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INTRODUCTION

Nuclear Reactor Physics is a very interesting course to study.
Theprerequisite to this course acquainted you with basic concepts
which we shall be treating here and have servesl \zitable stepping
stone to the more advanced concepts herein.

While the content and scope of the prerequisiteseapected to have
developed in you an enquiring attitude towards toisrse, you shall see
that day to day applications abound and nucleartoes represent an
exciting field with the prospects of abundant almlast unlimited energy
in this present world of dwindling fossil fuel reges which hitherto serve
as a driving source for today’s energy needs.

We shall of course commence with the underlyingcepis, principles,
rules and laws behind this technology; some of wigmu no doubt have
become familiar with as you are well aware of theesome — albeit
destructive energy output of the atomic bomb. bet author point out
however that emphasis is laid on more construgieacetime
applications of nuclear energy.

When armed with new insight drivable upon succéssimnpletion of this
course, you will be further strengthened in youdenstanding of the
underlying principles behind the practical applicas of nuclear energy
through nuclear reactors and you will be able toffpr your own
solutions to technical questions frequently encerett in research,
development and the application of this technolagy gradually acquire
the confidence required to discuss professiondllyofathe concepts
treated in PHY 456.

THE COURSE

This coursePHY 456 — Nuclear Reactor Physics comprises a total of 5
units arranged into 3 modules as listed below witfinal section on
solutions and answers to questions presented iarite studied:

Module 1  is composed of 2 units
Module 2 is composed of 2 units; and
Module 3 is composed of lunit

Module 1 comprised of 2 units shall devote unib héutron interactions
and cross sections which are a subset of neutrgsiggwhile in unit 2we

shall discuss thermalisation with special focusentron moderation and
the passage of a beam of neutrons through a modgraaterial both of

critical interest in the implementation of nucleaactors.
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Module 2 shall deal with the subject of transpod diffusion of neutrons
and here you shall understand the pertinent equeatamneutron mobility
through matter and learn Fick’s law and the equatiocontinuity in unit
1. Unit 2 will explain the types of nuclear reaasp Fission reactions and
Fusion reactions, and here also we shall be disguggat is meant by
the criticality of a reactor.

The final Module 3 which has only 1 unit will lapte to you the practical
applications of what you must have earlier leagntiéscribing to you the
different types of nuclear reactors, their desigtigir merits and

demerits; what thermal reactors are, and the donditvhich necessitate
the design and construction of Breeder reactoosder to enrich nuclear
fuel. The content of unit 1 lists out and descrilties components of
nuclear reactors and how they relate to each okieally, answers are
provided for the self-assessment exercises askaititime units.

COURSE AIM

The aim of PHY 456 is to provide you a platform tbe understanding
of the principlesinvolved in the practical applioat of nuclear energy
through the development and operation of nucleactogs. Because
nuclear energy is highly destructive, this course atrives to show you
in quantitative terms how this energy can be cdletio

COURSE OBJECTIVES

After you have worked tirelessly on this coursey gbould undoubtedly
have been provided a unique platform upon whichslmuld be able to:

explain neutron dynamics

explain interaction of neutrons with nuclei

discuss the slowing down of neutrons in materials

explain the choice of various materials for slowicigpwn

processes

describe the behaviour of neutrons in a reactor

o explain the physics of neutrons in a reactor irmterof the
equation ottontinuity and diffusion equation

o deduce the diffusion length of neutrons and theklng factor
of a reactor

o describe how nuclear fission reaction producesroestfrom its

chain reaction

discuss nuclear fusion as a thermonuclear reaction

explain the criticality of a reactor

explain the different kinds of nuclear reactors

identify the components of a nuclear reactor



PHY 456 COURSE GUIDE

o explain the function of each of the components ofielear
reactor.

WORKING THROUGH THE COURSE

PHY 456 is easy to understand because the priscgole theories are
presented in simple language with lots of suppertilustrations. This
simplicity should not be taken for granted howeward it is strongly
recommended that you should never assume that lyeadst know the
concepts therein, but study them carefully.

The author suggests that you spend quality timead, as well as to relate
what you have read to current events around thédweanere nuclear
reactors are in operation; particularly the lorrgtenvironmental hazards
that accompany nuclear reactor disaster.

You should take full advantage of the tutorial s@ss as they represent
an invaluable opportunity for you to “rub minds”ttviyour peers — and
this represents a valuable feedback channel athgoe the opportunity
of comparing and personally scoring your progresth wour course
mates.

COURSE MATERIALS
Major components of the course are:

Course Guide

Study Units

Textbooks and References
Assignments File
Presentation Schedule

STUDY UNITS

Now let us take a look at the study units whichcanetained in this course
below. First you will observe that there are thmeslules which comprise
two units each, except for module 3 which has amlg unit. Secondly

you will see that the organization of the contemresents a logical flow
from module 1 which treats the fundamental conceptgeutron physics

through to the concluding unit where practical aggtlons are discussed.
Would you like us to take a closer look at what stmll be learning

below?

o Neutron physics
° Neutron interactions
° Cross Sections

Vi
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Thermalisation

Neutron Moderation

Passage of a Beam of Neutrons through a Moderktatgrial
Transport and Diffusion Equation

Fick's Law

Equation of Continuity

Nuclear Reactions

Nuclear Fission

Thermonuclear Reaction (nuclear fusion)
Criticality of a Reactor

Nuclear Reactor

Classification of Nuclear Reactors
Thermal Reactors

Breeder Reactors

Components of Nuclear Reactors.

TEXTBOOKSAND REFERENCES

It is recommended that you acquire the most reeditions of the
recommended textbooks for your further studies.

Introduction to Nuclear Engineering (4th Editiory) lbamarsh, J.R. and
Baratta, Anthony J. ISBN 10: 0134570057ISBN 13:@/81570051.
Published by Pearson, 2017
https://www.abebooks.com/9780134570051/Introduehiniclear-
Engineering-4th-Edition-0134570057/plp

Fundamentals of Nuclear Reactor Physics — by EEnéewis, 2008.
ISBN 978-0-12-370631-7. Available at: DOI
https://doi.org/10.1016/B978-0-12-370631-7.X0001-0

ASSESSMENT

It is standard NOUN practice to assess your petdoca partly through
tutor-marked assignments which you can refer taM#\; and partly
through the end of course examinations.

TUTOR-MARKED ASSIGNMENTS (TMAS)

TMA is basically continuous assessment and accdont®0 per cent of
your total score. During the study of this courngay will be given four
tutor-marked assignments and of which you must cdsmpily answer
three of them to qualify to sit for the end of yeaaminations. The tutor-
marked assignments will be provided by your cotaséitator and upon

Vii


https://www.abebooks.com/9780134570051/Introduction-Nuclear-
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completing the assignments; you must return theok ba your course
facilitator within the stipulated period of time.

END OF COURSE EXAMINATION

You must sit for the end of course examinationhesé accounts for 70
percent of your score upon completion of this ceu¥®u will be notified
in advance of the date, time and the venue foretteminations which
may, or may not coincide with National Open Uniugrof Nigeria
semester examination.

SUMMARY

Each of the three modules of this course has bassfully tailored to
stimulate your interest in a specific area of nacleeactor physics in
particular; the progression from module 1 whichatseneutron physics
through module 2 and concluding with module 3 #gilains practical
nuclear reactor designs will enable you to undatsthe content of the
course with relative ease and will also facilitiéite translation of abstract
theoretical concepts to real world subsystems gsidss which you can
relate to.

This coursework provides you invaluable insightoirthe discovery,
development and the functioning of nuclear reactmd the simple
concepts which constitute the building blocks updnch the complex
constructs of a functional nuclear power stationust and which offers
abundant clean energy (nuclear fusion) capablenstorming the world
which we live in today.

You will upon completion of this course be abla@iscuss the knowledge
space contained within with confidence, and wilcabe able to proffer
realistic solutions and answers to everyday questibat arise.

Ensure that you have enough referential and stuatgnmal available and
at your disposal as this course will change youcegion of the world
around you in more ways than one.

