -1 -15 -17 -2 1 -8 -13
35 -8 -1 -16 -18 -1 1 -12 -17
40 -8 -11 -17 -19 1 1 -18 -25
45 -7 -12 -19 -22 3 0 -28 -34
50 -7 -13 -23 =27 5 -4 -43 -61
55 -6 -14 -30 =37 9 -1 -68 -86
60 -5 -18 -43 -61 13 -26 -91 -98
E,=0.3 MeV

0 -13 -13 -9 -2 0 -1 -13 -19
10 -12 -12 -9 -2 1 0 -13 -20
15 -12 -12 -10 -5 1 0 -15 -21
20 -12 -13 -13 -8 2 0 -17 -24
25 -12 -15 -17 -15 3 -1 -21 -29
30 -12 -16 -22 -25 4 -3 -26 -36
35 -13 -19 -35 -47 5 -5 -36 -47
40 -13 -25 -63 -89 7 -10 -49 -63
45 -14 -33 -93 -100 8 -18 -67 -83
50 -17 -49 -100 -99 11 -31 -87 -97
55 -21 -74 -100 -99 12 -49 -98 -100
60 -31 -96 -100 -99 13 -73 -100 -100
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Appendix A.6:

Relative deviation (%) between MS and MCNP for concrete.

a(deg) RD_10cm RD_35¢cm  RD_90cm RD_125cm

E,=3MeV

0 -6 -2 6 4
10 -5 -3 -5 -3
15 5 -3 -5 -8
20 -5 -3 -6 -8
25 -4 -3 -6 -8
30 -4 -2 -7 -3
35 -3 -2 -7 -9
40 -2 -2 -9 -1
45 -1 -3 -13 -15
50 1 -3 -15 -23
55 3 -5 -22 -37
60 5 -11 -45 -58

0 5 12 -3 2

10 5 9 -1 5

15 6 10 -2 -6

20 7 9 -4 -8

25 8 9 -8 -12
30 10 7 14 19
35 12 5 22 29
40 15 0 -36 -45
45 17 9 -57 72
50 21 23 -81 94
55 24 44 -96 -100
60 26 70 -100 -100

E,=0.3 MeV

0 27 26 2 -

10 27 26 0 9

15 28 24 -4 14
20 29 21 -1 22
25 31 17 -23 -34
30 33 10 -39 52
35 36 -1 -59 -75
40 38 -16 -80 -93
45 40 38 95 -99
50 40 62 99 -100
55 36 -84 -100 -100

60 25 -96 -100 -100
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