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INTRODUCTION

Nuclear Reactor Physics is a very interesting edtosstudy, The prerequisite to this
course acquainted you with the basic concepts wivielshall be treating here and
have served as a veritable stepping stone to tme attvanced concepts herein.

While the content and scope of the prerequisiteseapected to have developed in
you an enquiring attitude towards this course, whall see that day to day
applications abound and Nuclear Reactors repreaenexciting field with the
prospects of abundant and almost unlimited energythis present world of
dwindling fossil fuel reserves which hitherto sea® a driving source for today’s
energy needs.

We shall of course commence with the underlyingcepts, principles, rules and
laws behind this technology; some of which you palit have become familiar with
as you are well aware of the awesome — albeit wldste energy output of the
Atomic bomb. Let the author point out however tleatphasis is laid on more
constructive peacetime applications of Nuclear gyner

When armed with new insight driveable upon succgéssimpletion of this course,

you will be further strengthened in your understagdf the underlying principles

behind the practical applications of Nuclear enghggugh Nuclear reactors and you
will be able to proffer your own solutions to teatal questions frequently

encountered in research, development and the afpiphcof this technology and

gradually acquire the confidence required to discpsofessionally all of the

concepts treated in PHY 456.

THE COURSE
PHY 456 Nuclear Reactor Physics

This course, PHY 456 — Nuclear Reactor Physics cizep a total of five Units
arranged into Three modules as listed below witma section on Solutions and
Answers to questions presented in the Units studied

Module 1 is composed of 2 Units

Module 2 is composed of 2 Units
Module 3 is composed of 1 Unit

Module 1 comprised of two units shall devote UnitolNeutron Interactions and
Cross Sections which are a subset of Neutron Physidile in Unit 2 we shall
discuss Thermalization with special focus on Neautkoderation and the Passage
of a Beam of Neutrons through a Moderating Matdy@th of critical interest in the
implementation of Nuclear Reactors.
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Module 2 shall visit the subject of Transport anéfuion of Neutrons and here you
shall understand the pertinent equations to Neutrohility through matter and learn
both Fick’'s Law and the Equation of Continuity imity3. Unit 4 will explain the
types of Nuclear reactions; Fission reactions amsidh reactions, and here also we
shall be discussing what is meant by the critigalita reactor.

The final module which comprises only one Unit Vi@l bare to you the practical
applications of what you must have earlier leagmtdbscribing to you the different
types of Nuclear reactors, their designs, theirithend demerits; what Thermal
reactors are, and the conditions which necessitetedesign and construction of
Breeder reactors in order to enrich Nuclear Fuké @ontent of Unit 5 lists out and
describes the Components of Nuclear reactors anwdlmey relate to each other.

Finally, answers are provided for the many questiasked in the earlier portions of
this course.

COURSE AIMS AND OBJECTIVES

The aim of PHY 456 is to provide you a platform the understanding of the
principles involved in the practical application dluclear energy through the
development and operation of Nuclear Reactors. lBec&luclear energy is highly
destructive, this course also strives to show youguantitative terms how this
energy can be controlled.

After you have worked tirelessly on this coursey whould undoubtedly have been
provided a unique platform upon which you shouldbke to:

Explain neutron dynamics

Explain interaction of neutrons with nuclei

- Explain the slowing down of neutrons in materials

- Explain the choice of various materials for slowdwyvn processes
- Explain the behaviour of neutrons in a reactor

- Explain the physics of neutrons in a reactor irmterof the equation of
continuity and diffusion equation

- Deduce the diffusion length of neutrons and theklg factor of a reactor

- Explain how nuclear fission reaction produces rongrfrom its chain
reaction.

- Explain nuclear fusion as a thermonuclear reaction

- Explain the criticality of a reactor
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- Explain the different kinds of nuclear reactors
- ldentify the components of a nuclear reactor

- Explain the function of each of the components piielear reactor

WORKING THROUGH THE COURSE

PHY 456 is easy to understand because the priscéid theories are presented in
simple language with lots of supportive illustraio This simplicity should not be

taken for granted however, and it is strong reconded that you should never

assume that you already know the concepts thdyatrstudy them carefully.

The author suggests that you spend quality tintedd, as well as to relate what you
have read to current events around the world whéuelear reactors are in
operation; particularly the long term environmertatards that accompany Nuclear
Reactor disaster.

You should take full advantage of the tutorial gmss as they represent an
invaluable opportunity for you to “rub minds” wittour peers — and this represents a
valuable feedback channel as you have the opptytahcomparing and personally
scoring your progress with your course mates.

COURSE MATERIAL

Prior to the commencement of this course you wdl grovided course material
which will comprise your Course Guide as well asiry8tudy Units. You will also
be provided a list of recommended textbooks whiowh gre expected to acquire and
which shall be an invaluable asset to complement gourse material. While they
are strongly recommended, these textbooks are antiatory.

STUDY UNITS

Now let us take a look at the study units which @atained in this course below.
First you will observe that there are three modwégch comprise two units each,
except for module 3 which has only one Unit. Setpneu will see that the
organisation of the content represents a logical from module 1 which treats the
fundamental concepts of Neutron physics throughh®® concluding Unit where
practical applications are discussed. Would yke lis to take a closer look at what
we shall be learning below?

- Neutron physics
- Neutron interactions

10
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- Cross Sections

- Thermalization

- 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

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

- W. Greiner and J.A. Maruhn, Nuclear Models by Sgem

- R. Gautreau and W. Savin, Schaum’s outline of themrd problems of
Modern Physics, 1999 edition.

ASSESSMENT

It is standard NOUN practice to assess your peioca partly through Tutor
Marked Assessment which you can refer to as TMA, gartly through the End of
Course Examinations.

TUTOR MARKED ASSIGNMENT
TMA is basically Continuous Assessment and accofant80% of your total score.
During the study of this course, you will be givéutor Marked Assignments and

of which you must compulsorily answer three of thengualify to sit for the end of
year examinations. The Tutor Marked Assignmentshvelprovided by your Course

11
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Facilitator and upon completing the assignments; ipoist return them back to your
Course Facilitator within the stipulated periodiofe.

END OF COURSE EXAMINATION

You must sit for the End of Course Examinationkessé accounts for 70% of your
score upon completion of this course. You will k#ifired in advance of the date,
time and the venue for the examinations which nwymay not coincide with
National Open University of Nigeria semester exation.

SUMMARY

Each of the three modules of this course has baeiuily tailored to stimulate your
interest in a specific area of Nuclear Reactor RRyis. In particular; the progression
from Module 1 which treats Neutron physics throddbdule 2 and concluding with
module 3 that explains practical Nuclear Reactaigies will will enable you to
understand the content of the course with relati@se and will also facilitate the
translation of abstract theoretical concepts td vearld subsystems and systems
which you can relate to.

This coursework provides you invaluable insighoitlhe discovery, development
and the functioning of Nuclear Reactors and thepgnezoncepts which constitute
the building blocks upon which the complex congsuof a functional Nuclear
Power station is built and which offers abundamanl energy (Nuclear Fusion)
capable of transforming the world which we liveidalay.

You will upon completion of this course be ablediscuss the knowledge space
contained within with confidence, and will also &gle to proffer realistic solutions

and answers to everyday questions that arise.

Ensure that you have enough referential and stuatenmal available and at your

disposal as this course will change your perceptiothe world around you in more

ways than one.

On this note;

| wish you the very best as you seek knowledg&vags bearing in mind that Albert
Einstein also trod this path ONCe...........cocceeeiiiiiiiiiis

12
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UNIT 1 NEUTRON PHYSICS

CONTENTS

1.0 Introduction

1.1 Objectives

1.2  Main Content
1.2.1 Neutron Interactions
1.2.2 Cross Sections

1.3 Conclusion

14 Summary

1.5 Tutor Marked Assignments

1.6 References/Further Reading

1.0 INTRODUCTION
The design of all nuclear systems- reactors, radiashield, isotopic
generators, and so on- depends fundamentally omvadlyein which nuclear
radiation interacts with matter. In this unit theseractions are discussed for
neutrons only with energies up to 20MeV. Most & tadiation encountered
in practical nuclear devices lies in this energyioa.

