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ABSTRACT

The study of the neutron’s behavior is an important part in various
research problems such as in the construction of nuclear reactors
and high energy accelerators. It is also indispensable in the
packaging and storage of isotopic neutron sources. In this paper,
the behavior of highly energetic neutrons while penetrating a
multilayered is studied. The media consists of three slabs of
different materials. The selected materials are carbon, iron, and
lead. The considered neutron source is a planar monoenergetic
source with initial energy up to 14 MeV. The used calculational
method is the Monte Carlo Method.
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INTRODUCTION

he objective of the study of the transport

of neutrons in a medium is to calculate
their distribution which  succeed to
penetrate large thickness of dense matter
and arrive to its outer regions. Only
particles of exceptional energies and
directional distributions have significant
probabilities of achieving this. This study
plays an important role in various nuclear
assemblies such as in the construction of
nuclear  reactors and high energy
accelerators. It is also indispensable in the
packaging and storage of isotopic neutron
sources. Recently, efforts have been
concentrated on research works using 14
MeV neutron source in order to obtain good
data for the verification of nuclear fusion
reactor design.

Most of the methods that had been
used in neutron transport are based on the
transport theory. Among these methods are
the Pn, Sn, and the finite element method.
Another technique, based on the transport
theory is the Monte Carlo method. Itisa
powerful method which comes very close to
simulating the actual motion of the particles
through the domain.
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Monte Carlo Method.

Recently, calculations were concerned
with the usage of the buildup concept to
enable the analytical treatment of
complicated problems. The previous efforts
are mainly categorized into two classes. The
first class deals with the calculations and
measurements of the buildup factors in a
single layered medium. Dunn et al [1]
calculated the gamma ray and neutron dose
equivalent buildup factors for six common
shielding materials. The used geometries
were point source, infinite slab and point
detector. The technique for estimating slab
buildup factors used a decomposition of the
dose equivalent into single scatter and
multiscatter components. A rigorous model
was used for the single scatter while a
Monte Carlo model is used for the multiple
scatter. The neutron source energy ranged
from 0.1 to 14 MeV. The used materials were
aluminum, iron, lead, water, polyethylene
and concrete. Another effort was made by
Abou Mandour, and Hassan, [2]. They
developed a Monte Carlo program to
calculate the neutron buildup factors for
fast (14.1 MeV) monoenergetic neutrons.
Three responses were computed : flux, dose
rate, and heat deposition rate buildup
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factors. Calculations were performed for
point isotropic, monodirectional planar and
isotropic planar sources in a homogeneous
medium of carbon or iron.

The second class deals with the efforts
made for multi-layered media. Several
combinations of different materials were
used to study the shielding properties of the
media. Shin and Ishii, [3] calculated the
neutron dose buildup factors for medium
energy neutrons using the Point Kernel
Method and the ANISN code. The used
materials  were concrete and iron.
Characteristics of obtained buildup factors
were tested for a double layered shield
consisting of concrete with variational
atomic composition and iron. Sokolinova, et
al. [4] experimentally determined the doses
of the absorbed energy in a mixed (neutron-
gamma) field generated by 14 MeV neutrons
which have passed through iron and lead
layers of different thicknesses  Ueki, and
Namito, [5] calculated the neutron dose
rates, using the Monte Carlo Method, to
construct the optimum shielding
arrangement for a shipping cask with iron-
polypropylene cylindrical shielding system.
Abou Mandour, and Hassan, In a second
work [6], the problem of a double layered
medium  carbon-iron or iron-carbon
irradiated with a planar monodirectional
source was treated. They showed that the
buildup factors are strongly affected by the
presence of the two layers and are very
different from those calculated for a
homogeneous medium.

Calculations or measurements for a
multilayered medium consisting of three
different materials are scarce. The main
objective of the present work is to perform a
parametric study, using the Monte Carlo
Method, of the flux and flux buildup factors
for a three layered medium consisting of
carbon, iron and lead with different
thicknesses and arrangements.