On this note;

| wish you the very best as you seek knowledgevays bearing in mind

that Albert Einstein, the father of modern physics, also trod this path
once!

viii
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MODULE 1
Unit 1 Neutron Physics
Unit 2 Thermalisation

UNIT 1 NEUTRON PHYSICS
CONTENTS

1.1  Introduction

1.2 Objectives

1.3  Main content
1.3.1 Neutron Interactions
1.3.2 Cross sections

1.4  Conclusion

1.5 Summary

1.6  Tutor marked assignments

1.7 References/Further Readings

1.1 INTRODUCTION

The design of all nuclear systems- reactors, radiashield, isotopic

generators, and so on- depends fundamentally onvthe in which

nuclear radiation interacts with matter. In thigtthese interactions are
discussed for neutrons only with energies up to @@MMost of the

radiation encountered in practical nuclear devikes in this energy
region.

1.2 OBJECTIVES

After going through this unit, you will be able to:

o Explain neutron dynamics
o Explain interaction of nuclear radiations(neutrongh nuclei

1.3 MAIN CONTENT
1.3.1 Neutron Interactions

It is important to recognize at the outset thatcsimeutrons are
electrically neutral, they are not affected by éhectrons in an atom or
by positive charge of the nucleus. As a consequeneatrons pass
through the atomic electron cloud and interactaliyewith the nucleus.
In short, neutrons collide with nuclei, not witloats.
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Neutrons may interact with nuclei in one or morehef following ways:

(i)

(ii)

(iii)

(iv)

(v)

(vi)

Elastic scattering: in this process, the neutrons strikes the
nucleus, which is almost always in its ground st#te neutron
reappears, and the nucleus is left in the grousie.sThe neutron

in this is said to have beefasticallyscattered by the nucleus. In
this notation of nuclear reactions, this interactis abbreviated
by the symbol (n,n).

Inelastic scattering: this process is identical to elastic scattering
except that the nucleus is left in an excited st@eézause energy
is retained by the nucleus, this is clearly an d&melonic
interaction. Inelastic scattering is denoted by skebol (n,n’).
The excited nucleus decays by the emissiory-tdys. In this
case, since thegerays originate in inelastic scattering, they are
called inelastig-rays.

Radiative capturehere the neutron is captured by the nucleus,
and one or more-rays — called capturerays- are emitted. This

ia an exothermic interaction and is denoted by)(r§ince the
original neutron is absorbed, this process is amgie of a class

of interactions known agbsorption reactions.

Charged-patrticle reactionsNeutrons may also disappear as the
result of absorption reactions of the typeajnand (n,p). Such
reactions may be either exothermic or endothermic.

Neutron-producing reactionReactions of three type (n,2n) and
(n,3n) occur with energetic neutrons. These reastare clearly
endothermic since in the (n,2n) reaction one nautamd in the
(n,3n) reaction two neutrons are extracted from #teick
nucleus. The (n,2n) reaction is especially impdrianreactors
containing heavy water or beryllium since
2y and 9g,.have loosely bound neutrons which can easily be ejected.

Fission: Neutrons colliding with certain nuclei may cause t
nucleus to split apart, i.e., undergo fission. Ti@action is the
principal source of nuclear energy for practicglaations.

SELF ASSESSMENT TEST 1

(i)

List and briefly explain the different ways by whioeutrons can
interact with nuclei.
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1.3.2 Cross sections

The extent to which neutrons interact with nucgedescribed in terms
of quantities known asross sections.These are defined by the
following type of experiment. Suppose that a bednmonoenergetic
(single energy) neutrons impinges upon a thin taojehickness ‘X’
and area ‘a’ as shown in Fig. 1. If there araeutrons per cfnin the
beam and is the speed of the neutrons, then quantity

I=nv (1.1)

Is called thantensityof the beam. Since the neutrons travel the distanc
vcm in 1 sec, all of the neutrons in the voluvagn front of the target
will hit the target in 1 sec. Thuswa = la neutrons strike the entire
target per second, and it follws tHata =I is equal to the number of
neutrons striking the target per #sec.

Neutrons in beam Target

‘ ——Area @
4

P, [; \\ I‘\ l’
\

i__ \—Thlckness X

Fig.1 Neutron beam striking a tar get

Since nuclei are small and the target is assumd tihin, most of the
neutrons striking the target in an experiment likat shown in Fig.1
ordinarily pass through the target without interagtwith any of the
nuclei. The number which do collide is found togreportional to the
beam intensity, to the atom denshiyof the target and to the area and
thickness of the target. These observations casub@marized by the
equation.

Number of collisions per second#NaX (1.2)

where o, the proportionality constant is called thess sectionThe
factorNaX in  EQ. (1.2) is the total number of nucletlie target. The
number of collisions per second with a single nugles therefore just
ol. It follows thatois equal to the number of collisions per secondh wit
one nucleus per unit intensity of the beam.
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There is another way to view the concept of crasgien. As already
noted, a total ota neutrons strike the target per second. Of these,
interact with any given nucleus. It may be conctlitteerefore that

ol g

—= 5(1.3)

is equal to the probability that a neutron in tlearmn will collide with
this nucleus. It will be clear from Eq.(1.3) thathas units of area. In
fact, it is not difficult to see that is nothing more than theffective
cross-sectional are of the nucleus, hence the term “cross-section”.

Neutron cross sections are expressed in units wishavhere 1 barn,
abbreviated b, is equal to ‘#@nm? One thousandth of a barn is called a
millibarn, denoted as mb.

Up to this point it has been assumed that the aeuieam strikes the
entire target. However, in many experiments thenbea actually
smaller in diameter than the target. In this cése above formulas still
hold, but nowa refers to the area of the beam instead of the afrédae
target. The definition of cross section remainsséme, of course.

Each of the processes described in section 1.1 bighwneutrons
interact with nuclei is denoted by a characteristioss section. Thus
elastic scattering is described by #lastic scattering cross section
inelastic scattering by thaelastic scattering cross sectioty, the (n,y)
reaction (radiative capture) by the capture cra@sdieng,; fission by
the fission cross sectiony; etc. The sum of the cross sections for all
possible interactions is known as the total crestien and is denoted
by the symbob;; that is,

The total cross section measures the probabildy #m interaction of
any type will occur when neutron strike a targdie Sum of the cross
sections of all absorption reactions is known asahsorption cross
sectionand is denoted hy,. Thus

aa=0y+af(+a§+az+---
1.5

Whereo,anda, are the cross sections for the (n, p) andu(megactions.
As indicated in equation (1.5), fission, by convaat is treated as an
absorption process.
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To return to equation (1.2), this can be written as
Number of collisions per second (in entirely tajygefNo; X aX (1.6)

where g, has been introduced because this cross sectiosunesathe
probability that a collision of any type may occsinpceaX is the total

volume of the target, it follows from equation (LtBat the number of
collisions per crisec in the target, which is called thalision densityF

Is given by

F =INg, (1.7)

The product of the atom density and a cross section, as in equation
(3.7), occurs frequently in the equations of nucleagineering; it is
given the special symbal, and is called thenacroscopic cross section.
in particular, the producNo, = X, is called themacroscopic total
cross sectiolNo, = X, is called the macroscopic scatteringcross
section and so on. SinceV and ¢ have units of cm and cm,
respectively,X has units of cm. In terms of the macroscopic cross
section, the collision density in equation (1. fuees taF = IX, (1.8)

SELF ASSESSMENT TEST 2

(i) Define the following terms:
- Cross section
- absorption cross section
- macroscopic cross section.

(i) A beam of 1-MeV neutrons of intensity 5 x8lifeutrons/critsec
strikes a thin?C target. The area of the target is 0.5@nd it is
0.05cm thick. The beam has a cross sectional dréalont. At
1-MeV, the total cross section B is 2.6b.

(@) Atwhat rate do interactions take place intdrget?

(b)  What is the probability that a neutron in theam will have a
collision in the target?

14 CONCLUSION

In conclusion we have been able to examine diftanatys that neutrons
can interact with nuclei of atoms as well as neuttgnamics.
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15 SUMMARY

In this unit, we have been able to understand mieaitrons have the
ability of interacting with nuclei of atoms and tlgferent forms of
interactions these neutrons can have with nuclei.

1.6 TUTOR MARKED ASSIGNMENT
0] (a) The scattering cross sections (in barns) ofrdgeh and

oxygen at 1-MeV at 0.0253eV are given in the tdddw. What
are the values of for the water molecule at these energies?

1-MeV | 0.0253eV
H 3 21
O 8 4

(b)  The value o, for *H at 0.0253eV is 0.332 b. whatds at 1eV?

