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Abstract

In this study utilized nuclear core —like environment of real nuclear core by Monte
Carlo simulator MCNP5. The object of this study is determine the optimal moderator
for fast neutron which act to slow down for fast neutron to thermal region, and
determine theoptimal absorber (control material) for neutron to control for nuclear

chain reaction in the reactor.

Utilize the light water H,O and heavy water D,O as moderator materials in cubic
shape 90 cm?® and around the moderator there is reflector carbon **C to prevents the
leakage for neutrons outside the nuclear core, its thickness equal 10cm®, then after
select the optimal moderator will use with absorber materials to examine the optimal
absorber,utilize control rods which length is 80cm and diameter is 1cm, Those

materials are cadmium (Cd), silver (Ag), &Boron carbide (BC,).

After study appears the optimal moderator for fast neutron is heavy water (D,0) than

light water H,O. And found theoptimal absorber than others.
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CHAPTER ONE
INTRODUCTION

1.1 Introduction

Most nuclear reactors use a chain reaction to induce a controlled rate of nuclear
fission in fissile material, releasing both energy and free neutrons. A reactor
consists of an assembly of nuclear fuel (a reactor core), usually surrounded by a
neutron moderator such as regular water, heavy water, graphite, or zirconium
hydride, and fitted with mechanisms such as control rods that control the rate of

the reaction [1].

1.2 Working principles of thermal reactor

To improve probability of fission and enable a chain reaction, uranium-fueled
reactors must include a neutron moderator that interacts with newly produced fast
neutrons from fission events to reduce their kinetic energy from several MeV to
several eV, making them more likely to induce fission. This is because **U is
much more likely to undergo fission when struck by one of these thermal neutrons
than by a freshly-produced neutron from fission. Neutron moderators are materials
that interact weakly with the neutrons but absorb kinetic energy from them. Most
moderators rely on either weakly bound hydrogen or a loose crystal structure of
another light element such as carbon to transfer kinetic energy from the fast-
moving neutrons [1]. A moderator must have a high scattering cross section to
provide a high collision number of neutrons per time unit prior to being captured,
as well as a low neutron-absorption cross section that not to deteriorate a neutron

balance owing to nonproductive absorption in moderator mass [2].
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1.3 Statement of the problem

The problem of the research is to model a control system suitable for thermal
reactors and to examine the effectiveness of some moderating materials and
absorbers. This is done in a reactor-like environment containing a **°Cf-fast neutron
source. The geometry of the proposed model and simulations were carried out using
Monte Carlo computer code. The proposed system is examined and the optimal

operating conditions are reported.

1.4 Methodology

In this work, Monte Carlo computer code (MCNP5), was used to simulate the
performance of several materials including; moderators, with which fast neutrons
interact to achieve neutrons in thermal range, absorbers in the form of control rods to
explore their effectiveness in reducing thermal neutron intensity and carbon as fast
neutron reflector. The MCNP5 code was used to model a suitable geometry for a
reactor-like environment and explore the performance of the mentioned materials as

an effective control system.

1.4.1 Monte Carlo Simulation

Monte Carlo Simulation software MCNP will be used to simulate the interaction
of fast neutron with materials (moderators, & absorber). The data will be used to
predict the transfer the fast neutron to thermal neutron & absorb for increase fast

neutron.
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1.5 Hypothesis of the Research

Scattering events can be subdivided into elastic and inelastic scattering. In elastic
Scattering the total kinetic energy of the neutron and nucleus is unchanged by the
Interaction. During the interaction a fraction of the neutron’s kinetic energy is
transferred to the nucleus [4]. For effective moderation of neutrons in thermal

reactors, one will thus have to choose materials with low A (mass number) values [5].

Consequently, in this work, light water (H,O), Heavy water (D,0), are presented as
moderator materials for fast neutron.

Control rods are used in nuclear reactors to control the fission rate of uranium
and plutonium. They are composed of chemical elements such as boron, silver,
indium and cadmium that are capable of absorbing many neutrons without fissioning
themselves [18]. One will thus have to choose materials of high absorption cross
sections are used to reduce the intensity of thermal neutrons and thus control the
fission reaction;

ZU+n—=>"¢Ba+%Kr+3(n

1.6 Objective of The research
This work reviews the basic physical mechanisms of the interaction of neutron
(fast neutron) with some materials (moderators & absorbers) to model a control

system in a reactor-like environment.

