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Nuclear Theory - Course 127

NUCLEAR STRUCTURE

The subjects discussed in this course cover many of the
topics already discussed in the levels 4, 3 and 2 Nuclear Theory
courses. Therefore, it is inevitable that this level 1 Nuclear
Theory course will review much of the material already covered.
However, the approach to the subject matter will be somewhat
different and certainly more detailed. New topics will also be
introduced here and there, so that when you have completed this
course you should have a good basic knowledge of the physical
processes occurring in nuclear reactors.

For the sake of convenience, this course will be divided
into two parts. These are:

(a) Reactor Theory - The Steady State. This section deals with
such topics as the critical size of a reactor, neutron
balance in a reactor, moderator and reflector properties.
All these discussions centre around a reactor in which the
chain reaction is just being maintained and where no
variations with time are occurring.

(b) Reactor Theory - Time Dependent Effects. This section
could be considered as being a discussion of the effects
that arise from a "Disturbance of the Steady State". The
type of topics that would be covered in this section would
be temperature change effects, effects of changes in
reactivity, reactor regulation and protection, build-up
of ,poison and other effects that vaqr over short or lonq
periods of time.

The first four lessons of this course will deal with those
aspects of nuclear physics which are important for an under­
standing of reactor theory.

Equivalence of Mass and Energy

Einstein showed that mass and energy are equivalent. The
relationship between mass and energy changes may be written:

t::.E = t::.ma 2

Where fiE is the energy change expressed in joules, fim is the
accompanying change in mass given in kilograms and a is the
velocity of light, equal to 3 x 10· meters per second.

June 1972 (R-4) A E.
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X 10- 19 joule1.6021

10 3 eV

10 6 eV

A convenient and very common unit of energy in nuclear phy­
sics is the electron volt (abbreviated eV). It is the energy
gained by an electron in being accelerated through a potential
difference of 1 volt.

1 eV =
1 keY =
1 MeV =

The Nucleus, Nuclear Particles

The atomic nucleus consists of Z protons and N neutrons,
where Z and N are the atomic number and neutron number respec­
tively. The total number of nucleons in the nucleus, that is,
neutrons and protons, is equal to Z + N = A, where A is the
atomic mass number.

A nuclear species with a given Z and a given A is called a
nuclide. To distinguish a particular nuclide it is written in
the form zXA, where X is the chemical symbol for the element.
Nuclides with the same Z but different A are called isotopes.
Every element has a number of isotopes - stable and unstable ­
which range from 3 (hydrogen) to 26 (tin), with an average of
about 10 isotopes per element.

The mass of the proton is 1.67252 x 10-27 kg. It carries a
positive charge of 1.60210 x 10- 19 coulombs (C), equal in magni­
tude to the negative charge of the electron, and it is a stable
particle.

Nuclear Masses

The mass of the neutron is marginally greater than that of
the proton, namely 1.67482 x 10-27 kg, and it is electrically
neutral. ' The neutron is not stable unless it is bound in a nuc­
leus. A free neutron decays to a proton with the emission of a
8- particle and an antineutrino, a process which on the average
occurs in about 12 minutes. You will see later in this course
that the average lifetime of neutrons in a reactor before they
are absorbed or leak from the system is no greater than a milli­
second. The instability of the neutron is therefore of no con-
sequence in reactor theory. I I "---

01'1 -» , f + e of-.r
it-I 0

I
r~ -::> ,," t- e +- '"-,

The masses of atoms are conveniently expressed in atomic
mass units, or amu. The actual mass of a"riucleus is measured on
a scale, the physical scale, such that the mass of the neutral C12

atom is precisely 12 amu', and hence 1 amu = 1.660438 X 10- 27 kg.

- 2 -



TABLE 1 - SOME USEFUL NUMBERS

127.10-1

Avogadro's Number No 6.02252 x 10 26 (kg.mo1e)-1

Electron rest mass me 9.1091 x 10- 31 kg

5.48597 X 10-" amu

0.511006 MeV

Elementary charge e 1. 60210 x 10- 19 cou1

Neutron rest mass mn 1.67482 x 10- 27 kg

1.0086654 arnu

939.550 MeV

Proton rest mass mp 1.67252 x 10- 27 kg

1.0072766 arnu

938.256 MeV

Speed of light c 2.997925 x lOB m.s- 1

1 MeV

1 arnu

1 watt

1 day

1 year

1 curie

10 6 eV

1.60210 x 10- 13 joule

1.660438 X 10-27 kg

931.478 MeV

1.49232 x 10- 10 joule

1 joule/sec - 3.1 x 10 10 fissions/sec

86400 sec

3.156 X 10 7 sec

3.70x10 1O dps

- 3 -



- 4 -

127.10-1

The atomic mass of a nuclide should be distinguished from
the chemical atomic weight which is the average weight of a large
number of atoms of a given element. It is not quite the same as
the mass of an individual atom unless the element contains a
single isotope. Furthermore, you should note that the atomic
weight unit on the chemicaZ scale is defined as one-sixteenth of
the average weight of an oxygen atom in a natural mixture of
stable oxygen isotopes (0.204% 0 18 , 0.037% 0 17 and the rest 01B).
In many calculations this slight distinction (about 3 ppm) is
insignificant and the atomic mass, denoted by A, is used rather
loosely.