11 OBJECTIVES
After going through this unit, you will be able to:
. Explain neutron dynamics
. Explain interaction of nuclear radiations (neuspwith nuclei

1.2 MAIN CONTENT

1.2.1 NEUTRON INTERACTIONS

It is important to recognize at the outset thatesineutrons are electrically
neutral, they are not affected by the electrorenimtom or by positive charge

14
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of the nucleus. As a consequence, neutrons passgtinthe atomic electron

cloud and interact directly with the nucleus. lrokhneutrons collide with

nuclei, not with atoms.

Neutrons may interact with nuclei in one or moré¢haf following ways:

(i)

(ii)

(iii)

(iv)

(v)

Elastic scattering:in this process, the neutrons strike the nucleus,
which is almost always in its ground state, thetregureappears, and
the nucleus is left in the ground state. The neutnothis is said to
have beerelastically scattered by the nucleus. In this notation of

nuclear reactions, this interaction is abbrevidtgthe symbol (n,n).

Inelastic scattering: this process is identical to elastic scattering
except that the nucleus is left in an excited stBerause energy is
retained by the nucleus, this is clearly an endatie interaction.
Inelastic scattering is denoted by the symbol {n,ihe excited
nucleus decays by the emissionyafays. In this case, since thege

rays originate in inelastic scattering, they algedanelasticy-rays.

Radioactive capturehere the neutron is captured by the nucleus, and
one or morey-rays — called capturg-rays- are emitted. This is an
exothermic interaction and is denoted by h, Since the original
neutron is absorbed, this process is an exampla aflass of

interactions known agbsorption reactions.

Charged-particle reactiondNeutrons may also disappear as the result
of absorption reactions of the typedonand (n,p). Such reactions may
be either exothermic or endothermic.

Neutron-producing reactionsReactions of three type (n,2n) and
(n,3n) occur with energetic neutrons. These reastiare clearly
endothermic since in the (n,2n) reaction one naytad in the (n,3n)

reaction two neutrons are extracted from the strongkleus. The

15
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(n,2n) reaction is especially important in reactoositaining heavy

water or beryllium since

24 and 95, have leosely bound neutrons which can easily be ejected

(vi)  Fission: Neutrons colliding with certain nuclei may caulse hucleus
to split apart, i.e., undergo fission. This reatti® the principal source
of nuclear energy for practical applications.

SELF ASSESSMENT TEST 1

0] List and briefly explain the different ways by whimeutrons can

interact with nuclei.

1.2.2 CROSS SECTIONS

The extent to which neutrons interact with nuckidescribed in terms of
guantities known asross sectionsThese are defined by the following type
of experiment. Suppose that a beam of monoenerdsiigle energy)
neutrons impinge upon a thin target of thicknessad area ‘a’ as shown in
Fig. 1. If there ar@ neutrons per cfin 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 distarm

in 1 sec, all of the neutrons in the volurn®in front of the target will hit the
target in 1 sec. Thusya= la neutrons strike the entire target per second, and
it follows thatla a =I is equal to the number of neutrons striking drget

per cnf/sec.

16
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Neutrons in beam Target

7 4 Area @

i . _] ——Thickness X

Fig.1 Neutron beam striking a target

Since nuclei are small and the target is assumeletthin, most of the
neutrons striking the target in an experiment lik@at shown in Fig.1
ordinarily pass through the target without inteiragtwith any of the nuclei.
The number which does collide is found to be prtopoal to the beam
intensity, to the atom density of the target and to the area and thickness of

the target. These observations can be summarizételgquation.
Number of collisions per secon@tNa.X 1.2

where =, the proportionality constant is called tbess sectionThe factor
NaXin Eq. (1.2) is the total number of nuclethe target. The number of
collisions per second with a single nucleus isdfae justs!. It follows that
o is equal to the number of collisions per secondhwite nucleus per unit

intensity of the beam.

There is another way to view the concept of cressien. As already noted, a
total of la neutrons strike the target per second. Of thels@teract with any

given nucleus. It may be concluded therefore that

ol a3
a_e (1.3)
a

al

17
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is equal to the probability that a neutron in tleai 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
area of the nucleus, hence the term “cross-sectio®utidn cross sections
are expressed in units of barns, where 1 barnealagted b, is equal to 10

2% One thousandth of a barn is called a millibarn otieth as mb.

Up to this point it has been assumed that the oeuieam strikes the entire
target. However, in many experiments the beam tsialdg smaller in
diameter than the target. In this case, the abowalflas still hold, but now
refer to the area of the beam instead of the drd@edarget. The definition of

cross section remains the same, of course.

Each of the processes described in section 1.1highweutrons interact with
nuclei is denoted by a characteristic cross seclitis elastic scattering is
described by thelastic scattering cross sectien; inelastic scattering by the
inelastic scattering cross sectiar, the (n,y) reaction (radiative capture) by
the capture cross sectien, fission by the fission cross sectian, etc. The

sum of the cross sections for all possible intévastis known as the total

cross section and is denoted by the symatiahat is,

0, =0, + 0.0, + 0 ... (1.4)
The total cross section measures the probabiliéy #m interaction of any
type will occur when neutrons strike a target. She of the cross sections of
all absorption reactions is known as taksorption cross sectioand is

denoted bys,. Thus

o, =0, +ag, +a,+a + (1.5)

18
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Whereg,ande, are the cross sections for the (n, p) andxfrreactions. As

indicated in equation (1.5), fission, by convectientreated as an absorption

process.
To return to equation (1.2), this can be written as
Number of collisions per second (in entirely tajgeiNao, x aX (1.6)

where o. has been introduced because this cross sectiorsunesathe
probability that a collision of any type may occsince aX is the total
volume of the target, it follows from equation (L.that the number of
collisions per crifsec in the target, which is called tballision densityF is

given by
F=INo, .7)

The product of the atom densityand a cross section, as in equation (3.7),
occurs frequently in the equations of nuclear esgjimg; it is given the
special symboll, and is called thenacroscopic cross sectiom particular,
the product e, = Z, is called the macroscopic total cross section
Na_. = Z. is called themacroscopic scatteringross sectionand so on. Since

N and ¢ have units of ci and cni, respectively,] has units of ci. In
terms of the macroscopic cross section, the coflisiensity in equation (1.7)

reduces to

F=1I%, (1.8)

SELF ASSESSMENT TEST 2

(1) Define the following terms:
- Cross section

- Absorption cross section

19
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1.3

1.4

1.5

- Macroscopic cross section

(i) A beam of 1-MeV neutrons of intensity 5 x ®1Beutrons/crirsec
strikes a thin'°C target. The area of the target is 0.5and it is
0.05cm thick. The beam has a cross sectional dr@alonf. At 1-
MeV, the total cross section HC is 2.6b.
€)) At what rate do interactions take place mttrget?

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

CONCLUSION

In conclusion we have been able to examine diftenerys that neutrons can

interact with nuclei of atoms as well as neutronaiyics.

SUMMARY

In this unit, we have been able to understandribatrons have the ability of

interacting with nuclei of atoms and the differémtms of interactions these

neutrons can have with nuclei.

TUTOR MARKED ASSIGNMENTS

0] The scattering cross sections (in barns) ofrbgdn and oxygen at 1-
MeV at 0.0253eV are given in the table below. Wéat the values

of o, for the water molecule at these energies?

1-MeV | 0.0253eV
H 3 21
@) 8 4

20
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1.6

(i) The value ofz,, for 'H at 0.0253eV is 0.332 b. whatds at 1eV?

(i) A 1-MeV neutron is scattered through an angle dfia5a collision
with a®H nucleus.

(iv)  What is the energy of the scattered neutron?
(v) What is the energy of the recoiling nucleus?