1.7 Significance of the Research

The significance of the current study lies on providing physical insight for
neutron scattering with moderators and neuron absorption with absorbers in a reactor-
like environment. Furthermore, the work provides a suitable geometry for a control

system possibly useful in nuclear thermal reactors.
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1.8 Limitations of the Study

The research involved in this study, present MCNP simulations for the
proposed control system for nuclear thermal reactors and reviews the interaction
mechanisms of neutrons with several moderators and absorbers. Further experimental
verifications are required and other moderating materials and absorbers should be

tested.
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Chapter Two

Fast Neutron Moderation & Control
Rods
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CHAPTER TWO
FAST NEUTRON MODERATION AND CONTROL RODS

2.1 Moderation for Fast Neutron

Inside thermal nuclear reactor, before these neutrons induce additional fissions to
sustain chain reaction, their energy is reduced, often by several orders of magnitude,
as the result of successive elastic and inelastic collisions with the nuclei in the
system. In thermal reactors, for instance, almost all of the fission neutrons slow down
to thermal energies before they induce further fissions. By contrast, they interact with
the fuel and produce fissions [7]. The cross section for neutron-induced fission is
much higher for thermal neutrons (100 meV) than for the fast neutrons (1-2 MeV)
that are produced. For a reactor to achieve a self-sustaining chain reaction from a
small mass of fissile material, and to obtain suitable neutrons for neutron scattering,

the fast neutrons within the core must be “slowed down” [8].

2.2 Interaction of Neutron
2.2.1 The Cross-Section Concept

The probability of a particular reaction occurring between a neutron and a
nucleus is expressed through the concept of the cross section. If a large number of
neutrons of the same energy are directed into a thin layer of material, some may pass
through with no interaction, others may have interactions that change their directions

and energies, and still others may fail to emerge from the sample.
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There is a probability for each of these events. For example, the probability of
a neutron not emerging from a sample (that is, of being absorbed or captured) is the
ratio of the number of neutrons that do not emerge to the number originally incident
on the layer. The cross section for being absorbed is the probability of neutrons being
absorbed divided by the areal atom density (the number of target atoms per unit area
of the layer).The cross section thus has the dimensions of area; it must be a small
fraction of a square centimeter because of the large number of atoms involved.
Because this type of cross section describes the probability of neutron interaction
with a single nucleus, it is called the microscopic cross section and is given the

symbol ¢ [4].

2.2.4 Microscopic cross section Interactions

Another approach to understanding the concept of the microscopic cross
section is to consider the probability of a single neutron attempting to pass through a
thin layer of material that has an area A and contains N target nuclei, each of cross-
sectional areas. The sum of all the areas of the nuclei iSNS. The probability of a
single neutron hitting one of these nuclei is roughly the ratio of the total target area
NS to the area of the layer A. In other words, the probability of a single neutron
having a collision with a nucleus is NS/A or(N/A)S , the areal target density times S.
On the atomic level, however, cross sections for neutron interactions are not simply
the geometrical cross sectional area of the target. By replacing this S by the o of the
preceding paragraph, ¢ might be thought of as an effective cross-sectional area for
the interaction. The cross section for the interaction retains the dimensions of area
that S had.

20



The physical cross-sectional area s of a heavy nucleus is about
2X1072*em?.Interaction cross sections for most nuclei are typically between 10727
and10~*! em?. To avoid the inconvenience of working with such small numbers, a

different unit of area is used the barn, denoted by the symbol b. It is defined to

be 10~2*em?, so that the physical cross-sectional area of a heavy nucleus is about 2

b. Many neutron interaction cross sections range between 0.001 and 1000 b.

Each type of event has its own probability and cross section. The probability of each
type of event is independent of the probabilities of the other so the total probability of
any event occurring is the sum of the individual probabilities. Similarly, the sum of

all the individual cross sections is the total cross section [4].

2.2.3 Macroscopic cross section
The definition of the macroscopic cross section arises from the transmission of
a parallel beam of neutrons through a thick sample. The thick sample can be

considered to be a series of atomic layer o for each layer we can apply the results

found with the microscopic cross-section concept. By integrating through enough
atomic layers to reach a depth x in the sample, the intensity 1(x) of the uncollided

neutron beam is

I(x) = [;e~Ne¥ (2.1)

Where I, is the intensity of the beam is before it enters the sample, N this the atom
density, o is the the total cross section. Note that the fraction transmitted without
collisions,I(X) /I, depends on the energy of the neutrons through the energy

dependence of the microscopic total cross- section g, .
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An expression similar to Equation (2.1) is used for gamma-ray attenuation. In
that ease, low-Energy gamma rays are very likely to be absorbed and thus removed
not only from the parallel beam but from the material entirely. With neutrons at low
energies, elastic scattering is the most likely event. Although Equation (2.1) gives the
intensity of the neutrons that have had no interaction up to a depth X, the actual
number of neutrons present that can be detected may be much larger because of

multiple scattering multiplication, or finite detector acceptance angle.

2.3 Type of Neutron Interaction

A neutron can have many types of interactions with a nucleus. Figure (2.1)
shows the types of interactions and their cross sections. Each category of interaction
in the figure consists of all those linked below it. The total cross section @, expresses
the probability of any interaction taking place.

A simple notation can be used to give a concise indication of an interaction of

interest. If a neutron n impinges on a target nucleus T, forming a resultant nucleus R
and the release of an outgoing particleg, this interaction is shown as T (n,g)R. The

heavy nuclei are shown outside the parentheses. To denote a type of interaction
without regard for the nuclei involved, only the portion in parentheses is shown. An
example of an (n, p) reaction is ‘B(n,p)’Be.