COMPUTATIONAL METHOD
The basic idea of Monte Carlo is to
create a series of life histories of the source
particles by using random sampling
techniques to sample the probability laws

that describe the real particle’s behavior,
and to trace out step by step the particle’s
random walk through the medium. This
history of the particle is followed. The life
history is then terminated, if the particle is
absorbed, escaped the medium or emerged
the emergy class of study. Then a “new”
particle is started from the source. By
running off a large number of such case
histories, their results can be averaged to
obtain estimates of the expected behavior of
the particle population. Particle transport
processes are quite amenable to such a
treatment, since the individual interaction
events (collisions) are usually described in
terms of statistical characteristics (mean
free paths or cross sections).

The main advantage of the Monte Carlo
method for radiation computations is that
the interactions of an individual particle
may be simulated by machine computation,
the energy and direction of the particle after
such successive interactions being governed
by the cross sectional data used in the
computation. The method is best suited for
the analysis of geometrically complex
systems for which analytical approaches are
virtually impossible and numerical schemes
are extremely time consuming. Another
advantage of the method is its usefulness for
a class of problems such that the fine
structure of cross sections is important
and/or such that a detailed simulation of
the physics of the interactions is needed.
This class of problems is often the driving
motivation for using Monte Carlo even
though the geometries may be simple.

PROGRAM VERIFICATION

Due to the lack of experimental or
theoretical results applicable for the
considered three layered medium, the
developed program was verified by
comparing its results with some pre-
published results but for different
configurations; such as the case of the
double layered medium, [6].

Another verification was made by
comparing the uncollided flux calculated
from the Monte Carlo program with the
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value obtained from the analytical formula.
Both comparisons showed good agreement.

FLUX AND BUILDUP FACTORS

The main objective of this work is to
study the behavior of the highly energetic
neutrons while penetrating a multilayered
media consisting of three slabs of different
materials. This behavior is described
through the calculations of the flux, forward
and backward, the flux buildup factor, and
the energy spectra especially at the
interfaces between the three materials.

This study provides numerical values for
the buildup factor which are valuable to
enable many neutron transport calculations
to be carried out analytically using the point
kernel technique. Among these fields are the
design of neutron radiotherapy systems, the
design of fusion reactors, and the assurance
of personnel safety mnear high energy
neutron generators.

The considered neutron source in the
calculations is a planar monoenergetic
source with initial energy of 14 MeV. The
chosen materials are carbon, iron, and lead
as an example of light, intermediate, and
heavy materials respectively.

The main parameters affecting the
neutron transport through the three layered
medium are the arrangement of the three
slabs, the thickness of each slab and the
initial energy of the incident neutrons. A
parametric study is carried out to show the
effect of each of these parameters
separately.

Effect of Arrangement

The effect of the order of arrangement is
studied by considering all the possible
arrangements of the carbon, iron and lead
slabs. Any arrangement is marked as : X-Y-Z
where X, Y, and Z refer to the symbol of the
material used in sequence. In the
calculations, the other two factors, slab
thickness and neutron initial energy, are
kept constant.

As can be seen from Figure 1, if lead is
placed as a first layer the neutron flux
decreases monotonically in the second and
third layers. By interchanging the second

and third layers and keeping the lead as a
first layer, the neutron flux decreases in
case of carbon as a second layer due to the
relative smaller fraction of backscattered
flux in carbon and because of the larger
scattering angles with which the forward
neutrons are scattered in iron. To estimate
the alteration in the numerical value of the
flux due to the presence of the three layers,
the flux in an infinite homogeneous medium
is calculated and plotted on the same figure.

To determine the contribution of the
backscattered neutrons in altering the
neutron flux, the Monte Carlo program is
modified to separately calculate the neutron
forward and the backward flux at any depth
in the medium. The calculations are given in
Figure 2. It can be noticed that the
backscattered neutrons in the lead layer is
much greater than that in the carbon layer.

The drop in the flux in the third layer is
due to the increase in the flux of lower
energy neutrons entering the third layer. To
confirm this fact numerically, the program is
also extended to calculate the neutron
spectrum at each interface between the
layers. The results are given in Figure 3. The
number of neutrons suffering inelastic
collisions in the third layer is increased
leading to the flux decrease.