(vi)  How much of a change in lethargy does the neutradergo in this

collision?

REFERENCES/FURTHER READING
W. Greiner and J.A. Maruhn, Nuclear Models by Sgeimn

21
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UNIT 2 THERMALIZATION
CONTENTS

2.0 Introduction
2.1 Objectives
2.2 Main Content
2.2.1 Neutron Moderation
2.2.2 Passage of a Beam of Neutron through a Mtdgrslaterial
2.3  Conclusion
2.4  Summary
2.5  Tutor Marked Assignments
2.6  References/Further Reading

2.0 INTRODUCTION

Here we will discuss details of nuclear reactiomsvhich neutrons are the
projectiles. A good source of neutrons dsparticles bombarding light

elements.

4 9 12 1
,He+,Be -~ C+,n+Q

The a-particles are usually obtained from radium (Rahammal radioactive
processes. In such a reaction, up t6 déutrons are emitted with energy 1-
13MeV. Neutrons with this kind of energy are rederto agast neutronsfor
the purpose of nuclear fission and large scaleaseleof atomic energy;
neutrons of energy in the neighbourhood of 0.002%e® required. The

neutrons are calletiermal neutronsbecause this is about the thermal energy
(3,-" KT) of molecules at thermal temperature. The prooéssowing down

fast neutrons is calleédThermalization or Moderation”

22
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2.1 OBJECTIVES

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

. Explain the slowing down of neutrons in materials

. Explain the choice of various materials for slowadwyvn processes.

2.2 MAIN CONTENTS

2.21 NEUTRON MODERATION

The process of getting fast neutrons to slow dawthérmal neutron is called
moderationor thermalization This is achieved by passing the fast neutrons
through some suitable material calledoderators In such a way that
neutrons are not lost by absorption, but merelyehtheir kinetic energy
reduced progressively by elastic collision with theclei of the material,
examples of good moderators are graphite and wakere are usually two
frames of reference in the study of the dynamicsi@itrons. They are as

follows:

I. Laboratory frame

o
\
|

Fig.1 Laboratory frame of reference
In this frame, the target nucleus is at rest befeecollision and it is

approached by a projectile neutron with velocity Xfter collision,

the nucleus is scattered through artjlend the target nucleus moves

23
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through angle?’. This can be represented diagrammatically as shown
above.

il. The Centre of Mass Frame
This is theoretical but a very useful approach @alchg with the
dynamics of the moderation process. In this fratime,centre of mass
of the neutron and the target nucleus is at redtitais approached in
opposite direction by the neutron and the targetaus. According to

the principle of conservation of momentum

mV.—- MV =0
or Vc:w (1)
m

Where \/ is the velocity of neutron; V is the velocity afrget nucleus.

After collision, a neutron scatters off at an anglend the nucleus move all
through (¢ + ) . In order to conserve momentum, velocity afteltigion

remains unchanged.

Combining these two frames of references, we oldasituation as in Fig.2
below:

24



PHY 456 NUCLEAR REACTOR PHYSICS

Fig.2 The centre of mass frame of reference

XY = QZ

Sind = %
\Y/

1
Visig=QZ

V. Sind = XY

V., Sind

c

In the laboratory frame, the relative velocity 5 $ince M is at rest. In the
cantered mass frame, relative velocity = Vc + \tsithey approach opposite
direction.

These two relative velocities must be equal inZliames, in other words,

Vo=Vc+ V..

Combing equation (1) and (2) and eliminating V

25
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mV
M+m

MV, o
And V.= ° (eliminating V)
M +m

>~

m_
M

Where, A is the mass number of the nucleus

Therefore:.
V = Vo
1+ A
Vo=V(1+A)
Such that Vc= VoA and\i = M- ﬂ‘ =A
1+ A VvV 1+A V

From the diagram
V2 =VZ+V°® - 2\/VcCos(fL800 —(p)
=V?+V? + 2¥VcCowp
ch+2\/cc05¢} 3)
V? \
V2 =V2(1+ A2 + 2ACosp)

:V2[1+

So,

Let the incident energy of the neutron from theolalory frame be given as:
E, = 1m\/oz.
2

After the first collision, the energy is reduced to

E =-my’

26
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And the fractional energy is given

E %MV’ _V}

E, »mV V7

2
L = [1+ ATt 2(2305¢] (Fractional energy)
E, [1+A

Cases of Interest

1. Glancing collision;§ = 0)
E, _1+A’+2Cosp _1+A’+2A _
E, [1+ A 1+ A*+2A

This implies E, 0 E, therefore the neutron loses little or no energy on

colliding with the nucleus.

2. Head on collision,@ = m)
Where, Cor=-1

E _1+A-2A_(A-1f

E, @1+A?  (A+1)

0

This type of collision leads to maximum energy lagsthe neutron
e.g. for graphite which is a carbon allotrope arith its atomic mass,

A=12.

32720/0
E

3. General case:0Q = m

27
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. A-17
Introducingy =| ——
o= 51

(AE)max = (B — Ep)max
= E(1 - B/Eo)
=E(1-0)

(AE_TJ max i (1_ a)

A-1, o
=1-C5)r

(L+ )

_4 2. 3 4 5
=—|1l-——+t—-—+—
A A A A A

A very important point is that for a material tawweas a good moderator the

(o]

[AEJ _1-(L-1)

fractional energy loss must be large and from #@ession above, the loss is

smaller. From the above expression, it is obsethadthe fractional energy

E . . :
loss {—} is inversely proportional to the atomic mass ofrti@derator.
max

(0]

SELF ASSESSMENT TEST 1

(1) List and briefly explain the frames of referencasnsidered for
neutron moderation.

[1+ 4% +2A4cosd]
1 +4]2

(i) Derive the fractional energiil =
L

28
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2.2.2 PASSAGE OF A BEAM OF NEUTRON THROUGH A MODERATING
MATERIAL

In practice, we deal with a flux of up to®lfast neutrons to be moderated by
many nuclei of the moderator. We introduced thebability that a single
neutron will be scattered through angidying betweeni and d such that
the energy of the neutron after scattering liesvbeh E + dE. The range of
the energy is E= E, for glancing angle collision and; E oE, for head on
collision. The probability that a neutron will hagaergy E whereEo is less
than E and less than, fnE.,<E<E,) after an arbitrary scattering is P(E). The

energy between this range is:

E-0E, = E (1 —a) so that
P(E)dE =

E,(1-a)

Normalizing this probability

Eo Eo
j P(E)dE = J.L=l
El=aEo aEo Eo (1_ 0’)

The average energy of a neutron after series dfestey is the probability
that a single collision will have energy E. Theme average energy is given

by:

rEo

_ ‘aEp
YaEp

EP(E)dE

P(E)dE

= [l

2Ey(1—x)

(E) = %Eﬂ(l-&j

29
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_1\2
Where a= (A 1)2
(A+1)

. Average log energy decremerd) (

This term is introduced to obtain information abtl average number of
collisions which a fast neutron will make before @nergy Eis reduced to
thermal energy Ewhen E is reduce to E, the log energy decrement is given

by:

log, E, —log, E = Ioge(%j

Average log decrement < Iog{%) >

7= LEEOOIoge(%JP(E)dE

_ (Eo E, dE

) LEologe( /E) E,(L-a)
since [ P(E)dE =1

Take x = E

(0]

Then for E =0k,
Wherex = a

ForE=E, =x=1

dE = Edx and Iog% = -logXx
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1 1
=———|logxdx
' 1_a£ g

a
1-a

=1+

loga
substitut

(%)
a:

A+1

A-1\. (A-1Y
1+ log
_ A+1 A+1

‘= A-1)
-[40)

A+1

— 2 —
:1_(A 1 Ioge[A 1)
2A A+1

For A > 1, a convenient approximation

Z=§Q+§:

1
0=
ZA

n—ilo (Ej
_Z ge E

Where n is the number of collision required to @éast neutron energy, E
to thermal energyE

* Slowing down power Sp

The effectiveness of a moderating material is noly doy log energy
decrement but also by the density of the substathes,is, the number of

colliding centres that a material has per unit ugdu

The material must also have smalbsorption cross sectiong,. Slowing

down power is a term which combines the variousampaters and it is
defined as:

5, = &No,
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Or

&N, po,
P4

S
Whereg is the density
A is the atomic weight of the moderator

g, = Absorption cross section

N_ = Avogadro’s constant

* Neutron interaction

All neutrons at the time of their birth are fast.denetrating through matter,
they undergo characteristics process of energyadegjon or moderation.
The probability of a neutron interaction with a laus taking place in the
moderating medium is the cross-section represdnted This is measured as

effective area presented to the neutron and #kpsessed in unit of barns.
Where 1 barn = 1 x I¥cn? (total part of material presented for

interaction).