An interaction may be one of two major types scattering or absorption. When a
neutron is scattered by a nucleus, its speed and direction change but the nucleus is left
with the same number of protons and neutrons it had before the interaction. The
nucleus will have some recoil velocity and it may be left in an excited state that will
lead to the eventual release of radiation. When a neutron is absorbed by a nucleus, a

wide range of radiations can be emitted or fission can be induced [4].
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The types of neutron interactions are summarized in figure (2.1)

total
\
scatter absorpation
h 9 netural
- charge
elastic inelastic Electrc_)ma . (n,2n) fission
(n,n) (nn) A I I (n)
n,n n,n n,3n n,
(n,y) (n,d)
(n,4n)
\ I

Fig (2.1): Type of Neutron Interaction

2.4 Scattering

A neutron scattering reaction occurs when a nucleus, after having been struck
by a neutron, emits a single neutron. Despite the fact that the initial and final neutrons
do not need to be (and often are not) the same, the net effect of the reaction is as if
the projectile neutron had merely "bounced off," or scattered from, the nucleus. The

two categories of scattering reactions, elastic and inelastic scattering are described in

the following paragraphs.
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2.4.1 Elastic Scattering

In an elastic scattering reaction between a neutron and a target nucleus, there is
no energy transferred into nuclear excitation. Momentum and kinetic energy of the
"system" are conserved although there is usually some transfer of kinetic energy from
the neutron to the target nucleus. The target nucleus gains the amount of Kinetic
energy that the neutron loses. In the elastic scattering reaction, the conservation of
momentum and kinetic energy is represented by the equations below.

I. Conservation of momentum (mv)
(my, Vo) +(mr.vry) = (M, Vo )+ (Mr.Vrs) (2.3)
Ii. Conservation of kinetic energy G mv? )
Gmuv2)+ Gmy vE) = Cmuvl o)+ Gmpviy) (2.4)

Where:

m,, = mass of the neutron
my = mass of the target nucleus

Va.i= Initial neutron velocity
v; = initial target velocity
vt = final neutron velocity

vt = final target velocity

Elastic scattering of neutrons by nuclei can occur in two ways. The more
unusual of the two interactions is the absorption of the neutron, forming a compound
nucleus, followed by the re-emission of a neutron in such a way that the total kinetic

energy is conserved and the nucleus returns to its ground state.

24



This is known as resonance elastic scattering and is very dependent upon the
initial Kinetic energy possessed by the neutron. Due to formation of the compound
nucleus, it is also referred to as compound elastic scattering. The second, more usual
method is termed potential elastic scattering and can be understood by visualizing the
neutrons and nuclei to be much like billiard balls with impenetrable surfaces.
Potential scattering takes place with incident neutrons that have energy of up to about
1 MeV. In potential scattering, the neutron does not actually touch the nucleus and a
compound nucleus is not formed. Instead, the neutron is acted on and scattered by the

short range nuclear forces when it approaches close enough to the nucleus [4].

2.4.2 Inelastic Scattering

In inelastic scattering the incident neutron is absorbed by the target nucleus,
forming a Compound nucleus. The compound nucleus will then emit a neutron of
lower Kinetic energy which leaves the original nucleus in an excited state. The
nucleus will usually by one or more gamma emissions emit this excess energy to
reach its ground state.

For the nucleus that has reached its ground state, the sum of the kinetic energy
of the exit neutron, the target nucleus, and the total gamma energy emitted is equal to

the initial kinetic energy of the incident neutron [3].

2.5 Nuclear Fission

This causes the nucleus to behave like a liquid drop. Therefore, if energy is
applied from the outside, oscillation modes are excited in the same way as for a liquid
drop. In this way, a nucleus cans fission into two pieces, which is the process known

as nuclear fission. This type of nuclear fission is observed in heavy nuclei.
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Among the naturally-occurring nuclides, only **U can fission by thermal
neutrons. If the energy of the neutrons is increased, U and %*Th can fission.
Nuclear fission by a thermal neutron is called thermal fission and that by a fast
neutron is called fast fission. Thermally fissionable material is called fissile material,
and includes **U, ?**Pu, and *'Pu in addition to **U. The nuclide **U can be
prepared from ***Th, and®*Pu, and *'Pu can be prepared from ?**U by neutron
absorption. Material that can produce fissile material is called fertile material. The
nuclide®Cf can fission without being irradiated by neutrons, a type of nuclear fission
called spontaneous fission.

The only naturally-occurring elements that are useful as nuclear fuel are
uranium and thorium. Uranium of natural composition is called natural uranium.
Natural uranium contains 0.0054% 2**U, 0.720% “**U, and 99.275% 2*®U. Natural
thorium contains 100% 2**Th. When nuclear fission takes place, the nucleus splits
into two fission fragments of approximately equal mass. Fission fragments are
usually called fission products. This corresponds to about 200 MeV for the total
number of nucleons, which is the energy generated by nuclear fission.