(i) A 1-MeV neutron is scattered through an angle4? in a
collision with a’H nucleus.

(@) what is the energy of the scattered neutron?

(b)  what is the energy of the recoiling nucleus?

() How much of a change in lethargy does the roautindergo in
this collision?

1.7 REFERENCE /FURTHER STUDIES
Textbook

Introduction to Nuclear Engineering (4th Edition) bamarsh, John R;
Baratta, Anthony J. ISBN 10: 0134570057ISBN
13:9780134570051. Published by Pearson,
201 Mttps://www.abebooks.com/9780134570051/Introduetion
Nuclear-Engineering-4th-Edition-0134570057/plp

Video Links

https://youtu.be/3yqpirzxudw
https://youtu.be/1gpEmEdC|C8



https://www.abebooks.com/9780134570051/Introduction-
https://youtu.be/3yqpirzxudw
https://youtu.be/1qpEmEdCjC8

PHY 456 NUCLEAR REACTOR'BIKLS

UNIT 2 THERMALIZATION
CONTENTS

2.1 Introduction
2.1 Objectives
2.3  Main content
2.3.1. Neutron moderation
2.3.2. Passage of a beam of neutron through @ ratiag
material
2.4  Conclusion
2.5 Summary
2.6  Tutor marked assignments
2.7 References/Further Readings

2.1 INTRODUCTION

Here we will discuss details of nuclear reactiamsvhich neutrons are
the projectiles. A good source of neutronsoiparticles bombarding
light elements.

4 9 12 1
,He+, Be—>" G+ n+ C

The a-particles are usually obtained from radium (Ra) narmal
radioactive processes. In such a reaction, up foelirons are emitted
with energy 1-13MeV. Neutrons with this kind of egye are referred to
as fast neutrons for the purpose of nuclear fission and large escal
release of atomic energy, neutrons of energy in rnieghbor of
0.0025eV are required. The neutrons are catleekmal neutrons

because this is about the thermal ener§)§/2 KT) of molecules at

thermal temperature. The process of slowing dowst feeutrons is
called” Thermalization or Moderation”

22 OBJECTIVES

After going through this unit, you will be able to:

o Explain the slowing down of neutrons in materials
o Explain the choice of various materials for slowimgpwn
processes.
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2.3 MAIN CONTENTS
2.3.1 Neutron Moderation

The process of getting fast neutrons to slow dowthérmal neutron is
calledmoderationorthermalizationThis is achieved by passing the fast
neutrons through some suitable material cattemtierators In such a
way that neutrons are not lost by absorption, betehly have their
kinetic energy reduced progressively by elastidisioh with the nuclei
of the material, examples of good moderators aaplgte and water.
There are usually two frames of reference in the\ysbf the dynamics
of neutrons. They are as follows:

. Laboratory frame

~

X
Fig.1 Laboratory frame of reference

In this frame, the target nucleus is at rest betheecollision and it is
approached by a projectile neutron with velocity Xfter collision, the
nucleus is scattered through andgland the target nucleus moves
through angled’. This can be represented diagrammatically as shown
above.

. The Center of Mass Frame

This is theoretical but a very useful approach galohg with the
dynamics of the moderation process. In this fraitme center of mass of
the neutron and the target nucleus is at rest ansl approached in
opposite direction by the neutron and the targetleus. By the
conservation of the momentum principle.
mV¢— MV =0
or Ve = (1)

m

where \ is the velocity of neutron;

V is the velocity of target nucleus
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After collision, a neutron scatters off with angl@and the nucleus move
all through (¢ + m). In order to conserve momentum, velocity after
collision remains unchanged.

Combining this two frame of references, we obtaisitaation as in
Fig.2 below:

Fig.2. The center of mass frame of reference
XY =QZ

V,

1

Vising = QZ
VcSing = XY

A in@
In the laboratory frame, the relative velocity 5 8ince M is at rest. In
the centered mass frame, relative velocity = Vc sinte they approach
opposite direction.
These two relative velocities must be equal in 2h&rames, in other
words,
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Combing equation (1) and (2) and eliminating V
__my,
M+m

MV .. )
And V. = ° (eliminating V
¢ M+m( g )

m 1
M A
where, A is the mass number of the nucleus

ThereforeV = Vo
1+ A

Vo= V(L + A)
V. A

Such thatVc=-=2 andﬁ =
1+ A V

From the diagram
V2 =V?+V,*~2VVcCoq 180-9)
=V?+V/+2VVcCosp
2
RVE 1+Vc:2 N 2VcCosp
Y, Y,
V? =V?(1+ A+ 2 ACosp)

VA 1+ A

+A

So,
Let the incident energy of the neutron from theotalbory frame be
given as:
E, 1 mv?.
2
After the first collision, the energy is reduced to
1
E1=§m\42
And the fractional energy is given

E_%M\/:LZ_\/:LZ

E, 5mV \2

1+ A’ +2C
E, :[ AT Zogp] (Fractional energy)
E, [1+ A]

Cases of Interest

1. Glancing of collision;@ = 0)
E _1+A+2Cop A+ A,
E, [1+A]" 1+ A+ 2A

This implies E, = E, therefore the neutron loses little or no energy on
colliding with the nucleus.

10
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2. Head on collision, g = )
Where, Cos =-1

E 1+ A-2A (A-1)
E, @+A° (A+1)2

This type of collision leads to maximum energy lbgtthe neutron e.g.
for graphite which is a carbon allotrope and wighatomic mass, A =

12.

E, =72%
E,
3. General case<09 < m
Introducin —{A—_l}z
= A

(AE)max = (Eo — Ex)max

= BE(1 - B/Eo)
=B (1-a)

(A?f]max ) (1_a)

4 8 12 16 20

ATt T

_1 A_12
B (A+1)

. (1+2)°
_£{1_2+_3__4+_5}
A A X A A

A very important point is that for a material tonse as a good
moderator, the fractional energy loss must be laagd from the
expression above, the loss is smaller.From the elsxypression, it is

observed that the fractional energy |{$SE—} Is inversely proportional

to the atomic mass of the moderator.
SELF ASSESSMENT TEST 1

0] List and briefly explain the frames of referencesisidered for

neutron moderation.
[1+ A% +2A4cos 0]

[1+A4)?

(i)  Derive the fractional ener g'l
0

11
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2.3.2. Passage of A Beam of a Neutron Through A Moderating
Material

In practice, we deal with a flux of up to &@ast neutrons to be
moderated by many nuclei of the moderator. We thiced the
probability that a single neutron will be scattetbbugh angled lying
between® and @ such that the energy of the neutron after scatieri
lies between E + dE. The range of the energyiis [ for glancing
angle collision and £= aE, for head on collision. The probability that a
neutron will have energy E wheud, is less than E and less than E
(aEoc<E<Ey) after anarbitrary scattering is P(E). The endrygiwveen this
range is:

E-0Er = B (1 —(1) so that
P(E)dE= dE

E,(1-)

Normalizing this probability
Eo Eo dE
P(E)dE= | ——=1
I (B J.E (1-a)

El=aEo aEo 0

The average energy of a neutron after series oftestay is the
probability that a single collision will have engrg. Then, the average
energy is given by:

[;° EP(E)dE
(E) = E(())
J, o5, P(E)AE
= o [E?] 5
2E,(1 —a) " %o
(E) = %Eo(l—a)
2
Where« =%
(A+1)
o Average log energy decremem)(

This term is introduced to obtain information abthé average number
of collision which a fast neutron will make befoits energy Es
reduced to thermal energy, Bvhen E is reduce to E, the logenergy
decrement is given by:

log.E,—log . E= Ioge(%j

12
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Average log decrement =log, (%) >
Eo E0
&= LEOIoge (EJP(E)dE

Eo E dE
= lo 0 - -
aEo ge( é) E (l-a)
SincejE;P(E)dE=1

Take x= E
EO

Then for E =E,
Wherex =a
ForE=FK, =x=1

dE = kdx and Iog%:—logx
1
gz—ﬁilogxdx

=1+Lloga
-

substitute
=)
o=—
A+1
A-1Y A-1)
1+ —— | log| ——
A+1 A+1
2
1_(A—1)
A+1

2
= ]__M |c)ge (E’)
2A A+1

For A > 1, a convenient approximation

¢ =

n=1lo (Ej
_é’ ge E

Where n is the number of collision required to Edast neutron
energy k& to thermal energyE

13
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) Slowing down power Sp

The effectiveness of a moderating material not dojylog energy
decrement but also by the density of the substdhaeijs, the number of
colliding centers that a material has per unit wodu

The material must also have smattisorption cross sectian,. Slowing
down power is a term which combines the variousupa&ter and it is
defined as:

S, =¢Na,
Or

$Ng po,
Sp=""7—

Wherep is the density

A is the atomic weight of the moderator
o, = Absorption cross section

N, = Avogadro’s constant

° Neutron interaction

All neutrons at the time of their birth are fast. penetrating through
matter, they undergo characteristics process ofggndegradation or
moderation. The probability of a neutron interactiwvith a nucleus
taking place in the moderating medium is the csEsion represented
by 6. This is measured as effective area presentdtetodutron and it is
expressed in unit of barns.