The total cross-sectiaf has several components:

Gt = Oet T Cinelastict Cab + Of *.....
which is the sum of elastic, inelastic, absorptiom fusion cross-section, all
of which are strongly energy dependent. The totakssection pt is a
microscopic quality. When we multiply by the numb¥érof the absorber

atoms per unit volume we have
>=0oN

The removal of neutrons from a beam which trangsessthickness t

| = log°™M
Or
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| = loe*
lo — initial intensity of the beam neutron

THE MEAN FREE PATHSs the distance travelled by the neutron before

collision

n=1/% ori
oN

* Absorption

As neutrons approach thermal energy, the likelihobdapture by absorber
nucleus increases i.e. the absorption cross-seatitmeasess,, For many

absorbing nucleic, as neutron energy become veajl $§h01 to 10, 000eV),
the absorption cross-section is directly propodioto the inverse of the
velocity and inversely proportional to the energy.

1 1
W~ +—— (1)

v JE
Between the range of energy (0.001 to 10, 000e\VQ iheutron enters a
reactor or start in a reactor with certain energwid having energy E after a

certain number of the collision.

0, E
o |E @

From the absorption spectrum of neutrons insideaator, resonance effect is

observed.

EXAMPLE
Cadmium has resonance effect of 0.176eV

When neutron is absorbed by a material, there amyrmhannel of decay i.e.
(n,v), (n, p), n, n), (np). This implies that the first letter in the bratke
absorbed and the other is emitted.

A 1 A-Y+1 1
ZX+on_’ zY+yno
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Such that the first reaction (n, d) the absorptarss-section can be written
as:

AZ
Oy = 1y

ny) ~ 1
4{(E ~Ey)° + 4/72}

Wheren, = partial width for (n, n) reaction

n, = partial width for (ny) reaction
n =nn +n, = width of resonance at ¥z of its height
A = de Broglie’s wavelength for neutrons of energy E

E = energy at which absorption cross-section isutated

SELF ASSESSMENT TEST 2

0] Define the following terms as related to NeutPhysics:

. Slowing Down Power

. Average Log Energy Decrement

. Cross section in moderating process
. Resonance effect

(i) In an experiment to measure the total crosgise of lead for 10MeV
neutrons, it is found that 1cm thick lead attenuag@tron flux to
84.3% of its initial value. The atomic weight o&tkis 207.21 and its

specific gravity is 11.3.Calculate the total cresstion
(i)  Estimate the probability of (n, n) and (p), in indium, known to have

a neutron resonance at 1.44eV with an absorptjaf 0.1eV and,

cross-section of 28, 000barns.
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2.3 CONCLUSION

In conclusion we have been able to examine hownfastrons are reduced to
thermal neutrons such that they can be useful é rdactor to produce

energy.

24 SUMMARY
In this unit, we have been able to understand nileatrons have the ability
being thermalised. Also, we studied various paramsaiised in studying this

process such as Slowing Down Power and AverageHneggy Decrement

25 TUTOR MARKED ASSIGNMENTS

0] Explain a resonance effect that is observed iraetoe

(i) Determine the thermal energy of a neutren E

(i)  Discuss hydrogen as a special moderator (whyspetial using the

formula we just derived)

(iv)  If the number of neutrons is reduced to half ofoitiginal value after
passing through a moderating material (heavy watérhickness
15cm. Calculate its thermal diffusion Area and tangGiven the
Diffusion co-efficient and Absorption cross sectiminheavy water as

0.87cm and 2.9XI8&m’ respectively.

2.6 REFERENCES/FURTHER READIN

R. Gautreau and W. Savin, Schaum’s outline of thexrd problems of
Modern Physics, 1999 edition.
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UNIT 3 TRANSPORT AND DIFFUSION EQUATION

CONTENTS

3.0 Introduction
3.1 Objectives
3.2 Main Content
3.2.1 Fick's Law
3.2.2 Equation of Continuity
3.3  Conclusion
3.4  Summary
3.5  Tutor Marked Assignments
3.6  References/Further Reading

3.0 INTRODUCTION

It is essential to know the spatial and energyrithstions of the neutrons in a
field in a nuclear fission reactor, D—T (or D-D)sion reactor, or other
nuclear reactors populated with large numbers afroas. It is obvious why
the spatial distribution should be known, and beeateutron reactions vary
widely with energy, the energy distribution is aksaritical parameter. The
neutron energy distribution is often called tieutron spectrumrhe neutron
distribution satisfies transport equation. It iual$y difficult to solve this
equation, and often approximated equation so califfidsion equation is
solved instead. In this unit an overview of transpauation and diffusion

eqguation of neutrons are presented.

3.1 OBJECTIVES

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

. Explain the behaviour of neutrons in the reactor
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3.2

. Explain the physics of neutrons in a reactor im&eof the equation of
continuity and diffusion equation.
. Deduce the diffusion length of neutrons and theklng factor of the

reactor.

MAIN CONTENT

3.2.1 FICK'S LAW

The original Fick’s law states that the rate ofrd@of a solute concentration
is proportional to the negative gradient of theusmkoncentration (which was

originally used to account for chemical diffusion).

Neutrons behave in much the same way as a solaeatution. This means
that if the density (flux) of neutron is higher ame part of a reactor than at
another, there is a net flow of neutron into thgioe of lower neutron
density. For example, suppose that the flux (igsal in nuclear engineering
to make calculations with the flux, which is progpanal to neutron density,
rather than with the density itself) varies alohg x-direction. As shown in
Fig. 3.1. Then Fick’s law is written as

d
J.=-D=" (3.1)

In this expressior], is equal to the net number of neutrons which pess
unit time through a unit area perpendicular toxtrection it has the same
units as flux, namely, neutrons/sec. The parameter D in Eq. (3.1) is

called thadiffusion coefficient.
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Fig. 3.1 Neutron flux and current

Equation (3.1) shows that if, as in Fig.3.1, thesr@ negative flux gradient,
then there is a net flow of neutrons along thetp@sk-directionas indicated

in figure.

To understand the origin of this flow, consider treutrons passing through
the plane ax=0. These neutrons pass through the plane fromdefght as a

result of collisions to the left of the plane; amdnversely, they flow from

right to left as the result of collisions to thght of the plane. However, since
the flux is larger for negative values ®f there are more collisions per
cm’/sec on the left than on the right. More neutrores therefore scattered
from left to right than the other way round, witketresult that there is a net
flow of neutrons in the positive-direction through the plane, just as
predicted by Eq. (3.1). It is important to recognihat the neutrons do not
flow from regions of high flux to low flux becaugbey are in any sense
“pushed” that way. There are simply more neutraratered 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]==D grad @ = =DV (3.2
Here J is known as theneutron current densityector, and grad¥ is the

gradient operator. The physical significance ofwbetorJ with a unit vector

in thex-directionaxthis gives the x-component df namelyly :

Joa, =],
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which, as already noted, is equal to the net fléwmeutrons per second per
unit area normal to thg-direction It follows, therefore, that ifi is a unit
vector pointing in an arbitrary direction then

Jn=], (3.3)

Is equal to the net flow of neutrons per secondyset area normal to the

direction ofn.