If we assume that a nucleus splits into fission products of approximately equal
mass by nuclear fission, the fission products would have too many neutrons
compared with stable nuclei, Therefore neutrons are usually generated at the time of
nuclear fission.

The number of generated neutrons increases as the energy of the colliding
neutron increases or the mass number of the nucleus increases. When a thermal

neutron is incident on **U, about 2.5 neutrons are generated [17].
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Fig (2.2): Thermal nuclear fission *°U

2.6 Principle of chain reactions

Chain reactions are an everyday concept. For example, fire is a chain reaction
in which heat causes a chemical reaction (combustion) that produces heat, which
causes combustion to continue, producing more heat, and so forth. As mentioned
above, when physicists discovered that neutron-induced fission also emitted a few

neutrons, they realised that chain reactions were a possibility:

Neutrons = Fissions = Neutrons = Fissions = Neutrons = etc.

Such a reaction would release a phenomenal amount of energy, which could be
used either for peaceful purposes or to create a formidable weapon. To produce
energy for peaceful purposes, the rate of reaction must be controlled, as it would be
in a classic boiler. For a weapon, as in a bomb using chemical explosives, fast

amplification of the reaction is required.
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2.7 Chain Reactions in nuclear reactors

We could get around this problem if we had a substance that produced free
neutrons as a result of its being bombarded with neutrons. In other words, we need a
substance that produces the catalyst (bombarding neutrons) from a reaction that was
caused by the catalyst. It turns out that we are in luck, in this regard, as there is one
naturally occurring isotope that is abundant enough to run a power plant. When
uranium-235 (U-235) is bombarded with low energy neutrons, its nucleus will
fragment into several parts, with neutrons being amongst them. A typical reaction for

U-235 (one of many possibilities, all of which produce neutrons) is

Neutron + uranium-235=>» barium-144 + krypton-89 + 3 neutrons + 173.3 MeV

The three neutrons that are released by this reaction are free to bombard three
other uranium-235 nucleuses which would then decay into barium and krypton, on
fragments with up to 9 more neutrons and about three times the amount of energy
being released.

This chain reaction would look something like the picture below. There are
two features about this chain reaction that require further discussion. The first of
these is that it is only slowly moving neutrons that have a high probability interacting
with the uranium-235 nuclei and causing a reaction. Therefore, a neutron moderator
which slows the neutrons down, is needed in a nuclear power plant in order to keep
the chain reaction occurring. The second feature has to do with the number of
neutrons that will be present after several different decays. While there are many
different possible decay reactions that could take place uranium-235 nucleus will

average about 2.5 neutrons released in each one.
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This means that each reaction will produce more neutrons than what were there
initially, thus causing more reactions to take place at the next stage. If this is allowed
to go on for some time, there will be so many neutrons around ready to react that too
many decays will start taking place, which will release too much energy and cause
the material to melt down. For this reason control rods, which are made from
materials that readily absorb neutrons, need to be in the system in order to limit the

number of reactions that can take place at any given time [17].

Moderator

low
Neutron

Fig (2.3): U-235 undergoing a chain reaction in the reactor
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2.8 Neutron Flux

The neutron flux is a quantity used in nuclear reactor physics corresponding to
the total length travelled by all neutrons per unit time and volume, or nearly
equivalently number of neutrons travelling through unit area in unit
time. The neutron fluence is defined as the neutron flux integrated over a certain
time period [17].

The neutron flux value is calculated as the neutron density (n) multiplied by
neutron velocity (v), where n is the number of neutrons per cubic centimeter
(expressed as neutrons/cm®) and v is the distance the neutrons travel in 1 second
(expressed in centimeters per second, or cm/sec)[18]. Consequently, neutron flux

(nv) is measured in neutrons/cm?/sec. The neutron flux @ is the number of neutrons
(n) multiplied by their velocity (v) [6]:
@ = nv (2.5)

2.9 Mechanism of Fast Neutron Moderation & Thermalization

Scattering events can be subdivided into elastic and inelastic scattering. In
elastic scattering the total kinetic energy of the neutron and nucleus is unchanged by
the interaction. During the interaction, a fraction of the neutron’s kinetic energy Iis
transferred to the nucleus. For a neutron of kinetic energy E encountering a nucleus

of atomic weight A, the average energy loss is 2 EA/(A+ 1)% This expression

shows that in order to reduce the speed of neutrons (that is, to moderate them) with
the fewest number of elastic collisions target nuclei with small A should be used By

using hydrogen, with A= 1, the average energy loss has its largest value of E/2.
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A neutron with 2 MeV of kinetic energy will (on the average) have 1 MeV left
after one elastic collision with a hydrogen nucleus, 0.5 MeV after a second such
collision, and so on. To achieve a kinetic energy of only 0.025 eV would take a total
of about 27 such collisions. (A neutron of energy 0.025 eV is roughly in thermal

equilibrium with its surrounding medium and is considered a “thermal neutron”.