Where 1 barn = 1 x 1¥cn? (total part of material presented for
interaction).

The total cross-sectiafi has several components:
Ot = Oet T Oinelastict Cab + ©f *+.....

which is the sum of elastic, inelastic, absorpteomd fusion. Cross-
section all of which are strongly energy dependdiite total cross-
section pt is a microscopic quality/ henmultiply by the number N of
the absorber atoms per unit volume we have

Y=0oN

The removal of neutrons from a beam transversitingc&ness t.
| = log°M

Or

| = loex!

lo — initial intensity of the beam neutron

14
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THE MEAN FREE PATH is the distance travelled by the neutron
before collision
=1 or L

oN

o Absorption

As neutrons near thermal energy, the likelihoodafture by absorber
nucleus increases i.e. the absorption cross-seatioreasesca,. For
many absorbing nucleic, as neutron energy becomesreall (0.01 to
10, 000eV), the absorption cross-section is diyeptbportional to the
inverse of the velocity and inversely proportiottathe energy.

1 1
o.0—+— 1
ab v E ( )

Between the range of energy (0.001 to 10, 000e¥)nkutron enters a
reactor or start in a reactor with certain energyaid having energy E
after a certain number of the collision.

ﬁzﬁ (2)

o ,/EO
From the absorption spectrum of neutrons insideator, resonance
effect is observed.

Example
Cadmium has resonance effect of 0.176eV

When neutron is absorbed by a material, there amynthannel of

decay i.e. (ny), (n, p), n, n), (ng). This implies that the first letter in
the bracket is absorbed and the other is emitted.

AX+rn— Yy

Such that the first reaction (n, d) the absorptooss-section can be
written as:

~ A,
o, . =
(n,}/) 2 1 2
472'[(E—E7/) 7 }

Wherenn = partial width for (n, n) reaction

1y = partial width for (ny) reaction

n =nn + 1y = width of resonance at % of its height

L = de Broglie’s wavelength for neutrons of energy E
E = energy at which absorption cross-section isutated

15
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SELF ASSESSMENT TEST 2

() Define the following terms as related to Neutroys$its:
(i) Slowing Down Power

(i) Average Log Energy Decrement

(iif) Cross section in moderating process

(iv) Resonance effect

(i)  In an experiment to measure the total cross-sedaifolead for
10MeV neutrons, it is found that 1cm thick leackattate neutron flux
to 84.3% of its initial value. The atomic weightlefd is 207.21 and its
specific gravity is 11.3.Calculate the total crgsstion

(i)  Estimate the probability of (n, n) and {),in indium, known to
have a neutron resonance at 1.44eV with an abeanptiof 0.1eV and
o, cross-section of 28, 000barns.

2.4 Conclusion

In conclusion we have been able to examinehow Mmastirons are
reduced to thermal neutrons such that they carsérilin the reactor to
produce energy.

2.5 Summary

In this unit, we have been able to understand tigatirons have the
ability being thermalized. Also, we studied variquerameters used in
studying this process such as Slowing Down Power Average Log
Energy Decrement

2.6 Tutor Marked Assignment

1. Explain a resonance effect that is observed iraetoe

2. Determine the thermal energy of a neutren E

3 Discuss hydrogen as a special moderator (whydpétial using
the formula we just derived)

4, If the number of neutrons is reduced to half ofatsginal value
after passing through a moderating material (heaayer) of
thickness 15cm. Calculate its thermal diffusion dhend length.
Given the Diffusion co-efficient and Absorption ssosection of
heavy water as 0.87cm and 2.9x&07* respectively.

16
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2.6 REFERENCES/FURTHER READING

Fundamentals of Nuclear Reactor Physics — by EEdrewis, 2008.
ISBN 978-0-12-370631-7. Available at: DOI
https://doi.org/10.1016/B978-0-12-370631-7.X0001-0

Videos Links

https://youtu.be/XwVOyT{7DgU
https://youtu.be/1lsO-YJLwMs
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UNIT3  TRANSPORT EQUATION AND DIFFUSION
EQUATION

CONTENTS

3.1 Introduction
3.2  Objectives
3.3 Main content
3.3.1. Neutron moderation
3.3.2. Passage of a beam of neutron through @ ratiag
material
3.4 Conclusion
3.5 Summary
3.6  Tutor marked assignments
3.7 References/Further Readings

31 INTRODUCTION

It is essential to know the spatial and energyrithstions of the
neutrons in a field in a nuclear fission reactoxTD(or D—D) fusion
reactor, or other nuclear reactors populated wittgd numbers of
neutrons. It is obvious why the spatial distribotghould be known, and
because neutron reactions vary widely with enerthe energy
distribution is also a critical parameter. The nentenergy distribution
Is often called theneutron spectrumThe neutron distribution satisfies
transport equation. It is usually difficult to selthis equation, and often
approximated equation so called diffusion equaisosolved instead. In
this unit an overview of transport equation andudifon equation of
neutrons are presented.

3.2 OBJECTIVES
After going through this unit, you will be able to:

o Explain the behaviour of neutrons in the reactor

o Explain the physics of neutrons in a reactor irmkerof the
equation of continuity and diffusion equation.

o Deduce the diffusion length of neutrons and theklwg factor
of the reactor.

18
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3.3 MAIN CONTENTS
331 FICKSLAW

The original Fick's law states that the rate of ram of solute
concentration is proportional to the negative geatliof the solute
concentration(which was originally used to accodat chemical
diffusion).

Neutrons behave in much the same way as a solwesolution. This
means that if the density (flux) of neutron is l@ghn one part of a
reactor than at another, there is a net flow oftnoeuinto the region of
lower neutron density. For example, suppose thaflthx (it is usual in
nuclear engineering to make calculations with thex,f which is
proportional to neutron density, rather than wité tensity itself) varies
along thex-direction. As shown in Fig. 3.1. then Fick’s law is written

asp

—_pl
]x - D dx
(3.1
In this expressiorf,is equal to the net number of neutrons which pass
per unit time through a unit area perpendiculathx-direction it has

the same units as flux, namely, neutrongfsect. The parameter D in
Eq.(3.1) is called thdiffusion coefficient.

dl(x)

Fig. 3.1 Neutron flux and current

Equation (3.1) shows that if, as in Fig.3.1, thesea negative flux
gradient, then there is a net flow of neutrons @ldhe positivex-
direction as indicated in figure. To understand the origirthis flow,
consider the neutrons passing through the plare@tThese neutrons

19
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pass through the plane from left to right as altesfucollisions to the
left of the plane; and, conversely, they flow framght to left as the
result of collisions to the right of the plane. Hower, since the flux is
larger for negative values af there are more collisions per ¥sec on
the left than on the right. More neutrons are tfegeescattered from left
to right that the other way round, with the resh#t there is a net flow
of neutrons in the positivex-direction through the plane, just as
predicted by Eq. (3.1). it is important to recognthat the neutrons do
not flow from regions of high flux to low flux bease they are in any
sense “pushed” that way. There are simply morerapstscattered in
one direction than in the other.

The flux is generally a function of three spatialriables, and in this
case Fick’'s law is

J] =-Dgrad ¢ = —DV¢
(3.2)

Here Jis known as theneutron current densityvectoand grad¥ is the
gradient operator. The physical significance of ¥ketorJ with a unit
vector in thex-directioraxthis gives the x-component &f namelyJy :

Ja, =],

which, as already noted, is equal to the net flbweutrons per second
per unit area normal to thedirection It follows, therefore, that i is a
unit vector pointing in an arbitrary direction then

J.n=],(3.3)

Is equal to the net flow of neutrons per secondyper area normal to
the direction oh.