Returning to Egs.(3.1) and (3.2), it may be noted,tsincel, andJ have the
same unit ag , D has units of lengtht can be shown by arguments which
are too lengthy to be reproduced here has given approximately by the

following formula:

p =i (3.4)

o

where4., is called théransport men free patland is given in turn by

./11.1’-],- = = — (3.5)

In this equation,—;,- is called thenacroscopic transport cross sectioa, .

is the macroscopic scattering cross section of the mediamd, ii is the
average value of the cosine of the angle at whatlirons are scattered in the
medium. The value g& at most of the neutron energies of interest ictoga

calculations can be computed from the simple foamul

-
=

i== (3.6)

where A is the atomic mass number of the medium.

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

is not valid
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3.2.2.

(1) In a medium which strongly absorbs neutrons.
(i) within about three mean free paths of either amausource or the
surface of a medium; and

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

To some extent these limitations are present inryeygactical reactor
problem. Nevertheless, as noted earlier, Fick's #a diffusion theory are

often used to estimate reactor properties.

EQUATION OF CONTINUITY

The equation of continuity is the mathematicalestegnt of the obvious fact
that since neutron do not disappear unaccountabtyne rate of change in
the number of neutron in a volume, V within a medimust be accounted

for. In particular, it follows that

Rate of change of neutron, V = (Rate of productbneutron in the volume)
- (Rate of absorption in the volume) — (Rate ofképe in the volume)
.................................................................. (3.7)

If » is the density of neutrons at any point and timealume v, then the total
number of neutrons inside a volume, dv is then migendv, but the total

number of neutron inside the volume v is givernaly. Therefore the rate of

change in the number of neutron is given asj.%—,Zdv

Also, let S be the rate at which neutrons are echiftom a source per cubic
metre for volume, v. The rate at which neutrons maduced through v is

given as:

Production rate j:de
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The rate at which neutrons are lost by absorptien got/sec is given as

dv=3_¢ where} ,is the absorption cross-section through the volume
Therefore, the total number of neutron lost dualisorption is represented as

Absorption :jZa¢dv

Consider the flow of neutron in and out of volunv if J is the neutron
current density vector on the surface of v and @ ignit vector pointing
outward from the surface. Then the dot product ahd n (J. n) is the net
number of neutrons passing outward through theasarper crper second.
It follows that the total rate of leakage of neasahrough the surface A is

given as

[, J.ndA

Hence equation (3.7) becomes

v=[ Zdv- [ s,edv— [V.jdv

J=s5-5,6-7J (3.8)

If the neutron density is time dependent, then d@kpression density now

becomes zero
0=5-Z,¢—-V.J (3.9)
Equation (3.9) is called the steady state equatiaontinuity.

SELF ASSESSMENT TEST 1
0] State Fick’s law.

(i) Briefly explain the equation of continuity.
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(i)  State the steady state equation of continuity aqulaen what each

term stands for in the equation.

3.2.3. DIFFUSION EQUATION

The neutron diffusion equation is obtained by stultgtg the expression
J = —DVe@ (where D is the diffusion coefficient) into equmati(3.8) above. If
D is not a function of space variable kg/,z This impliesD = D(x, v, z).
Then we will have:

a7

DF:¢—EE¢—5=E (3.10)

and¢ = nv, wherev is the velocity of the neutron, whans independent of

time, the expression on the left hand side becarses i.e? =0 and it is

called the steady state diffusion equation. Butejpendent on time, then it is

called diffusion equation.

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

24 Za® | S _
Vo - —I—D 0 (3.11)
Substituting
e tion (3.11
o T into equation (3.11)
= 1 5
Vig—Zop+_ =0 (3.12)
.72 _ D
L ]2 = - (3.13)

The quantityL appears frequently in nuclear engineering problems is

calleddiffusion length: L* is called thadiffusion area.SinceD andZ, have

units of cmand cn, respectively, it follows from Eq.(3.13) that has units
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3.2.4.

of cn? andL has units of cm. a physical interpretationLo&nd L? will be

given later in this unit.

BOUNDARY CONDITIONS

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

I. ® must be real and non-negative function

il. ® must be finite except perhaps at singular poirtsaosource

distribution.

In many problems, neutrons diffuse in a medium Whias an outer surface,
that is, a surface between the medium and the atmeos. In the immediate
vicinity of such surface, Fick’s law is not validhweh means the diffusion
equations is not valid there either. Exact (noifugibn theory) calculations
show, however, if the flux as calculated from th&udion equation is
assumed to vanished at a small distashcbeyond the surface, then the flux
determined from the diffusion equation is very hearual to the exact flux
in the interior of the medium, though not, of cayraear the surface. This

state of affairs is illustrated in fig.3.2.
The parameted is known as thextrapolation distangeand 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. Flﬂom"—;r

and sad becomes

d=2.13D (3.15)
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Diffusion -,
theory

Vacuum or air

/A= Surface

Diffusing medium - -
: 7 \ ~

Fig.3.2 The extrapolation distance at a surface

Thus, from Eq. (3.15) it will be seen théts usually small compared with
most reactor dimensions. It is often possible, dftee, when solving the
diffusion equation, to assume that the flux varsshethe actual surface of

the system.

Boundary conditions at an interface between twdeddht media (e.g.
between the reactor core and reflector) must adsgplecified. The conditions
are that both the flux and the component of theecumormal to the surface
must be continuous across the boundary. Thus, attarface between two

regions A and B, we must have:
Wy — s (3.16)

Ua)w = Us) (3.17)

3.2.5 DIFFUSION LENGTH

It is of interest at this point to examine the pbgk interpretation of the
diffusion length, which appears in the diffusioruation and in so many of
its solutions. To this end, consider a monoenerg®tint source emitting S
neutrons per second in an infinite homogenous nabolerAs these neutrons

diffuse about in the medium, individual neutronswveaon complicated,
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zigzag paths due to successive collisions as itetica Fig. 3.3. Eventually,
however, every neutron is absorbed in the mediubmercan escape, since

the medium is infinite.

The number of neutronsin, which are absorbed per second at a distance

from the source betweerandr+dr is given by

dn=Z_¢(r)dVv,
Neutron Neutron
emitted here /absorbed here
‘ ” ’

Actual path
of neutron

Fig. 3.3. Trajectory of a neutron in moderating rdeam

where ¢(r) is the flux from the point source avily = 47> dr is the

volume of a spherical shell of radiuand thicknesdr. Introducing¢(r)

¢ se/t
rom r)= Ives
ar) 47Dr g
SC, . 5
dn = re S dr = —re " dr,

Since S neutrons per second are emitted by theesamddn are absorbed
per second betweerandr+dr, it follows that the probabilitp(r) dr that a

source neutron is absorbeddinis

-r/L
P(r)dr = reL2 dr
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It is now possible to compute the average distéirmoe the source at which a
neutron is absorbed, by averagingver the probability distributiop(r) dr.
For somewhat obscure reasons, however, it is maualuin nuclear

engineering to compute the average of the squat@soflistance itself. Thus,

In words, the last equation states thais equal to one-sixth the average of
the square of the vector (“crow-flight”) distand®at a neutron travels from
the point where it is emitted to the point wherasitfinally absorbed. It
follows from this result, that the greater the eswof L, the further neutrons
move, on the average, before they are absorbedsuvihvalues df andL?

for thermal neutrons will be discussed later.

SELF ASSESSMENT TEST 2

0] State the diffusion equation and explain whatche term 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 lengthith respect to the

average of the square of the distance that a metrgels.
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3.3

3.4

3.5

CONCLUSION

In conclusion, we have been able to examine théderdifit physical
parameters that describe the behaviour of neutrbimlerstanding this

behaviours aid the design of nuclear reactors.