By placing iron as a first material, the
behavior of the flux is approximately the
same except that the flux in the three layers
is lower than that in the case of placing lead
as the first layer because of the smaller
scattering power of iron. When the first layer
is the lightest one, see Figure 4, its flux is
enhanced by a greater factor iflead is the
second layer than the case when iron is the
second layer. This is due to the
multiplication effect of the lead material.

The flux buildup factor is calculated for
each of the above mentioned configurations
and plotted in Figures S5 to 7. The effect of
the order of arrangement on the numerical
values of the buildup factor is noticed in
these figures. For comparison, the case of a
homogeneous medium of the same material
is also calculated and plotted on the same

figures.
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Figure 1 Relative flux behavior in a three layered
medium, irradiated with a planar
monoenergetic 14 MeV neutron beam,
according to the arrangement order Pb-
Fe-C and Pb-C-Fe.
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Figure 2 Total, forward, and backward relative flux
behavior in a three layered medium ,irradiated
with a planar monoenergetic 14 MeV neutron
beam, according to the arrangement order
Pb-C-Fe.
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Figure 3 Neutron energy spectrum at the C-Fe
interface of the Pb-C-Fe arrangement
and slab thickness of 15 cm each.
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Figure 4 Relative flux behavior in a three layered
medium, irradiated with a planar

monoenergetic 14 MeV neutron beam,
according to the arrangement order C-Pb-Fe
and C-Pb-Fe.
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Figure 5§ Flux buildup factor behavior in a three
layered medium ,irradiated with a planar
monoenergetic 14 MeV neutron beam,
according to the arrangement order Pb-Fe-
C and Pb-C-Fe.
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Figure 6 Flux buildup factor behavior in a three layered
medium ,Jirradiated with a
monoenergetic 14 MeV neutron am
according to the arrangement order Fe-Pb--C
and Fe-C-Pb.

Figure 7 Flux buildup factor behavior in a three
layered medium ,irradiated with a planar
monoenergetic 14 MeV neutron beam,
according to the arrangement order C-Fe-
Pb and C-Pb-Fe.

Effect of Slab Thickness

To show the effect of slab thickness on
both the flux behavior and the numerical
values of the buildup factor, three
arrangements , C-Pb-Fe, C-Fe-Pb and Fe-Pb-
C are selected. In the calculations the first
and third layers are of the same thickness,
15 cm, while the intermediate layer is set to
3,9, 15 and 30 cm.

The thicknesses and the kind of
material of the second layer have a great
effect on the flux behavior in the whole three
layered medium. If the arrangementis C-
Pb-Fe, the flux distribution shows a second
maximum in the second layer. The amount
of flux enhancement at the maxima is
dependent on the second slab thickness,
increasing the thickness, the maximum
increases, (see Figure 8). The cause of this
enhancement in the flux is attributed to two
reasons : the first is the effect of the greater
fraction of the backscattered neutrons in the
lead layer when compared with the iron
layer and the second is the effect of the
neutron multiplication in lead since the
spectrum of the neutrons entering the lead
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layer have a relatively great fraction of
neutrons near the peak energy. This
explanation can be verified by considering
iron as a second layer. The results of this
configuration are plotted in Figure 9. The
figure shows that , the second maximum in
the flux distribution has disappeared
because of the lack of multiplication in iron.
To emphasis this phenomena, the thickness
of the first layer is varied while the
thickness of the other two layers are kept
constant. It can be noticed that when the
thickness of the first layer becomes smaller
the two maxima coincide and vice versa, as
seen in Figure 10. On the other hand, when
varying the thickness of the third layer, a
smaller influence is recorded in both orders
of arrangements as can be noted from the
examples given in Figure 11.

RELATIVE FLUX

Figure 8 Relative flux behavior in a three layered
medium, irradiated with a planar
monoenergetic 14 MeV neutron beam,
according to the arrangement C-Pb-Fe
and varying the thickness of the
intermediate layer.