Returning to Egs.(3.1) and (3.2), it may be noteat,tsincelx andJ
have the same unit ag, Dhas units of length.lt can be shown by
arguments which are too lengthy to be reproduced tieatD is given
approximately by the following formula:

p="%r

3
(3.4)
wherel,, is called théransport men free patland is given in turn by
1 1

A —_——
A N )

(3.5)
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In this equation,X,, is called thanacroscopic transport cross section,
2 is themacroscopic scattering cross section of the medamgz is
the average value of the cosine of the angle atlwimeutrons are
scattered in the medium. The valuego&t most of the neutron energies
of interest in reactor calculations can be computedn the simple
formula

_ 2
=30

(3.6)
where A is the atomic mass number of the medium.

It must be emphasized that Fick’'s law is not ancexalation. In
particular, it is not valid

0] In a medium which strongly absorbs neutrons.

(i)  within about three mean free paths of either areausource or
the surface of a medium; and

(i)  when the scattering of neutrons is strongly anogmdr.

To some extent these limitations are present imyepeactical reactor
problem. Nevertheless, as noted earlier, Fick’'s 4 diffusion theory
are often used to estimate reactor properties.

3.3.2. Equation of Continuity

The equation of continuity is the mathematicalestant of the obvious
fact that since neutron do not disappear unaccblypta time rate of
change in the number of neutron in a volume, V wvith medium must
be accounted for. In particular, it follows that

Rate of change of neutron,V = (Rate of productiomeutron in the
volume) - (Rate of absorption in the volume) — ¢Rat leakage in the
volume)(3.7)

If nis the density of neutrons at any point and time/aiume,v. The
total number of neutrons inside a volume, dv isitgezen asydv, but
the total number of neutron inside the volume vgigen as[ndv.
Therefore, the rate of change in the number ofrnaus given as

j%dv

\

Also, let S be the rate at which neutrons are enhittom a source per
cubic meter for volume, v. The rate at which newsr@re produced
through v is given as:
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Production rate = j Sdv

The rate at which neutrons are lost by absorptarcp¥/sec is given as
dv=ZX_¢

where) a is the absorption cross-section through the volume
Therefore, the total number of neutron lost due atwsorption is
represented as

Absorption =z gdv

Consider the flow of neutron in and out of volunag If Jis the neutron
current density vector on the surface of v and & usit vector pointing
outward from the surface. Then the dot product ehd n (J. n) is the
net number of neutrons passing outward througtstiniace percthper
second. It follows that the total rate of leakageneutrons through the
surface A is given as

DI

Hence equation (3.7) becomes

If the neutron density is time dependent, then @Rpression density
now becomes zero

0=S—3,6—V.J
(3.9)

Equation (3.9) is called the steady state equatia@ontinuity.

SELF ASSESSMENT TEST 1

0] State Fick’s law.

(i)  Briefly explain the equation of continuity.

(i)  State the steady state equation of continuity axmlaegn what
each term stands for in the equation.

3.3.3. Diffusion Equation

The neutron diffusion equation is obtained by gtltstg the
expression/] = —DV¢ (where D is the diffusion coefficient) into
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equation (3.8) above. If D is not a function of apaariable i.e,y,z
This impliesD # D(x,y, z). Then we will have:

DV2p—3,p+S=21

n
at

(3.10)

and ¢ =nv; wherev is the velocity of the neutron, whem is

independent of time, the expression on the lefdhside becomes zero

l.e z—'t’= 0 and it is called the steady state diffusion equmatiBut if
dependent on time, then it is called diffusion eume

Dividing equation(3.10) through by D, then we vinlve

Vz¢_%+%=0 (3.11)
Substituting

%“ = leinto equation (3.11)

PSP (3.12)
L2 = zD_a (3.13)

The quantityL appears frequently in nuclear engineering problant
is calleddiffusion length:L?is called thediffusion area.SinceD and

¥ ,have units of cmand chrespectively, it follows from Eq.(3.13) that
L? has units of chandL has units of cm. a physical interpretatior_of
andL? will be given later in this unit.

3.3.4. Boundary Conditions

To obtain neutron flux from the diffusion equation, it is necessary to
specify certainboundary conditionwhich must be satisfied by the
solution i.e.

I ® must be real and non-negative function
. ® must be finite except perhaps at singular poirita source
distribution.

In many problems, neutrons diffuse in a medium Wwhas an outer
surface, that is, a surface between the mediumtlamdtmosphere. In
the immediate vicinity of such surface, Ficks lawmist valid which

means the diffusion equations is not valid thertegi Exact (non-
diffusion theory) calculations show, however, ietlux as calculated
from the diffusion equation is assumed to vanishieal small distance

beyond the surface, then the flux determined frioendiffusion equation
Is very nearly equal to the exact flux in the imderof the medium,
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though not, of course, near the surface. This stédfairs is illustrated
in fig.3.2.

The parameted is known as thextrapolation distanceand for most
cases of interest it is given by the simple formula

d = 0.714,.(3.14)
where 4..is the transport mean free path of the medium. Fbom
and sad becomesl=2.130(3.15)

Ao
3 )

Diffusion -,
theory 1

Vacuum or air

~+—Surface

Diffusing medinm

Fig.3.2 The extrapolation distance at a surface

Thus, from Eq. (3.15) it will be seen thatis usually small compared
with most reactor dimensions. It is often possiltlegrefore, when
solving the diffusion equation, to assume thatftog vanishes at the
actual surface of the system.

Boundary conditions at an interface between twéedght media (e.g.
betweenthe reactor core and reflector) must alsospgeified. The
conditions are that both the flux and the componanthe current
normal to the surface must be continuous acrosbdbedary. Thus, at
an interface between two regions A and B, we maseh

Pas = Pp (3.16)
(]A)n = (]B)n (3.17)

3.3.5 Diffusion Length

It is of interest at this point to examine the pbgkinterpretation of the
diffusion length, which appears in the diffusioruation and in so many
of its solutions. To this end, consider a monoeetcgpoint source
emitting S neutrons per second in an infinite hoemagis moderator. As
these neutrons diffuse about in the medium, indi@&icheutrons move in
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complicated, zigzag paths due to successive anilésias indicated in
Fig. 3.3. Eventually, however, every neutron isoabed in the medium-
none can escape, since the medium is infinite.

The number of neutrondn, which are absorbed per second at a distance
from the source betweerandr+dr is given by
dn=ZX_¢p(r)dV,

Neutron Neutron

emitted here absorbed here
Va
2 rd

Actual path
of neutron

Fig. 3.3. Trajectory of a neutron in moderatingdinen

whereg(r) is the flux from the point source ad#l = 4nr? dr is the
volume of a spherical shell of radiuand thicknesdr. Introducing
f set
r) from =
o(r) o(r) 27 Dr
S,

S
dn = 5 re”"/Ldr = Ere‘r/’“dr,

gives

Since S neutrons per second are emitted by theesaumddn are
absorbed per second betweeandr+dr, it follows that the probability
p(r) dr that a source neutron is absorbedriris

It is now possible to compute the average distdram the source at
which a neutron is absorbed, by averagingver the probability
distributionp(r) dr. For somewhat obscure reasons, however, it is more
usual in nuclear engineering to compute the aveohgfee square of this
distance itself. Thus,

2_J'°’J 2(re_
r=|r
0 LF

r/L

—r/L

J— 1 ¢ .
P(r)dr:reLZ ar *=5 [ rehr

12 =6L2

1
6

s
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In words, the last equation states théis equal to one-sixth the average
of the square of the vector(“crow-flight”) distanttet a neutron travels
from the point where it is emitted to the point wat is finally
absorbed. It follows from this result, that theajez the value ok, the
further neutrons move, on the average, before they absorbed.
Measured values of andL? for thermal neutrons will be discussed
later.

SELF ASSESSMENT TEST 2

0] State the diffusion equation and explain whatteterm of the
equation stands for.

(i)  What are the conditions imposed on the diffusequation to get
the neutron flux?

(i)  Describe the Physics of the diffusion lengglith respect to the
average of the square of the distance that a netrawels.

3.4 CONCLUSION

In conclusion, we have been able to examine theerdifit physical
parameters that describe the behavior of neutidnderstanding these
behaviors aid the design of nuclear reactors.