SUMMARY

In this unit, we have been able to understand tigattrons diffuse in the
reactor which obeys the Fick’s law for chemicalctens. Also, the equation
of continuity and diffusion equation has been umeexplain the diffusion of
the neutrons. In order to solve these equationandery conditions were
assigned to solve these problems which led to énwation of the diffusion

length.

TUTOR MARKED ASSIGNMENTS
(1) State three conditions under which the Fickw lis not valid.

(i) Deduce the diffusion length and diffusion arrfam the diffusion

equation.

(i)  The scattering cross section of carbon at lie\4.8b. Estimate the

diffusion coefficient of graphite at this energy.

(iv) It has been shown in this unit that the fluxtlae distance from a
point source emitting S neutrons per second imfnite moderator is

given by the formula below where L is a constant

Find expression for
(@) the neutron current in the medium

(b) the net number of neutrons flowing out throwglsphere of

radiusr surrounding the source.
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3.6 REFERENCES/FURTHER READING

R. Gautreau and W. Savin, Schaum’s outline of thexrd problems of
Modern Physics, 1999 edition.
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UNIT 4 NUCLEAR REACTIONS
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4.0 INTRODUCTION
The main forces operating inside a nucleus aretdube volume term and
surface term. This causes the nucleus to behagealliquid drop. Therefore,
if energy is applied from the outside, oscillatiorodes are excited in the
same way as for a liquid drop. In this way, nucésusan fission into two
pieces, which is the process known as nucleaofisgilso, two or more light
nuclei can fuse together to form heavy nuclide.

41  OBJECTIVES

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

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

. Explain nuclear fusion as a thermonuclear reaction.

. Explain the criticality of a reactor
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4.2

42.1

MAIN CONTENTS

NUCLEAR FISSION
When a nuclear fission takes place, two or more freutrons are released.
Fission is like any other nuclear reaction in whtble total charge and the

total number of nucleus must remain constant. e.g.

235 1 236
92 U +0’7 92 U

Al A2 1
- 21P1 +zz Pz + Ko’7

Where K is the number of neutrons released. Usdalky A,. In other words,

nuclear fission is usually asymmetric. Symmetriclear fission is one in

which A = Ao,

Yield

\4

95 140

v

From the diagram above ;Ais about 95 and Ais about 140. From

experiment result, the average value of K from th&ction is 2.5.

. Energy released from neutron yield

We can calculate the energy released as follows:
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20+ - (Z0) - Bz et 2Mo+ 24
LTl T L Xer 240

2U+in— Mo+ Xe+2in+4 Je

CIm; = 236.133 amu

CImy = 235.905 amu

Am =[mi - Omf

=0.228 amu

= 0.228 amu x 931.5 MeV = 212.268 MeV
=212.268x1.6 x 18

= 3.36x10'J

In addition to this energy, some energy has beemedaaway by the emitted
" particles and th rays. Fission process occurs sequentially releasogt

210MeV at each point of fission. Therefore if figsiis allowed to continue,
one can build a large amount of energy (3.36 ¥.10n a single fission)
when this is multiplied by the Avogadro’s number, wet the total energy

released in 1 atomic mass i.e. in 235G°08

=3.36 x 10'' x 6.02x 16°

=2.02 x 16°

If this is consumed as fuel in one month in a narcfgwer reactor, the power

202x10%)

outputRQy= —MMM—
U v 3% 24% 360C
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4.2.2

=7.8x 16w

=7.8 MeV

Lastly, this is more than the energy required by @niversity in the country.

THERMONUCLEAR REACTION (NUCLEAR FUSION)

Fusion is the synthesis of heavier nuclei fromtlighes and this can take
place with the liberation of energy especially &ses where the total mass of
the product is less than the total mass of thetae&ci.e. Am =0
(implication).

Omg - Omj = Am>0
This is always the case for which A A; < 60 example:
TH+H -2 H+p" +04MeV

The reactants have to be given high kinetic enei@yovercome the
coulomb’s repulsive force between them, but thelearcforce of attraction
takes over to fuse them together. In order to gaaehis kinetic energy, the
temperature of the particles is raised and theggnisrgenerated by thermal
agitation e.g. to generate 480 KeV thermally, #magerature must be about
3.7x10 K. This is why the reaction is called thermonuclesaction. Due to
this high temperature requirement, no nuclear pgigert is based on nuclear

fusion.

Thermonuclear reaction can be accomplished by dusioton and deuteron

together(iH & fH)(}H & H )(fH & fH)etc

The reaction involving the fusion of deuteron aritiuim
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4.2.3

’H +>H -4 He+,n+176MeV

This reaction yields a large amount of energy arssiphtes heat in the
incredible short time of 1.2x18; thereby releasing a very high level of
power. This is the basis of the “modern hydrogemlbb Fusion of light
elements is known to be the source of “stellar gyienn the interior of the

sun, the temperature is high enough for nucleaofu® occur.

SELF ASSESSMENT TEST 1

0] Distinguish between nuclear fission and nucleaiofus
(i) Describe the conditions necessary for nuclear fusidake place.
(i)  Mention one example each of physical phenomenonrevheclear

fission and fusion can take place.

CRITICALITY OF A REACTOR
From the diffusion equation

DO’p-% ¢+S=0

I, = —af T Zon (1)

The number of neutrons that will be absorbed byfilkeéwould be given as

£, = £, +E,, and not all neutrons absorbed by the fuel lead to

fission.

If 1 is the probability of producing more neutron onrage than the number

of neutron emitted per neutron absorbed the ta@afmeutron emitted by the

fuel is given as

=249 2)

Equation (2) can further be written as
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=niZ ¢ 3)

This implies that

Zaf
2

f = = Utilization factor

a
Z.¢ IS absorption cross section by the fuel

I, is total absorption cross section.

The ratio between the number of neutrons emittatidanumber of neutrons
absorbed is given as:
= —,ﬁza¢ =
2,9

Since the number of neutrons absorbeg>=<¢: Therefore the total number

K, 4)

of neutrons emitted and absorbed by fuel in thers@enedium is given as:

M@ XZo= iz 2,9

For the total of number of neutrons emitted byftred
NIy Z.0)=n* 1,0

From equation (4), equation (3) can be written as:
mzp=K.,z,¢

Therefore, the diffusion equation can be written as
DO%p-Zap+ K _Sap=0

dividing through by D
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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 increasgepan a
reactor,K_. will be increased. The value &f,. cannot be controlled under
explosive and nuclear reaction. Control rods eagba@n rods are used to

control K in a system or reactor.

If K, is great than 1, it means the number of fissioordases from
generation. In this case the energy released byhhe reaction increases
with time. The system is said to be “Super criticBK,, < 1, the number of
fission decreases with time and the chain reasi#od to be Sub Critical.

If K, = 1, the chain reaction proceed at a constant eagrgy is released at a

steady level, the system is said to be critical.

To increase the power being produced by a reattterpperator increases K
to a value greater than unity so that the reactapoimes super critical. When
the desired power level has been reached, it retina reactor to the critical
by adjusting the valued of K to be unity and thacter then maintains the

specified power level.
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4.3

4.4

4.5

To reduce power or shut the reactor down, the operaerely reduces K
making the reactor sub-critical and as a resudtailitput power at the system

decreases.

SELF ASSESSMENT TEST 2

0] Define the utilization factor in a nuclear réac

(i)  What do you understand by the criticality ofesactor?
(i)  Derive the buckling factor from the diffusicequation.

(iv)  Briefly explain howk .. can be controlled in a nuclear reactor.

CONCLUSION

In conclusion, we have been able to examine therdifit forms of nuclear

reactions. Also, we examined the dynamics of thérpa in the reactor.

SUMMARY

In this unit, we have been able to understandribekear reactions are of two
forms (nuclear fission and fusion). We studied weath of these reactions
entail as well as their practical applications. Alsve studied the neutron
dynamics which led to defining the utilization factand buckling factor.

These factors assist to control reactions in agaualeactor.

