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PREFACE

NvucrLear ReEacTor Paysics has come to connote the analysis of
the behavior of an assembly of fissionable material. This book
is intended to serve as an introduction to the physical concepts
and calculation methods in this new branch of applied physics.
It is designed for use by the first-year graduate student in science
" or engineering and the design engineer in the nuclear energy field.
The principal emphasis is placed on the distributions in energy
and space of neutron flux, the determination of the critical amount
of fissionable material, and the *transient behavior and control of
the reactor as a heat source. It is assumed that the reader has
familiarity with the fundamental facts of nuclear physics, but it
is recognized that most of the description of the chain reactor is
in terms of classical models. The goals that have been sought
are to present the theory simply and logically, and to provide
enough detail in the many numerical illustrations to achieve a
. degree of practical utility. Probléms, with answers, are given at
the end of each chapter.

The material presented is based on a series of undergraduate
and graduate courses given by the author since 1950 in the
Nuclear Engineering curriculum at North Carolina State College.

Valuable suggestions and assistance were provided by a num-
ber of people. Professor William M. Breazeale, Professor Richard
“ A, Fayram, and Dr. Alfred M., Perry reviewed the first draft.
Thanks are due also to Arthur Banister, Gene Baraff, Gerald
Katzin, Harold Lamonds, Joseph Lundholm, Chreston Martin,
and Charles Terrell of North Carolina State College for reading
certain sections. The encouragement and assistance from the
author’s wife, Hlah Mae Rengler Murray, is gratefully recognized.

Raymonp L. Murray
Raleigh, North Carolina
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Chapter 1
THE NUCLEAR REACTOR
S —

A nuclear reactor may be defined as a device in which nuclear
energy is liberated as a result of a chain reaction involving neu-
trons and fissionable elements. Ii is a source of thermal and
radiant energy that utilizes nuclear reactions rather than chemieal
or electrical processes. As in other systems, the factors that must
be considered in design and operation are the componenis or in-
gredients, the arrangement, and the method of control. The nu-
clear aspect introduces problems and methods of analysis that are
unique in industrial practice. The behavior of the system often
may be treated by thz classic kinetic theory of gases and by
methods conventional in the analysis of heat transfer and electric
circuits. , The interactions of component particies, however, are
described by the concepts of nuclear physics. On the assumption
that the reader has studied the equivalent of an introductory
course in nuclear physics, we shall restrict attention to the reac-
tions of special application to the theory of nuclear reactors.

1.1. Nuclear reactions with neutrons

The neutron plays a central role in the muclear reactor since
it serves as the agent by which nuclear fission occurs. Having.
no electric charge, it is not influenced by the presence of matter
unless it comes within a distance of about 1072 cm of the nucleus.
Once within this range, it is subject to one of two events—scatter-
ing or absorption. The conventional classification of such neu-
tron reactions follows.

1
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2 THE NUCLEAR REACTOR [Ch. 1

(a) Elastic collision. 'The collision of a neutron with a nucleus
may be-elastic, with momentum and kinetic energy conserved.
This will result simply in a transfer of part of the neutron kinetic
energy to the target nucleus, with a change in the direction of
neutron motion. Details of the relations between energy, speed,
and angles in the elastic scattering process will be given in the
next chapter.

(b) Inelastic collision. In heavy elements such as iron or
uranium, a neutron with energy in the vicinity of 1 mev may pro-
duce excitation of the nucleus. The neutron thus may lose a
large fraction of its initial energy. The nucleus returns to the
ground energy state by the emission of a garnma ray.

(¢) Radiative capture. Neutron absorption may convert the
nucleus into a different isotope. The formation of Co® from Co*
is typical. Excess energy resulting from the absorption of the
neutron is released almost instantaneously by the nucleus as a
capture gamma ray; if the product isotope is radioactive, it will
emit beta particles and additional gainma rays according to its
half-life.

(d) Capture with charged particle emission. If the meutron
energy is high enough, a transmutation with the ejection of a
proton or alpha particle will occur. The production of N'¢, by
the reaction with-O' of neutrons with energy above 10 mev, is
an important example.