From the relation E = KT where Kis Boltzmann’s constant, an energy E of
0.025 eV corresponds to a temperature T of 20°C) In general, after n elastic

collisions, the neutron’s energy is expected to change from E,
toE, =E,[A2+1/(A+1)?]". To reach E,from E, thus requires

n = log[A% + 1/(A+ 1)?]collisions, on the average.

Table (2.1) gives examples of the number of collisions required to “thermalize” a
2MeV neutron in some materials. Inelastic scattering is similar to elastic scattering
except that the nucleus undergoes an, internal rearrangement into an excited state

from which it eventually releases radiation.

The total kinetic energy of the outgoing neutron and nucleus is less than the
Kinetic energy of the incoming neutron; part of the original Kinetic energy is used to
place the nucleus into the excited state. It is no longer easy to write an expression for
the average energy loss because it depends on the energy levels within the nucleus.
But the net effect on the neutron is again to reduce its speed and change its direction.
If all the excited states of the nucleus are too high in energy to be reached with the
energy available from the incoming neutron, inelastic scattering is impossible. In
particular, the hydrogen nucleus does not have excited .states, so only elastic

scattering can occur in that case [3].
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In general, scattering moderates or reduces the energy of neutrons and provides

the basis for some neutron detectors (for example, proton recoil detectors) [3].

Table (2.1): Average number of collisions required to reduce a neutron’s energy
from 2MeV to 0.025 eV by elastic scattering [4]

Element Atomic Weight Number of collisions

Deuterium
2 31
Helium
4 48
Beryllium
9 92
Carbon
12 119
Uranium 238 2175

2.10 Logarithmic energy decrement (&)

A convenient measure of energy loss per collision is the logarithmic energy
decrement. The average logarithmic energy decrement is the average decrease per
collision in the logarithm of the neutron energy. This quantity is represented by the
symbol (Greek letter xi).

E=InE; —InE; (2.6)
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&= lﬂ(; (2.7)

Where:
& = average logarithmic energy decrement

E; = average initial neutron energy

E¢= average final neutron energy

The symbol is commonly called the average logarithmic energy decrement
because of the fact that a neutron loses, on the average, a fixed fraction of its energy
per scattering collision. Since the fraction of energy retained by a neutron in a single
elastic collision is a constant for a given material, is also a constant. Because it is a
constant for each type of material and does not depend upon the initial neutron
energy, Is a convenient quantity for assessing the moderating ability of a material
[10]. The values for the lighter nuclei are tabulated in a variety of sources. The
following commonly used approximation may be used when a tabulated value is not

available.

&= — (2.8)

This approximation is relatively accurate for mass numbers (A) greater than
10, but for some low values of A it may be in error by over three percent. Since
represents the average logarithmic energy loss per collision, the total number of
collisions necessary for a neutron to lose a given amount of energy may be
determined by dividing into the difference of the natural logarithms of the energy

range in question.
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The number of collisions (N) to travel from any energy, Ej; 5, to any lower

energy, E,,...can be calculated as shown below[10]:

In Epjgp—In Ejgw
N = £

: (2.9)
Ehig
In (—G R,
N =1In —Zmu— (2.10)

2.11 Moderating Ratio & Moderating Power

A standard basis for comparing moderating abilities of different materials is
the Moderating power. If one material has a larger moderating power than another,
less of that material is needed to achieve the same degree of moderation. Two factors
are important: (1) the probability of a scattering interaction and (2) the average
change in kinetic energy of the neutron after such an interaction. To be an effective
moderator, both the probability of an interaction and the average energy loss in one

scatter should be high. The moderating power is defined as&, where _ is the

5

macroscopic scattering cross section and £ is the average logarithmic energy

decrement in a scatter.

This decrement isIn(E,.¢,,) — In(E.qer ). When elastic collisions in an
element with atomic weight A dominate the scattering process, the decrement

becomes

(2.11)
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For A>2, £ can be approximated by 2/(A + 0.67). The moderating power of a

compound is given by

5= 22 (n; 03 +1, 055+ (2.12)

Where p the density of the compound, M is its molecular weight, N, is
Avogadro’s number, n;is the number of atoms of element i in one molecule, g; is the
microscopic scattering cross section for elementi, and ; is the logarithmic energy
decrement for element i.

A material with a large moderating power might never the less be useless as a
practical moderator if it has a large absorption cross section. Such a moderator would
effectively reduce the speeds of those neutrons that are not absorbed, but the fraction
of neutrons that survive may be too small to be used in a practical manner. A more
comprehensive measure of moderating materials is the moderating ration£_/,. A
large moderating ratio is desirable; it implies not only a good moderator but also a
poor, absorber. For a compound, the moderating ratio is given by Equation (2.4) with
each a; replaced by a_/ o for element i.