TUTOR MARKED ASSIGNMENTS

(1) Briefly explain the process involved in a nuadission reaction.
(i)  What do you understand by the term neutrode

(i)  Explain the process involved in making an hygen bomb.

(iv)  Briefly explain the different critical statd a nuclear reactor.
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4.6 REFERENCES/FURTHER READING
R. Gautreau and W. Savin, Schaum’s outline of thexrd problems of
Modern Physics, 1999 edition.
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UNIT 5 NUCLEAR REACTOR
CONTENTS
5.0 Introduction
51 Objectives
5.2 Main Content
5.2.1 Classification of Nuclear Reactors
5.2.1.1 Thermal Reactors
5.2.1.2 Breeder Reactors
5.2.2 Components of Nuclear Reactors
53 Conclusion
54  Summary
5.5  Tutor Marked Assignments
5.6 References/Further Reading
5.0 INTRODUCTION
Devices which are designed so that fission reactan proceed in a
controlled manner are called “nuclear reactors’eréhare 2 main types of
nuclear reactor.
a. Thermal reactor
b. Fast(Breeder) reactor
51 OBJECTIVES

After studying this unit, you will be able:

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

58



PHY 456 NUCLEAR REACTOR PHYSICS

5.2 MAIN CONTENTS

5.2.1 CLASSIFICATION OF NUCLEAR REACTORS

5.2.1.1 THERMAL REACTORS

As mentioned earlier, for various neutron energiesctions of different
kinds and different sizes take place. If the enafgg neutron is lowered, its
wavelike behaviour and the reaction cross-sectidirverease. The amount
of this increase depends upon the nuclide andiosacthe reaction cross-
section of a thermal neutron depends significanfign the target nuclide.
The cross-section % I/ nuclear fission is shown in Figure 5.1. The nuclea
fissions of *** U, *** Py, and *** Pu by thermal neutrons also have very large
cross-sections. If the energy of a neutron is leddo a thermal level, the
achievement of criticality becomes easy. This igabge as the neutron
energy is decreased the cross-section for fissoreases faster than the
absorption cross-section of material in the readibrer than the fuel. A
nuclear reactor with a large fission rate by thdrmeutrons is called a

thermal reactor.

As shown in Fig. 5.2, neutrons generated in nudisaion have very high

energy, and thus it is necessary to lower the gnier@ thermal reactor. In
order to moderate neutrons, the scattering explamgrevious units can be
used. In the high energy region, inelastic scatteend the (n, 2n) reaction
can be used effectively. When the energy is lowehedvever, these cross-
sections are lost. Therefore, elastic scatterintheésonly useful moderation
method over the wide energy region required to pecedthermal neutrons.
The rate of energy loss by elastic scattering messed by. Light nuclides

have higher values, as shown in Table 5.1. Thusiromes generated in
fission collide with light nuclei and are moderatéal thermal neutrons.
Material used to moderate neutrons is called a nadoile A moderator

should be a light nucleus, but at the same timshould have a small neutron

capture cross-section.
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H 1 0 1 ZaE 14 - -
2 111 T2 gas 20 - -
Hg0 - - 2D 1.0 16 1,85 71
Dg0 - - . B0 1.1 26 0,178 BRTD
He 4 . B0 425 gas 44 1, 6% 107F Ea
Ee g . Bd4D . 200 1. B5 B9 0. 158 143
G 12 716 . 158 1. BD 91 0. OBD 192
S| 2ag . BB2 . DR 1%, 1 1730 0. 003 . DOSE

Table 5.1. Characteristics of typical moderator
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As explained earlier, natural uranium contains anlgmall amount of fissile
23517, with the rest being mostly*®U. As shown in Fig. 5.32%U shows a
very large absorption for neutrons at energy of76ed/. This type of
absorption is called resonance absorption. We esntlsat there are also
many resonance absorptions for energies higher than Therefore, if
natural uranium is used as a fuel, many neutromslbsorbed by** U7 and it
is difficult to make the nuclear reactor criticdlhe most direct method to
solve this problem is to enricif 7. However, enrichment is very costly.
Another good method is to allow suitable separatibfuel and moderator in

the reactor.
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—
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Fig.5.3. Cross sections for=U.
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T

The separation of fuel and moderator is calledtarbgeneous arrangement.
Inside the moderator, both diffusion and moderabbmeutrons take place.
Since the nucleus of the fuel is heavy, it barebderates neutrons, and thus,
inside the fuel, diffusion is the dominant neutnmotion. If the reactor is
heterogeneous, neutrons scattered in the fuel tendhave successive
collisions inside the fuel, and neutrons scattémegtie moderator tend to have

successive collisions inside the moderator.
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Thus, neutrons generated by nuclear fission inftieé are not moderated
inside the fuel; instead they enter the moderaggion and gradually lose
their energy there by moderation. When a certaindoergy is reached, most
neutrons diffuse from the moderator region. In ¢énergy region with large
resonance absorption, neutrons diffusing from tleslenator region to the
fuel region are mostly absorbed on the surfacehefftiel region, and thus
they cannot enter the interior of the fuel regidhis effect is called self-
shielding. Most neutrons are finally moderated hertnal neutrons in the
moderator region and enter the fuel region aftpeaged diffusion. They are
then absorbed by**y. If the ratio between the fuel surface area ara th
volume is reduced by making broad fuel rods, deilding can greatly
reduce resonance absorption. In light-water reactwhich are currently the
most commonly operated reactors, neutron absorpbgn protons is
considerable, enriched uranium is used and a lggreous arrangement is

adopted.

5.2.1.2 BREEDER REACTORS

Thermal reactors have the following problems. Wile& neutron energy
becomes large, the fission cross-section increasels the capture cross-
section also increase at almost the same ratendimber of neutrons emitted

when one neutron is absorbed in the nucleus e)quiesy is:

of
=f

Here,of andoc are the cross-sections for fission and capturgecs/ely,
andv is the average number of emitted neutrons per audlesion. The
valuen depends on the energy of the colliding neutronshasvn in Fig. 5.4.
For thermal neutrons; is about 2, however, when the energy is more than

0.1 MeV, 7 increases rapidly. If many neutrons are generatehis way, not
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only can a chain reaction be maintained, but it alag be possible that there

will be excess neutrons.

If we let 2** 17 absorb these neutronS; Pu can be produced, as mentioned
before. That is, we can produce fissile materiathet same time as we
consume fissile material. The number of newly getest fissile atoms per
consumed fissile atom is called the conversionorali the valuey is
sufficiently larger than 2, it is possible to olotai conversion ratio larger than
1. Thus, it is possible to generate more fissiléemi@ than is consumed. This
is called breeding, and the conversion ratio irs ttase is often called the
breeding ratio and this type of reactor is calledr@eder reactor. In other

words fissile material can be bred using fast reagin a fast breeder reactor.

0 T T T T v v T
107% 107" 10" 10" 10 10" 10* 10° 10° 107
Meutron energy (el/)

Fig.5.4 p-values for important fissile nuclides

Looking carefully at Figure 5.4, we can see th&r ***U is larger than 2 in

the region of thermal neutrons. Thus, it seemsiplesto perform breeding
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with thermal neutrons also. The nuclid€ U can be prepared frors= Th.
However, since the margin of the neutron excesgiig small in this case,
ingenuity is required. A breeder reactor using rtierneutrons is called a

thermal breeder reactor.

5.2.2 COMPONENTS OF NUCLEAR REACTORS
(1) CORE:

The central region of a reactor is called “CORE’althermal reactor,
this region contains the fuel, moderator and thelasd. The fuel
includes the fissile isotope which is responsildétfor the criticality
of the reactor and for the release of fission eperdpe fuel is some
cases may also contain large and of fertilize nedtdfertile materials
are material which are themselves not fissile bainfwhich fissile
isotopes can be produced by absorption of neuerample aré**Th
(from 23*U) which %**U can be produced arfd®U from which#%PuU

can be produced.