35 SUMMARY

In this unit, we have been able to understandribatrons diffuse in the
reactor which obeys the Fick’'s law for chemicalctens. Also, the
equation of continuity and diffusion equation ha&eib used to explain
the diffusion of the neutrons. In order to solvest equations, boundary
conditions were assigned to solve these problenciwied to the
derivation of the diffusion length.

3.6 TUTOR MARKED ASSIGNMENT

1. State three conditions under which the fick’s lamot valid.
2. Deduce the diffusion length and diffusion area fritve diffusion
equation.

3. The scattering cross section of carbon at 1eV8bk.£stimate the
diffusion coefficient of graphite at this energy.

4. it has been shown in this unit that the flux atdistance from a
point source emitting S neutrons per second in rAmite
moderator is given by the formula

Se—T/L
¢(r) = 4tDr ’
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Where L is a constant. Find expression(&ithe neutron current
in the medium,

(b) the net number of neutrons flowing out throwgkphere of
radiusr surrounding the source.

37 REFERENCESFOR FURTHER STUDIES
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41 INTRODUCTION

The main forces operating inside a nucleus aretdube volumeterm
and surface term. This causes the nucleus to bdhava liquid drop.
Therefore, if energy is applied from the outsidsgillation modes are
excited in the same way as for a liquid drop. lis thay, a nucleus can
fission into two pieces, which is the process knagnnuclear fission.
Also, two or more light nuclei can fuse togethefdon heavy nuclide.

42 OBJECTIVES

After going through this unit, you will be able to:

o Explain how nuclear fission reaction produces rangrfrom its
chain reaction.

o Explain nuclear fusion as a thermonuclear reaction.

o Explain the criticality of a reactor

43 MAIN CONTENTS
43.1 NUCLEARFISSION

When a nuclear fission takes place, two or more fmeutrons are
released. Fission is like any other nuclear reastim which the total
charge and the total number of nucleus must rec@nstant.e.g.
S0+ > 52U

- 7A'£11Pl+222 P+ K;’?

Where K is the number of neutrons released. Usually A.. In other

words, nuclear fission is usually asymmetric. Synmmeuclear fission
is one in which A= A..
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Yield

IV

95 140

—
v
>

From the diagram above:As about 95 and Ais about 140. From
experiment result, the average value of K from taaction is 2.5.

o Energy released from neutron yield

We can calculate the energy released as follows:
B B
22U + jn—>(§§’6U)—>2§—Z-r—> f > Mo+2.'n

B B
>0 Te—s T Xer 2 n
22U+ n—> oMo+’ Xer 2 nk 4 e
Xmi = 236.133amu
~my = 235.905amu
Am =Xmi - ¥mf
= (0.228amu
= (0.228amu x 931.5MeV = 212.268MeV
= 212.268x1.6 x 1&
= 3.36x101)

In addition to this energy, some energy have begnecd away by the

emitted B~ particles and the rays. Fission process occur sequentially

releasing about 210MeV at each point of fissiorer€fore, if fission is

allowed to continue, one can build a large amo@i@nergy (3.36 x 10

113 in a single fission) when this is multiplied blget Avogadro’s

number, we get the total energy released in 1 atomaiss i.e. in 235g of

235U

=3.36 x 10" x 6.02x 16°

=2.02x 163

If this is consumed as fuel in one month in a naiclgower reactor, the
2.02x< 16°J

ower output R —————
P P o =0 24x 360¢

= 7.8 x 16W
= 7.8 MeV
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Lastly, this is more than the energy required by Bmiversity in the
country.

4.3.2 Thermonuclear Reaction or Nuclear Fusion

Fusion is the synthesis of heavier nuclei fromtlighes and this can
take place with the liberation of energy especiatlycases where the
total mass of the product is less than the totatsmaf the reactant
l.eAm > 0 (implication).

2y - Zmi = Am>0
This is always the case for which A A>< 60 example:
H+H >2H+ 4" +0.4MeV

The reactants have to be given high kinetic enei@yovercome
coulomb’s repulsive form between them, but the eaiclforce of
attraction takes over to fused them together. heoto generate these
kinetic energy, the temperature of the particlesaised and the energy
is generated by thermal agitation e.g. to genet@@KeV thermally, the
temperature must be about 3.7%10This is why the reaction is called
thermonuclear reaction. Due to this high tempeeat@quirement, no
nuclear power plant is based on nuclear fusion.

Thermonuclear reaction can be accomplished by dugroton and
deuteron togethefH & JH),(H& H) (fH& H)etc

The reaction involving the fusion of deuteron arigiim

2H +°H >} He+ [n+17.6MeV

This reaction yields a large amount of energy aisdipghte heat in the
incredible short time of 1.2x18. Therefore, releasing a very high level
of power. This is the basis of the “modern hydrogpemb”.Fusion of
light elements are known to be the source of ‘astedinergy”. In the
interior of the sun, the temperature is high enolagmuclear fusion to
occur.

SELF ASSESSMENT TEST 1

0] Distinguish between nuclear fission and nucleaiofus

(i)  Describe the conditions necessary for nuclear fusm take
place.

(i)  Mention one example each of physical phenomenonrevhe
nuclear fission and fusion can take place.
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423 CRITICALITY OF A REACTOR

From the diffusion equation

DV2¢—Za¢+S:O
Xy = Xgr + Zac

1)
The number of neutrons that will be absorbed byfileéwould be given
as
I, = Zgr +Zgcand not all neutrons absorbed by the fuel leadssid.
If nis the probability of producing more neutron or r@ge no of
neutron emitted per neutron absorbed.

Therefore the total no of neutron emitted by the fa 72 ¢

(2)

Equation (2) can further be written as
Za
ﬂza( Zf j(oz nfza(p

(3)
This implies that

>
f = ; = Utilization factor

a

Y¢S absorption cross section by the fuel
¥, is total absorption cross section.
The ratio of the number of neutrons emitted to tledusorbed
_nfZe K. (4)
X
Since the number of neutrons absorbegt,
The total number of neutrons emitted and absorlydddd in the second
medium is given as:
nfE.p XEa= 1L, 2.0
For the total of number of neutrons emitted byftred
nx(nfZyZ0)=nfZ,Z
From equation (4), equation (3) can be written as:
nfZp=KzZp
Therefore, the diffusion equation can be written as
DV’p—-Zap+ K Zap =0
dividing through by D
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1 K.
Vzgo—F(p+ 2 =0
K, -1
v2¢+( L2 )¢:O
Put K‘”Z_lasB2

L
Vip+B%p=0
Where B? = sz—l
L

B is called “Buckling factor”
In a system where K,,> 1, the system is said to be “SUPER
CRITICAL”

K, = 1 the system is said to be “CRITICAL”

K. < 1 the system is said to be “SUB CRITICAL”

The value ofK,, can be controlled in a reactor e.g. to increaseepon
a reactor K., will be increased. The value &f, cannot be controlled
under explosive and nuclear reaction. Control reds carbonrods are
used to control K in a system or reactor.

If Kois great than 1, it means the number of fissiorreiases from
generation. In this case, the energy released bycthain reaction
increases with time and the chain reaction. Theesyss said to be
“Super critical: if K.< 1, the number of fission decreases with time and
the chain reaction said to be Sub Ciritical.

If Ko, = 1, the chain reaction proceeds at a constaet etergy is
released at a steady level, the system is said twitical.

To increase the power being produced by a readtw, operator

increases K to a value greater than unity so thatréactor becomes
super critical. When the desired power level hanlreached, it returns
the reactor to the critical by adjusting the valoéd to be unity and the
reactor then maintains the specified power level.

To reduce power or shut the reactor down, the operaerely reduces
K1 making the reactor sub-critical and as a resh#, dutput power at
the system decreases.

SELF ASSESSMENT TEST 2
0] Define the utilization factor in a nuclear cter.
(i) What do you understand by the criticalityafeactor?

(i)  Derive the buckling factor from the diffusicequation.
(iv)  Briefly explain howK,, can be controlled in a nuclear reactor.
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4.4 CONCLUSION

In conclusion, we have been able to examine thferdit forms of
nuclear reactions. Also, we examined the dynami¢deeoneutron in the
reactor.