Table (2.2) gives the moderating powers and ratios for some common
moderator materials for neutrons in the I-eV to 100-keVenergy range. Ordinary water
has a higher moderating power than heavy water because the atomic weight of
hydrogen is half that of deuterium.

But the hydrogen nucleus (a proton) can absorb a neutron and create deuterium
much more readily than a deuterium nucleus can absorb a neutron and create tritium.
This difference in absorption cross sections gives heavy water a much more favorable

moderating ratio.
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However, because of its availability and low cost, ordinary water is often
preferred. The solid materials given in the table have a higher moderating ratio than
ordinary water and can have fabrication advantages. Polyethylene is commonly

selected as a moderator because of its high moderating power and moderating ratio

[4].

Table (2.2): Moderating powers and ratios of selected materials [4]

Moderator Moderating Power Moderating Ratio
(1eV to 100 KeV) (Approximate)
Water 1.28 58
Heavy Water 0.18 21000
Helium at STP 0.00001 45
Beryllium 0.16 130
Graphite 0.064 200
Polyethylene (CHy) 3.26 122

Table (2.3): Comparison of the main moderator nuclei (the cross-section is taken
for epithermal neutrons [a few el7] and the absorption cross-section for thermal

neutrons [0.0253 17])[9].

Nucleus Mass Average Scattering Absorption
Lethargy gain cross-section cross-section
Hydrogen 1.00 1.0000 20.4 0.332
Deuterium 2.00 0.7261 3.40 0.00051
Beryllium 8.93 0.2080 6.00 0.0076
Carbon 12.01 0.1589 4.74 0.00337
Oxygen 15.86 0.1209 3.89 0.000191
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Table (2.4): Comparison of the main moderator materials [9]

Material Density Concentration Moderating Relative
power (material/water)
Ordinary 998 0.03337 137.72 1
Heavy water 1105 0.0332 17.95 0.130
Beryllium 1850 0.124 15.48 0.112
Beryllia 3010 0.0725 12.46 0.090
Graphite 1600 0.0802 6.04 0.044

2.12 Control Rods

Consider now the stability of the chain reaction. This is where the control rods
play their part. They are usually made of cadmium, which has a very high absorption
cross-section for neutrons. By mechanically manipulating the control rods, i.e. by
retracting or inserting them, the number of neutrons available to induce fission can be
regulated. This mechanism is the key to maintaining a constant k value of unity and
therefore a constant power output. However, safe working of the reactor is not

possible with prompt neutrons alone [14].
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CHAPTER THREE
MONTE CARLO MODELING

3.1 Monte Carlo code

The MCNP5 Code, developed and maintained by Los Alamos National
Laboratory, is the internationally recognized code for analyzing the transport of
neutrons and gamma rays (hence NP for neutral particles) by the Monte Carlo
method (hence MC). The code deals with transport of neutrons, gamma rays, and
coupled transport, i.e., transport of secondary gamma rays resulting from neutron
interactions. The MCNP code can also treat the transport of electrons, both primary

source electrons and secondary electrons created in gamma-ray interactions [11].

3.1.1 Structure of the MCNP5 Input File

An input file has the structure. Input lines have a maximum of 80 columns and
command mnemonics begin in the first 5 columns. Free field format (one or more
spaces separating items on a line) is used and alphabetic characters can be upper,
lower, or mixed case. A continuation line starts with 5 blank columns or a blank

followed by the end of the card to be continued, [11].

3.1.2 Geometry Specifications
MCNP treats problem geometry primarily in terms of regions or volumes
bounded by first and second degree surfaces. Cells are defined by intersections

unions and complements of the regions and contained user defined materials, [11].
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3.2 The Proposed Source

In this work we utilized Californium source 2*2Cf as the neutron source. The

spectrum of the simulated %*?Cf-neutron source and the basic information about it are

shown in figure 3.1 and table (3.1).

Table (3.1): Basic information for *Cf Source [14].

_ Half-
Source  Production :
life
Nucl 2.645
uclear
22t years
reactors

Neutron Specific Average
Type of emission  Activity neutron
Emission  rate (s/pg) (mCilpg)  energy(MeV)
Primary:
Neutron 6

2.314x10 0.536 2.1
Secondary:
Gamma
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= Spectrum of »*’Cf-neutron source
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Fig (3.1): Simulated Neutron Energy Spectrum- *2Cf

The peak of the curve in the spectrum of ***Cf without moderator is 2.5Mev and

neutron flux is 0.115n.m>2.s™.
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3.3 Model of the Control System

The geometry of the reactor-like environment in this work is composed of four
items; the first is a moderating material in the form of a cube of dimensions
90cmx90cmx90cm being contained with the second item which is a carbon reflector of
dimensions 100cm x100cm x100cm,suggesting a reflector with thickness 10cm. The
third item is a neutron detector in a form of ring surrounding the interior circumference
of the moderator having radius of 80cm. The fourth item is a material of high
absorption cross section for thermal neutrons, simulated as control rods with 80 cm
length and 1cm radius.