(e) Fission. The neutron may induce fission. In the isg-
* topes U5, Pu®, and U3, fission can be produced by either low or
high energy neutrons, with the probability of fission particularly
high for slow neutrons. U®® will fission only with neutrons of
energy above 1 mev. This event results in the emission of several
fast neutrons, which may be used to sustain a chain reaction.

(f) Fisstonable isotope production. Radiative capture of neu-
trons in the isotopes %% and 4 Th*? leads to new fissionable ele-
ments, plutonium o Pu*® and U3, according to the sequence of
events below:

02U 4 on! —— , U

U™ Gsmm NP

239 > 0 Py o
an 2.3 days F v* + €
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4 THE NUCLEAR REACTOR [Ch.1

 WTHE s T

nThm —6;—4 nP B.m + 1e°

nPa®™® —— Ty U™ + _ie?

These reactions relate to the converlter and breeder reactors, in
which useful fissionable materials not found abundantly in nature
are formed.

Table 1.1 lists a number of other important neutron reactions,
with the characteristics of the resulting radioactive isotopes. In
this table, the cross section, to be discussed in detail in Chapter 2,
is a measure of the probability of absorption. Two other non-
fission nuclear reactions that provide neutrons are important in
the reactor field. The photodisintegration of heavy hydrogen is
given by

¥+ H*— H' 4 !
The alpha particles from radium and its products react with
beryliium according to

sHe! + Be® — (¥ +

1.2. Fission

. The fission process consists of division of a nucleus such as

U into two or more heavy fragments of much lower mass and
atomic numbers than the original element. The first step is the
absorption of a neutron: :

‘ on! 4 pUE . — U
After emission of a capture gamma ray, the U nucleus may re-
main intact. In 16 per._cent of all absorptions the result is es-
sentially stable (2.4 X 10" yr) U™; in the remammg 84 per cent
the result is fission. The U”‘ may split in meny ways. As a
typical example,
nU™ — ;Ba'® - Kr* + 3m* 1 energy

The fission fragments have two important properties, kinetic en-

ergy and radioactivity. They are highly unstable, since they
have a large neutron excess over the stable element of the same

-
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atomic number. They decay radioactively by a chain of beta and
gamma ray emissions. The total senstble energy release from
fission is around 190 mev on the average, divided among the prod-
ucts approxxmately as follows:

g 167 kinetic energy of fission: products
5 fast neutrons
7 instantaneously emitted gamma rays
i 5 fission product decay beta particles
__8 fission product decay gamma rays
190

An additional energy of about 11 mev, released in the form of
highly penetrating neutrinos, does not contribute to the practical
utilization of fission heat. In spite of being large, the total energy
release is less than 0.1 per cent of the total mass-energy value of
the uranium nucleus. The exact correlation of fission rate and
heat power ip a nuclear reactor depends ou the fraction of gamma
. rays that escape from the system,-as well as on the degree of
equilibrium of fission product production and decey. Fortu-
nately, precise numbers are not necessary. Convenient relations
for estimates based on 190 mev/fission are

8.8 X 10" fissions/watt-sec
1.8 gm U™ consumed per megawatt-day
107 kwh/Ib of fuel fissioned .

From 1 to 6 neutrons may be emitted in fission, "Fable 1.2 shows

Table 1.2
Neutrons from Fissionable Elements
» 7 (slow) 9 (fast)

nU™ 2.46 2.08 2.83
uPu® 288 208 .70
nU™ — 254 281

the average number of neutrons per fission (») and the average
number of neutrons per absorption () in the principal fissionable
elements activated by low and bigh energy neutrons. For natu-
ral urani 1, with isotopic composition 0.7205 per cent U™, 99.274
per cent U, the value of 7 is 1.34, s
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1.3. The nuclear chain reactor

If the number of neutrons in an assembly -of fissionable ma-
terials can be maintained constant, a self-sustaining chain reaction
exists. This is possible only because more than one neutron is
produced for each neutron that sets off the fission process.