45 SUMMARY

In this unit, we have been able to understand rihatear reactions are
of two forms (nuclear fission and fusion). We saddivhat each of these
reactions entail as well as their practical appioces. Also, we studied

the neutron dynamics which led to defining theization factor and

buckling factor. These factors assist to contr@ct®ns in a nuclear
reactor.

46 TUTOR MARKED ASSIGNMENT
Briefly explain the process involved in a nucleaasibn reaction.
What do you understand by the term neutron yield?

1

2.

3. Explain the process involved in making a hydrogemb.

4 Briefly explain the different critical state of aclear reactor.

4.7 REFERENCESFOR FURTHER STUDIES
Textbooks
Advances in Small Modular Reactor Technology Depelents. 2020

Edition, A Supplement to: IAEA Advanced Reactor®tmation
System (ARIShttp://aris.iaea.org

Fundamentals of Nuclear Reactor Physics — by EEdrewis, 2008.
ISBN 978-0-12-370631-7. Available at: DOI
https://doi.org/10.1016/B978-0-12-370631-7.X0001-0

Video Links
https://youtu.be/qyHFTxviMdk
https://youtu.be/Ara0eTv02No

33


http://aris.iaea.org
https://doi.org/10.1016/B978-0-12-370631-7.X0001-0
https://youtu.be/gyHFTxviMdk
https://youtu.be/Ara0eTv02No

PHY 456 NUCLEAR REACTOR PHYSICS

UNITS NUCLEAR REACTOR
CONTENTS

5.1 Introduction

5.2  Objectives

5.3  Main content
5.3.1. Classification of nuclear reactors
5.3.2. Components of a nuclear reactors

5.4  Conclusion

55 Summary

5.6  Tutor marked assignments

5.7 References/Further Readings

51 INTRODUCTION
Devices which are designed so that the fissionti@acan proceed in a
controlled manner are called “nuclear reactor”. rehare 2 main types

of nuclear reactor.

a. Thermal reactor
b. Fast(Breeder) reactor

5.2 OBJECTIVES

After studying this unit, you will be able:

o Explain the different kinds of nuclear reactor
o Identify the components of a nuclear reactor
o Explain the function of each of these components

53 MAIN CONTENTS
5.3.1 Classification of Nuclear Reactors
53.1.1 Thermal Reactors

As mentioned earlier, for various neutron energieactions of different
kinds and different sizes take place. If the eneoflya neutron is
lowered, its wavelike behavior and the reactionssreection will
increase. The amount of this increase depends tipmuclide and
reaction. The reaction cross-section of a thermaltnon depends
significantly upon the target nuclide. The crosstis& of 235U nuclear
fission is shown in Figure 5.1. The nuclear fissionof
223U, 237Pu, and %¢1Puby thermal neutrons also have very large cross-
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sections. If the energy of a neutron is lowered tthermal level, the

achievement of criticality becomes easy. This isabse as the neutron
energy is decreased the cross-section for fissioreases faster than the
absorption cross-section of material in the reactber than the fuel. A

nuclear reactor with alarge fission rate by thermaltrons is called a

thermal reactor.
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Figure 5.1 Fission and capture cross section&3or

As shown in Fig. 5.2, neutrons generated in nudisaion have very
high energy, and thus it is necessary to lowerethergy in a thermal
reactor. In order to moderate neutrons, the saagteexplained in
previous units can be used. In the high energyregnelastic scattering
and the (n, 2n) reaction can be used effectiveleliVthe energy is
lowered, however, these cross-sections are loserefbre, elastic
scattering is the only useful moderation methodrdtie wide energy
region required to produce thermal neutrons. The edenergy loss by
elastic scattering is expresseddyight nuclides have higher values, as
shown in Table 5.1. Thus, neutrons generated wiofiscollide with
light nuclei and are moderated to thermal neutrdvaterial used to
moderate neutrons is called a moderator. A modesitould be a light
nucleus, but at the same time, it should have dl sweatron capture
cross-section.
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Table5.1. Characteristics of typical moder ator
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Fig. 5.2 Fission neutron energy spectrum
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As explained earlier, natural uranium contains calgmall amount of
U, with the rest being mostly35U. As shown in Fig. 5.3,
238U shows a very large absorption for neutronanagnergy of 6.67
eV. This type of absorption is called resonanceogdi®n. We can see
that there are also many resonance absorptionsningies higher than
this. Therefore, if natural uranium is used as &, fmany neutrons are

: i 235
fissile 53

absorbed by35U and it is difficult to make the nuclear reactoitical.
The most direct method to solve this problem isetarich 233U.

However, enrichment is very costly. Another goodthod is to allow

suitable separation of fuel and moderator in tlaetc.
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Fig.5.3. Cross sections féi5U.

The separation of fuel and moderator is called &rbgeneous
arrangement. Inside themoderator, both diffusiod amoderation of
neutrons take place. Since the nucleus of the itudleavy, it barely
moderates neutrons, and thus, inside the fuelygidh is the dominant
neutron motion. If the reactor is heterogeneousiroas scattered in the
fuel tend to have successive collisions inside fid, and neutrons
scattered in the moderator tend to have successilisions inside the
moderator. Thus, neutrons generated by nucleapofiisa the fuel are
not moderated inside the fuel, instead they emtermoderator region
and gradually lose their energy there by moderatiéhen a certain low
energy is reached, most neutrons diffuse from tbderator region. In
the energy region with large resonance absorptengrons diffusing
from the moderator region to the fuel region arestiyoabsorbed on the
surface of the fuel region, and thus they canntgrethe interior of the
fuel region. This effect is called self-shieldimfgost neutrons are finally
moderated to thermal neutrons in the moderatooregnd enter the fuel
region after repeated diffusion. They are then ddesb by233U. If the
ratio between the fuel surface area and the voismeduced by making
broad fuel rods, self-shielding can greatly rediesonance absorption.
In light-water reactors, which are currently thestncommonly operated
reactors, neutron absorption by protons is conalder enriched
uranium is used and a heterogeneous arrangeneshbjged.

5.3.1.2 Breeder Reactors
Thermal reactors have the following problems. Wtienneutron energy
becomes large, the fission cross-section increaseéshe capture cross-

section also increases at almost the same ratendimder of neutrons
emitted when one neutron is absorbed in the nudepessed asgs:
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n=v=—4 (5.1)

of+oc

Here, of and oc are the cross-sections for fission and capture,
respectively, andv is the average number of emitted neutrons per
nuclear fission. The valug depends on the energy of the colliding
neutrons, as shown in Fig. 5.4. For thermal nestrgnis about 2,
however, when the energy is more than 0.1 MgWcreases rapidly. If
many neutrons are generated in this way, not oatya chain reaction
be maintained, but it may also be possible thatethvall be excess
neutrons. If we let35U absorb these neutrons,Pucan be produced,
as mentioned before. That is, we can producedissdterial at the same
time as we consume fissile material. The numbenefly generated
fissile atoms per consumed fissile atom is calfedonversion ratio. If
the valuern is sufficiently larger than 2, it is possible totain a
conversion ratio larger than 1. Thus, it is possitd generate more
fissile material than is consumed. This is callagebling, and the
conversion ratio in this case is often called theelling ratio and this
type of reactor is called a breeder reactor. Irotords, fissile material
can be bred using fast neutrons in a fast breedetar.

n(E)

() - L L L) T - - - T v T
10? 10" 10° 10" 10° 10" 10* 10°* 10° 107
Neutron energy (eV)

Fig.5.4 n-values for important fissile nuclides.
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Looking carefully at Figure 5.4, we can see thédr 233U is larger than
2 in the region of thermal neutrons. Thus, it se@ussible to perform
breeding with thermal neutrons also. The nuchkéfi#/ can be prepared
from 235Th. However, since the margin of the neutron excesgery
small in this case, ingenuity is required. A brea@actor using thermal
neutrons is called a thermal breeder reactor.

5.2.2 Components of Nuclear Reactors

(1) CORE:The central region of a reactor is called “CORHEi. a4
thermal reactor, this region contains the fuel, eratbr and the coolant.
The fuel includes the fissile isotope which is @sgble both for the
criticality of the reactor and for the release iskion energy. The fuel is
some cases may also contain large and of fertitegerial. Fertile
materials are material which are themselves nstldisut from which
fissile isotopes can be produced by absorptioneottnons example are
232Th (from 233J) which 22® can be produced anmdU from which
239PU can be produced.