Fig (3.2) Show the components and geometry of the proposed Control system
without control rods as featured in the computer code. In this figure, the reflector
appears with purple color which represents carbon (**C) as reflector for fast neutrons.
The moderator appears with blue color. Fig (3.3) shows the components and geometry
of the proposed Control system with control rods. In this figure the control rods appear

with yellow colors.
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MCNP simulations
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3.4 Materials Used

I. Properties of moderator& absorbers

Table (3.2) and Table (3.3) contain the moderating materials and absorbers used in
our current work, respectively.

Table [3.2]: Properties of materials moderator

Material/ Density g/cm’

Mass fractions

O H C B D Be
Heavy water (D;0) 1.11 0.888101 0.111898
Light water (H,O) 0.998 0.889 0.111
Table [3.3]: Properties of materials absorber
B-10 B-11 Ag-105 Ag-107 Cd-113 "
o, 3835 0.006 38 91 20600
(barns)
Natural 20 80 52 48 12
Abundance

(%)
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Results for (H,0) & (D,0) as moderators without Control Rods

In this scenario, light water (H,O) & Heavy water (D,O) were utilized as
moderators for fast neutrons and their performance in thermalizing fast neutrons of
22Cf-source was examined. The results are plotted in figure (4.1)

6e-6

Neutron flux as a function of neutron energy, H,O

S5e-6

4e-6

3e-6

2e-6

Neutron flux (n.m”s")

1e-6

o 2e-7 d4e-7 6e-7 8e-7 1e-6

Neutron energy (MeV)

0.0006

Neutron flux as a function of neutron energy, D, O
0.0005

0.0004
0.0003

0.0002

Neutron Flux (n.m".s“)

0.0001

0.0000

2e-7 de-7 Se-7

8e-7 1e-6
Neutron energy (MeV)

Fig (4.1): Neutron flux as a function of neutron energy in the presence of light
water (H,O) &Heavy water (D,0)
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As shown in figure (4.1), When the simulated neutrons of the 2*°Cf-source
(supposed to produce 10°neutrons.s™ with average energy 2.5 MeV) interact with
Light water (H,O) or heavy water (D,0), for both moderators, the curve peaks
1.88x10"Mev.The different between two results lies in the neutron flux; in the
case of light water(H,0) its value is 5.0953x10-° n.m?s™ and in the case of
heavy water (D,0) its value is 5.58x10° n.m?s™. Thus the neutron flux for (D,0)
Is higher than that of (H,O) by about 90%. That’s why we choose heavy water as

our optimal moderator.

4.2 Results for (D,0O) as moderator with cadmium (Cd) as control
Rods

The performance of cadmium (Cd) as control material in the presence of

the optimal moderator (Heavy water (D,0)) was examined; the results are plotted

in figure (4.2)
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= neutron flux as afunction of neutron energy, D,0+Cd
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Fig (4.2): Neutron flux as a function of neutron energy, D,O+Cd

The neutron flux peaks in the thermal region (1.88x10"Mev), with a value of
5.12x10 n.m?%s™.

4.3 Results for (D,0O) as moderator with silver (Ag) as control Rods

In this scenario, utilize Heavy water (D20) as moderators for fast neutron, and

silver (Ag) as control material. The results are shown in figure (4.3).
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0.0006

= Neutron flux as afunction of neutron energy, D,0+Ag
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Fig (4.3): Neutron flux as a function of neutron energy, D,O+Ag

The neutron flux peaks in the thermal region (1.88x107'Mev), with a value of

3.9x10* n.m2s™.

4.4 Results for (D,0O) as moderator with Boron carbide (BC,) as
control Rods

In this scenario, utilize Heavy water (D,0) as moderators for fast neutron, and

Boron carbide (BC,) as control material, the results are plotted in figure (4.4).
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Neutron flux as afunction of neutron energy, D,0+BC,
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Fig (4.4): Neutron flux as a function of neutron energy, D,O+BC,

The neutron energy peaks in the still thermal region 1.88x107"Mev, with a value of

2.9x10* n.m2s™.
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4.5 Comparison of Results

I neutron flux as afunction of neutron energy, D,0+Cd
I neutron flux as afunction of neutron energy, D,0+Ag
[ neutron flux as afunction of neutron energy, D,0+BC,
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0.0002

Neutron flux (n.m'z.s'1)

0.0000
0 2e-7 4e-7 6e-7 8e-7 1e-6

Neutron energy (MeV)

Fig (4.5): comparison between control materials

As shown in figure (4.6) since the moderating material for all configurations is
D,0, The neutron flux for all configurations peaks at the same energy 1.88x10"Mev.
The difference in the neutron flux; the neutron flux for (D,O+BC,) configuration is
lower than that of (D,0+Cd) and (D,O+Ag) configurations by about 43% and 25%
respectively. These results suggest that BC, has effectively reduced the thermal
neutron flux and consequently, (D,0+BC,) configuration is the optimal model for the

proposed control system.
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Thus (D,0+BC,4) has been chosen as the optimal configuration since D,0O
reduces the energy of fast neutrons to thermal range and provide sufficient thermal
neutron flux for the chain reaction, while BC, works as an effective controller due to

its ability to reduce the thermal neutron flux.