The basic interactions and components in a typical nuclear
chain reactor are now presented. The reactor will be assumed to
contain U™ as fuel and to operate with low-energy neutrons.
The fission of a nucleus of U gives rise to around 2.5 neutrons
on the average and 190 mev of useful energy. The kinetic energy
of the fission fragments is the primary source of potentially useful
heat, which can be removed by a circulating coolant. In a typical

a4 4 4 4 4 4
4
4 a 4 a
48 ) L ‘, .
4 T e e e e 4
A » ". .
Coolsnt .. 4
A . F‘ X G E‘.c :
q . E 3 ¢ P-]
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smeid |, - AL GHAHAE
AL AT UE
A . _E... /’ 1%
. A E: 0 UE
. ."L-;.. 1 ] '
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. Rl BE| G
4 & ;
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2 - :
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a ottt <.
A 4 A 4
Coolont

Figure 1.1. Schematic reactor
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reactor, a moderalor containing a light element such as kydrogen
or carbon is intermixed with the fuel. Successive collisions with
jmoderator nuclei serve to reduce the energy of fission neutrons
(2' mev average) to the thermal* level. In the course of slowing
down. many neutrons escape through the boundaries of the cen-

! Table 1.3
Classification of Reactors

Energy of neutrons that produce fission
fast :
intermediate (or epithermal)”
thermal

Nuclear fuel
natural U (0.7%, U™)
slightly ecriched U (1-2% U*)
highly enriched U (22809, U**)
Pu®
U .
Method of heat removal, by circulation of
coolant only
fuel mixed with coolant
moderator-coolant
tuel, moderator, and coolant

Purpose
research
prototype
propulsion
heat source
electric power generation
isotope production (fissionable or for industrial use)

Arrangement of fuel and moderator
heterogeneous
homogeneous

Materials used in the following reactor components
moderator
coolant
structure
reflector
shield rd

* Thermal neutrons are those in equilibrium with a substance having thermal
energy corresponding to temperature T. Since room temperature corresponds
to 0.025 ev neutron energy, the latter is a commonly quoted thermal value.

B



8 THE NUCLEAR REACTOR [Ch.1

tral portion or core—a process called “leakage.” A surrounding
reflector has the function of reducing the number lost in this
manner, while contributing additional mcderation. Relatively
few of the higher energy neutrons are removed from the cycle by
absorption, unless an appreciable amount of U®® with its reso-
nance absorption peaks is present. The choice of structural and
moderating materials normally eliminates other capture losses at
energies above thermal. Slow neutrons remain in the system for
a relatively long time, since the chance of scattering is greater than
that of absorption. Some are eventually absorbed by moderator,
structure, U%, or fission product isotopes, while a few escape from
the assembly. The rest are absorbed by U, The reaction is
self-sustaining or crifical if the neutrons released from the fission
of one U® nucleus eventually produce one more fission (or if an
initial fast neutron provides another to replace it at the end of the
foregoing cycle). The sub-eritical reactor is one sustained only
by a separate supply of neutrons; in the super-critical resactor,
neutrons will accumulate. ,

Figure 1.1 shows a schematic diagram of a reactor, with strue-
tural details omitted for simplicity. The radiation shield is not
-essential to the chain reaction, but must be provided for the pro-
tection of personnel from neutrons and gamma rays.

Reactors may be classified according to their function, ma-
terials of construction, and arrangement, as shown in Table 1.3.

1.4. Reactor types and examples

If one formed all the possible combinations of reactor features
according to the classification in Table 1.3, about 1000 reactor
types would be found. Many would not be feasible at all; others
would be inordinately expensive. Some of the types that have
been operated or show the most promise are now described briefly,

. to assist in orientation. First, consider six power reactor systems.

. Heterogeneous, naturai uranium, converter reactors.
A chain reaction cannot be sustained in a mass of natural uranium
metal, no matter how large, because of the unfavorable competi-
tion between neutron capture in U¢ with fission. However, fuel
may be arranged in lumps or rods separated by a material such