The moderator which is present only in thermal t@a¢ used to slow
down and the neutrons from fission to thermal epelgiclei with low
mass number are more effective for this purposanttes are water,
heavy water and graphite.

The coolant is used to remove heat from the codeflaam other part of
the reactorwhere heat may be produced. Exampleswater, heavy
metals, and various gases. With fast reactors, rwaatd heavy water
cannot be used as coolant since they can alsoddom neutrons. Most
fast reactors are cooled by liquid metal exampjeid sodium.

(2) BLANKET: This is a region of fertile material that surroaride
core. This region is designed specifically for cersion or
breeding. Neutrons that escape from the core d@eecepted in
the blanket to enter the various conversion reactio

(3) REFLECTOR: This reduces of number of neutrons that finally
leaves the reactor core. All of the neutrons do nedarn, but
some do so as to safe neutrons for the chain omaat the
reactor. Therefore, a reactor with a reflectorearty better than
one with no reflector.

(4) CONTROL RODS: This are immovable pieces of neutron
absorption material. They are used to control trector. Since
they absorbed neutrons, any movement of the rddsoinout of
the reactor affects the multiplication factor K thfe system.
Withdrawal of the rods increases iksertion decreases K. Thus
the reactor can be started up, shut down, or Mgepo@utput can
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be changed by the appropriate motion of the rodsngke Boron

rods.

(5) REACTOR VESSEL: All the component just described are
located in the reactor vessel.
Water reactors, high-temperature gas-cooled regcend fast
reactors are presently used for power generatigragulsion or
are close to being in actual use. An overview ekéreactors is
given in Table 5.2.

Table5.2 Typical Nuclear Reactors

Moderator | Coolant | Neutrons | Breeding | Purpose Status
Water reactor | water water thermal | no power practical use
HTGR* graphite He thermal | no multi-purpose | development
Fast reactor | none Na fast yes power development

*High Temperature Gas Cooled Reactor

Water reactors can be either light-water reactorsheavy-water
reactors. The light-water reactor is the predontinpower reactor.
Light-water reactors include boiling-water react@BWWR, Figure 5.5),
in which the coolant is boiled in the core, andsprgized-water reactors
(PWR, Figure 5.6), in which boiling is suppressedier high pressure.
In a boiling-water reactor, power is generated bgally sending steam
to a turbine. In a pressurized-water reactor, sg@@oncooling water is
evaporated in a steam generator and the generaaah $s sent to the
turbine. Since the core in a heavy-water reactdarge, the moderator
and coolant are generally segregated. The modematptaced in an
atmospheric vessel and the coolant is placed ireaspre tube. Either
light water or heavy water is used as coolant. Uguayht water is used
in the boiling-water type and heavy water is usedhie pressurized-

water type.

control rod

steam =

L]
T

generator

condenser

- yiater
<= yyater

Fig.5.5 Boiling-water reactor (BWR).
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steam ==

= wialer turhirreﬂ generator

R gy

condenser

coftrol rod

- yiater

core

Fig.5.6 Pressurized-water reactor (PWR).

Currently under aggressive development is the heghperature gas-
cooled reactor, in which graphite is used as a matde Helium is used
as coolant and higher temperatures can be obt#iaedare possible in
other reactors. The high-temperature gas-cooledtaeds categorized
into two types by the use of different fuel: theodk-fuel type and
pebble-bed type. Fig. 5.7 shows the pebble-bedtaeadeveloped as
small modular reactors. Other reactors in whichphita is used as the
moderator are the Calder Hall reactor, in whiclboardioxide is used
as coolant, and the RBMK reactor, in which wateused as coolant.
However, these reactors are gradually disappearing.

core
generator

turbo-compressor |

/\ L= - turbine

) recuperater
inter-cooler = L.

-3
pre-cooler
Fig.5.7 High-temperature gas-cooled reactor.
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In most fast reactors (Fig. 5.8), a liquid metaljism, is used as coolant
so that neutrons are not moderated. In these msaciteam is also
eventually generated. Since the contact of radasbdium and water
is dangerous, a secondary sodium loop is insthiégdieen the primary
sodium loop and the water. To avoid sodium-watectien, lead or

lead-bismuth is being experimented with as cool&mother design

uses gas such as helium or carbon dioxide as dositase the density of
gas is small and hardly reacts with neutrons.

steam =i

control rod

-ondenser

=P yyater

| =
intermediate § <= Na
heat-exchanger

pEEmLa =
i

Fig.5.8 Fast breeder reactor (loop-type).
SELF ASSESSMENT TEST 1

0] Name the classes of nuclear reactors

(i) Explain briefly what happens to the reactmoss-section of
neutron when their energies are lowered.

(i)  Explain briefly how to moderate generatedutrens from nuclear
fission reaction in a reactor.

(iv)  Give two properties of a moderator.

(v)  Listthe problems of thermal reactors.

54 CONCLUSION

In conclusion, we have been able to examine thieréifit classes of
reactors. Also, we discussed about the componédrdasreactor as well
as the nomenclature of reactors base on the moderatoolant used in
them.

55 SUMMARY
In this unit, we have been able to understandttiext are two different
classifications of reactors based on the kind aftnom used in them.

Also we listed the components of a reactor andfunetion of each of
these components in the reactor. We examined #sept reactors used
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in the generation of power which were classifiedeban the coolant or
moderator used in them.

56 TUTOR MARKED ASSIGNMENT

(1) Explain the following terms: - resonance apson
- heterogeneous arrangement
- breeding
- conversion ratio
(2) What is the difference between Fertile andilegsmaterial?
(3) What are the components of a nuclear reactor?
(4) List the components of a nuclear reactor.
(5) Give examples of moderators used in a nuckzmstor. Name the
best of them all with reasons.
(6) Give examples of reactors that are presersidddor power
generation.

5.7 Referencesof further Studies
Textbooks

Introduction to Nuclear Engineering (4th Editiory) lbamarsh, John R.;
Baratta, Anthony J. ISBN 10: 0134570057I1SBN 13:
9780134570051. Published by Pearson, 2017.
https://www.abebooks.com/9780134570051/Introduetion
Nuclear-Engineering-4th-Edition-0134570057/plp

Advances in Small Modular Reactor Technology Deprlents 2020
Edition, A Supplement to: IAEA Advanced Reactors
Information System (ARIS)ttp://aris.iaea.org

Video Links
https://youtu.be/KczJybl57zA
https://youtu.be/OCFU96N2lIc
https://youtu.be/UN--w0CZZ40
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SOLUTIONS AND ANSWERS

UNIT 1
1. Please see text
2. (i) Please see text

(i) (@)according to table 11.3 in appendix N = 0.080x18&".
then from equation 1.2, the total interaction rate
o INaX=2.6 x 104x 5 x 10 x 0.080 x 1&*x 0.1 x 0.05

=5.2 x Tinteractions/sec. (ans.)

There are only two absorption reactions, namelgiatave capture and
fission, which can occur when 0.0253-eV neutromg&riact with?3°U.
The cross sections for these reactions are 99 Ib&82d, respectively.
When a 0.0253-eV neutron is absorbed?ByJ, what is the relative
probability that fission will occur?

(b) Sinceo, and o are proportional to the probabilities of radiative
capture and fission, it follows that the probapiliof fission is
af/(ay + af) = o7/0, = 582/681 = 85.5percent.

UNIT 2

1.(i) Please see text

(ilPlease see text
2. (i) Please see text

(i) N — total number of atoms per unit voluroké the moderating
material interacting in the moderator.

To calculate N =N—:1x specific gravity (s.qg)

N = Atomic density
_ 6.0x16°

N=——x11.3
207.21

|I_ —e—0/(3.20¢ 167 1)
(0]

3.2% 1%« j

0.845- ¢!
o =3.1x10%cm?
z =oN =3.29x 1¢?atoms/ cm

(iif) o = 28, 000barns
1barns = cny
28000barns = 2.8x1%n?
Resonance occur when Ey=dadn =ny
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A0,
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UNIT 3

1(i) Please see text
(il) Please see text
(i) Please see text

2(i) Please see text
(ilPlease see text
(iPlease see text

UNIT 4

1(i) Please see text
(il) Please see text
(i) Please see text

2(i) Please see text
(iNPlease see text
(iMPlease see text
(iv) Please see text

UNIT 5

(1) (i) Please see text
(iPlease see text
(iPlease see text
(iv) Please see text
(v) Please see text
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