The moderator which is present only in thermal t@acis used to
slow down and the neutrons from fission to thererargy. Nuclei
with low mass number are more effective for thispese. Examples

are water, heavy water and graphite.

The coolant is used to remove heat from the codefram other parts
of the  reactor where heat may be produced. Elesrgre, water,
heavy metals, and various gases. With fast regot@ter and heavy
water cannot be used as coolant since they can sis® down

neutrons. Most fast reactors are cooled by liquedainexample liquid

sodium.
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(2)

)

(4)

(5)

BLANKET:

This is a region of fertile material that surrourtds core. This region
is designed specifically for conversion or breedihputrons that
escape from the core are intercepted in the blaoketter the various

conversion reactions.

REFLECTOR:

This reduces the number of neutrons that finalgvés the reactor
core. All of the neutrons do not return, but sontest as to save
neutrons for the chain reaction in the reactor.réfoge a reactor with
a reflector is dearly better than one with no tle.

CONTROL RODS:

These are movable pieces of neutron absorptionrialat&hey are
used to control the reactor. Since they absorbedtraves, any
movement of the rods into or out of the reactoreaf the
multiplication factor K of the system. Withdrawalf ahe rods
increases Kinsertion decreases K. Thus the reactor can beedtap,
shut down, or its power output can be changed kyathpropriate

motion of the rods; for example Boron rods.

REACTOR VESSEL.:
All the components just described are located éréactor vessel.

Water reactors, high-temperature gas-cooled regctord fast reactors are

presently used for power generation or propulsiorare close to being in

actual use. An overview of these reactors is ginerable 5.2.
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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

W
lig

Table 5.2 Typical Nuclear Reactors

ater reactors can be either light-water reactotseavy-water reactors. The

ht-water reactor is the predominant power reactight-water reactors

include boiling-water reactors (BWR, Figure 5.5), which the coolant is

boiled in the core, and pressurized-water reac(BMWR, Figure 5.6), in

which boiling is suppressed under high pressure.

In

a boiling-water reactor, power is generated bgally sending steam to a

turbine. In a pressurized-water reactor, secondaojing water is evaporated

in

a steam generator and the generated steamtisosre turbine. Since the

core in a heavy-water reactor is large, the modegatd coolant are generally

segregated. The moderator is placed in an atmasplessel and the coolant

is

placed in a pressure tube. Either light wateheavy water is used as

coolant. Usually, light water is used in the bajliwater type and heavy

water is used in the pressurized-water type.

stearm e

\ o= water turbine
=

generator

’ ———
contral rod ——— [|condenser
- iiater

= ater
[ [T [T T[]

\":|_'_):')4J

Fig.5.5 Boiling-water reactor (BWR).
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cogftrol rod stearm s

= wynter  fUTbINE generator

I condenser
T = iater
[ = == yater

Fig.5.6 Pressurized-water reactor (PWR).

care

Currently under aggressive development is the teghperature gas-cooled
reactor, in which graphite is used as a moder&telium is used as coolant
and higher temperatures can be obtained than asbb® in other reactors.
The high-temperature gas-cooled reactor is categmiinto two types by the
use of different fuel: the block-fuel type and plebbed type. Fig. 5.7 shows
the pebble-bed reactor, developed as small mode&ators. Other reactors
in which graphite is used as the moderator areCGhlkeler Hall reactor, in

which carbon dioxide is used as coolant, and th&RBeactor, in which

water is used as coolant. However, these reactergradually disappearing.

core
il generator
turbo-compressor |7 ||
/\ J_ ]
- = 13

turbine

RS

== :

| recuperater

TEF pre-cooler
Fig.5.7 High-temperature gas-cooled reactor.
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In most fast reactors (Fig. 5.8), a liquid metaldism, is used as coolant so
that neutrons are not moderated. In these readt@am is also eventually
generated. Since the contact of radioactive sodinthwater is dangerous, a
secondary sodium loop is installed between the gmynsodium loop and the
water. To avoid sodium-water reaction, lead or {pmunuth is being

experimented with as coolant. Another design uses gyich as helium or
carbon dioxide as coolant since the density ofigasnall and hardly reacts

with neutrons.

intermediate ] < Na

e heatexchanger

Fig.5.8 Fast breeder reactor (loop-type).

SELF ASSESSMENT TEST 1
(1) Name the classes of nuclear reactors

(i) Explain briefly what happens to the reactionss-section of neutron

when their energies are lowered.

(i) Explain briefly how to moderate generated trtens from nuclear

fission reaction in a reactor.
(iv)  Give two properties of a moderator.

(v) List the problems of thermal reactors.
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5.3

5.4

5.5

CONCLUSION

In conclusion, we have been able to examine tHerdifit classes of reactors.
Also, we discussed about the components of a neatowell as the

nomenclature of reactors base on the moderatayalaict used in them.

SUMMARY

In this unit, we have been able to understand tihete are two different
classifications of reactors based on the kind oftno® used in them. Also we
listed the components of a reactor and the functibneach of these
components in the reactor. We examined the presadtors used in the
generation of power which were classified basehendoolant or moderator

used in them.

TUTOR MARKED ASSIGNMENTS

0] Explain the following terms: - resonance alpsion
- heterogeneous arrangement
- breeding
- conversion ratio

(i) What is the difference between Fertile andsiesmaterial?

(i)  What are the components of a nuclear reactor?

(iv)  List the components of a nuclear reactor.

(v) Give examples of moderators used in a nuckeactor. Name the best
of them all with reasons.

(vi)  Give examples of reactors that are presergbduor power

generation.
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5.6 REFERENCES/FURTHER READING

R. Gautreau and W. Savin, Schaum’s outline of thexrd problems of
Modern Physics, 1999 edition.
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SOLUTIONS AND ANSWERS

UNIT 1

1. Please see text

2 0] Please see text

(i)  (a)according to table 11.3 in appendix [12N0.080x16" then

from equation 1.2, the total interaction ratezisNaX= 2.6 x
10** x 5 x 16 x 0.080 x 16" x 0.1 x 0.05 =5.2 x 0
interactions/sec. (ans.)
There are only two absorption reactions, namelgjatave
capture and fission, which can occur when 0.0253-eV
neutrons* interact with®*®U. The cross sections for these
reactions are 99 b and 582 b, respectively. Whe253-eV
neutron is absorbed Ky°U, what is the relative probability
that fission will occur?
(b) Sinces, and g, are proportional to the probabilities of
radiative capture and fission, it follows that grebability of
fission iSCI;,-_.-"-[:CI'}. + r:l}-} =0;/0, = 582/681 = 85.5percent.

UNIT 2

1 0] Please see text

(i) Please see text
2 0] Please see text
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(i) N — total number of atoms per unit volume b&tmoderating
. L Na
material interacting in the moderator. To calculdte — x

specific gravity (s.g)

N = Atomic density

_ 602d0°
207.21

113

I'—O - e— 0 /(329x107 x1)

0845= e—0(329<1022><1)
o = 31x10 *cnm?
Z = oN = 329x10**atomd cm®

(i) o =28, 000barns
1barns = Fdcn?
28000barns = 2.8x4@nm?

Resonance occur when Ey=aBdn =1y

Recall: ™) = i 1
4”{(Eo - Ey)+4,72i|
2
o) = A1y
7772
h P
recallA =—=
p +2mE

Making n,,7, the subject of the formula
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Oy 701
M1, ==
2
g, )T
M1, ==
O(na)7l]
_ Y(na)
= Ty
O, T
T = Zlea)” = 00153
n, A
UNIT 3
1 0] Please see text
(i) Please see text
(i)  Please see text
2 0] Please see text
(i) Please see text
(i)  Please see text
UNIT 4
1 0] Please see text
(i) Please see text
(i)  Please see text
2 0] Please see text

(i) Please see text

(i)  Please see text
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UNIT 5

(iv)

(i)
(i)
(i)
(iv)
(V)

Please see text

Please see text

Please see text

Please see text

Please see text

Please see text
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