Figure 9

a "
Figure

Relative flux behavior in a three layered
medium, irradiated with a planar
monoenergetic 14 MeV neutron beam,
according to the arrangement C-Fe-Pb.
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10 Relative flux behavior in a three

layered medium ,irradiated with a

P monoenergetic 14 MeV

neutron beam, according to the

arrangement C-Pb-Fe and varying
the thickness of the first layer.
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Figure 11 Relative flux behavior in a three layered
medium, irradiated with a planar
monoenergetic 14 MeV neutron beam,
according to the arrangement C-Pb-Fe
and varying the thickness of the last
layer.

When reversing. the  order &t
arrangement to become Fe-Pb-C, as in
Figure 12, the flux shows a monotonical
decrease in the second and third layers and
the ' effect of lead multiplication is
insignificant since the first layer is iron and
the high energy neutrons suffer a stronger
energy degradation so that their energies
upon entering the second layer is much
below the threshold value of the (n,2n)
reaction in lead. This can be verified by
comparing the neutron’s energy spectra at
the interface between the first and the
second layers for the configurations C-Pb-Fe
and Fe-Pb-C. From the comparison, the
peak of the high energy neutrons is greater
in case of carbon as a first layer than in case
of iron due to the smaller mean free path of
the neutrons in iron than in carbon.

Again for the previous examples the
buildup factors are calculated and presented
in the set of curves of Figures 13 to 16.
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Figure 12 Relative flux behavior in a three layered
medium  irradiated with a planar
monoenergetic 14 MeV neutron beam,
according to the arrangement Fe-Pb-C and
varying the thickness of the intermediate
layer.

Figure 13 Flux buildup factor behavior in a three
layered medium ,irradiated with a planar
monoenergetic 14 MeV neutron beam
accordin%hto the arrangement C-Pb-Fe and
vlaarying e thickness of the intermediate

yer.
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Flux buildup factor behavior in a three
layered medium ,irradiated with a
planar monoenergetic 14 MeV neutron
beam, according to the arrangement C-
Pb-Fe and varying the thickness of the
first layer.
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Figure 15 Flux buildup factor behavior in a three
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layered medium irradiated with a
planar monoenergetic 14 MeV neutron
beam, according to the arrangement C-
Pb-Fe and varying the thickness of the
third layer.
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Figure 16 Flux buildup factor behavior in a three
layered medium ,irradiated with a
planar monoenergetic 14 MeV neutron
beam, according to the arrangement
Fe-Pb-C and varying the thickness of
the intermediate layer.

Effect of Initial Energy

To investigate the variation of the
neutron flux distribution and buildup factor
while changing the neutron’s initial energy,
the thickness of the three slabs are being
set to 15 cm each. The curve parameter is
the initial energy of the source neutrons and
so the calculations are carried out for
energies of 5, 7,9, 11 and 14 MeV.

In the C-Pb-Fe arrangement, large angle
back scattering and neutron multiplication
in lead are again the main factors behind
the enhancement and the alteration of the
neutron flux. The effect of back scattering is
dominant at the low source energies while
the neutron multiplication is dominant at
the high source energies. This can be
noticed  especially when comparing the
curves in Figure 17 giving the neutron
fluxes for 5 MeV and 14 MeV respectively.
The study is continued by considering the
other arrangement of Fe-Pb-C, and the same
values of the neutron’s initial energies. The
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contribution of the two factors

stated above is less significant in this case.

The flux buildup factor is calculated for
the two configurations and are plotted in
Figures 18 and 19.
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Figure 17 Relative flux behavior in a three layered
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Figure 18

medium, irradiated with a planar
monoenergetic neutron beam, according
to the arran%ement C-Pb-Fe and varying
the energy of the incident neutrons.
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Flux buildup factor behavior in a three
layered medium, irradiated with a
planar monocenergetic neutron beam,
according to the arrangement C-Pb-Fe
and varying the energy of the incident
neutrons.
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Flux buildup factor behavior in a three
layered medium ,irradiated with a planar
monoenergetic neutron beam accordmt§l to
the arrangement Fe-Pb-C and varying the
energy of incident neutrons.
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