4.6 Conclusions

In this work, light water (H,O) and heavy water (D,0O) are employed as
moderating materials an. Carbon **C was employed as reflector to prevent the leakage
for neutrons outside the simulated nuclear core. Cadmium (Cd), silver (Ag), & Boron
carbide (BC,) was employed as absorbers. The results approved that heavy water
(D,0) is the optimal moderator, where (D,0+BC,) configuration is the optimal

model for the proposed control system.
4.7 Recommendations

The research involved in this study, present MCNP simulations for the current
proposed control system for nuclear thermal reactors and reviews the interaction
mechanisms of neutrons with several moderators and absorbers. Further experimental
verifications are required and other moderating materials and absorbers should be
tested.
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Appendix

I.  Input file used in the current Monte Carlo Simulations
(Heavy Water D,0O & Boron Carbide BC,)

c CELL CARDS

1 1 -2.23 1 -2 -3 4 -5 6 (-7 :8 :9 :=10 :11 :-12 )
2 2 -1.11 7 -8 -9 10 -11 12 (16 :-20 :21 ) (17 :-20 :21
) (18 :=20 :21 )
(19 :=-20 :21 )
3 3 -2.52 =16 20 -21
4 3 -2.52 =17 20 -21
5 3 -2.52 =18 20 -21
6 3 -2.52 =19 20 -21
7 4 -0.0012 (-1 :2 :3 :-4 :5 :-6 )-15
8 0 15
c CERFACE CARDS
1 pz -50
2 pz 50
3 py 100
4 py O
5 px 50
6 px =50
7 pz —-40
8 pz 40
9 py 90
10 py 10
11 px 40
12 px —-40
15 so 200
16 c/y 301
17 c/y -3 01
18 c/y 10 0 1
19 c/y =10 0 1
20 py 12
21 py 88
c
c MATERIAL SPECIFICATION
ml 6012. -1  SMAT
m2 1002. -0.111898 SMAT
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8016.

¢ CELL IMPORTANCE

1

m3 5010.
6012.

m4 7014.
8016.

c DATA CARDS

c

imp:n

c

c SOURCE SPECIFICATION
pos= 0 50 O
sil 3.
.94000e-02
.00000e-01
.01000e-01
.26000e+00
.16000e+00
.94000e+00
.00000e+01
.00E+00
.02e-03
.42e-03
.08e-02
.07e-02
.06e-01
.22e-02
.09%e-05

sdef

9]
T
P

TN PP OWOARON-JWRE N

c

c TALLIES
fbSy:n
eb

P oNPEPE WRFROONE DN

50 35
.50000E-08
.00000e-06
.15000e-05
.65000e-04
.00000e-02
.51000e-02
.31000e-02
.58000e-01
.98000e-01
.00000e+00
.51000e+00
.31000e+00
.58000e+01

16000E-02

0.5

or

O 00O PP W

e

R wkFEFOONDEFE W

.5
.8
.1
.1
.5
.9
.3

N-JwkrkrOoNJdwWwEkE PR &DNDPRE

-0.888101
-0.769 SMAT
-0.231
-0.78 SMAT
-0.22

0
rg=dl
.98000E-02 5.01000E-02
.00000E-01 1.26000E-01
.51000E-01 3.16000E-01
.31000E-01 7.94000E-01
.58000E+00 2.00000E+00
.98000E+00 5.01000E+00
.00000E+01 1.26000E+01
8E-05 1.97E-04 3.58E-04
6E-03 2.91E-03 4.59E-03
3E-02 1.81E-02 2.37E-02
5E-02 5.38E-02 6.53E-02
TE-02 1.07E-01 1.12E-01
9E-02 6.87E-02 4.43E-02
0E-03 2.68E-03 4.47E-04
.88000E-07 2.50000E-07 5
.15000E-06 4.65000E-06 1
.65000E-05 1.00000E-04 2
.00000E-03 2.15000E-03 4
.26000E-02 1.58000E-02 2
.16000E-02 3.98000E-02 5
.94000E-02 1.00000E-01 1
.00000E-01 2.51000E-01 3
.01000E-01 6.31000E-01 7
.26000E+00 1.58000E+00 2
.16000E+00 3.98000E+00 5
.94000E+00 1.00000E+01 1
.00000E+01
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6.31000E-02
1.58000E-01
3.98000E-01
1.
2
6
1

00000E+00

.51000E+00
.31000E+00
.58000E+01

.00000E-07
.00000E-05
.15000E-04
.65000E-03
.00000E-02
.01000E-02
.26000E-01
.16000E-01
.94000E-01
.00000E+00
.01000E+00
.26000E+01



c

¢ PROBLEM CUT-OFF
nps 10000

c

c PERIPHERAL CARDS
print
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