13inding Energy

The mass of the proton is 1.00728 amu, and the mass of the
neutron is 1.00867 amu. The actual mass of a nuclide is not
equal to the total mass of its individual nucleons, the differ­
ence being called the mass defeat. This mass defect is a conse­
quence of the equivalence of mass and energy and arises from the
binding energy of the nuclide. This is the energy required to
split the DucH de into i,ts i ndi,yidual component pucl eODS. Prom
experiment it is found that, except for a few light nuclides,
the binding energy per nucleon in the nucleus increases rapidly
as the size of the nucleus increases up to about A = 60, but for
greater values it decreases again gradually. This means that
nuclei of intermediate-masf3.-,QJ;6"mor,e..,s±r.ongly b,Qund thaD the
light and the he2YY,_n~21~~, Thus energy may be released by com­
bining two light nuclei (fusion) or by splitting a heavy one into
two of intermediate mass (tission).

Nuclear Forces

Between two electric charges of the~ame sigp there is a
tepulsive force which is called a Coulomb force. Since nuclei
may contain a large number of positive protons each repelling the
others due to Coulomb forces it is clear that there must be other
forces present which are attractive. These are short range
?:wc lear forces.. They act between all adjacent nucleons, whether
D=P~n or p-~, and drop off rapidly on separation of the
nucleons.

The lighter stable nuclei contain roughly e~ual numbers of
neutrons and protons (eg, BCl', 8016, 9p 19 , llNa!). As the
number of protons in the nucleus increases, the long range Cou­
lomb forces build up more rapidly than the nuclear forces which
only have short range. Therefore, in order for heavier nuclei
to remain intact more neutrons are required to supply binding
forces between all particles to overcome the distruptive Coulomb
forces. As a result, the nip ratio 1radually increases from 1
(light nuclei) to about l~ (eg, 82Pb DB, 9DTh232 , 92U 238 ). For
reasons we will not go into here, there is a limit to the number

.1l- r-.tf
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of excess neutrons a nucleus can live with, and as a result the
heavy nuclei are all unstable and there are no naturally occur­
ring elements having a value of A greater than 238.

Nuclear Energy Levels

A nucleus is said to be in its ground state when the nuc­
leons are arranged in such a way that the potential energy is a
minimum. If it is not in its ground state it is said to be in
an e~cited state and the excess of energy is called e~citation

energy. The potential energy does not take on a continuous
range of values, but has discrete values which are termed energy
levels. For heavy nuclei these energy levels have a minimum
separation of about 0.1 MeV, for light nuclei this separation is
much greater.

Radioactivity

All the naturally occurring nuclides heavier than lead
(Z = 82) and a few lighter nuclides are unstable and are natu­
rally radioactive. They decay by emitting either an alpha par­
ticle (helium nucleus) or a beta particle (fast electron). In
most cases the resulting nucleus, or daughter, is produced in an
excited state. It then decays to its ground state by the emis­
sion of one or more gamma photons. Usually but not always,
this occurs instantaneously, ie, within IO-~' seconds of the
formation of the daughter. A radioactive nuclide, or radio­
nuclide, may also decay by capturing one of the inner orbital
electrons and this is known as K capture. The y photons after
leaving the nucleus may be absorbed by ejecting an electron from
an orbit of the same atom; this gives rise to secondary a par­
ticle~, the process being known as internal conversion.

Radioactivity is governed by only one fundamental law,
namely that the probability of a raqionuclide-decaying ~u-unit

!Jme is constant and indepe~.?!~~Lof...~~t~r.nalccmgjtiQns. TliIS'
constant [ElealIed' the" <[Ei~<zyqg.I111.t<z.nt and is denoted by A:.

Consider a sample of radioactive material containing only
one kind of radionuclide. If there are n atoms of this nuclide
present at time t, then the number decaying in the time interval
between t and t + dt is An dt. The number of atoms is therefore
reduced by dn, where:

or

dn = -An dt

n = Iloe-At

where no is the number of atoms at time t = o.

- 6 -
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Place a straight edge over the values of the mass
number (A) and the half life (in years), and read
where it crosses the scale for specific activity in
disintegrations per second per microgram (ds- 1 Il-g- 1 )
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The time taken for the number of atoms to be diminished to
one half is called the hatf-tife, and is denoted by t~. It is
not hard to show that:

t~ = In 2
A

0.693=
A

=

The activity of the sample is just the number of disinte-
. d dn . , h . f .. t . th

grat~ons per secon , dt' ~e, An. T e un~t 0 act~v~ y ~s e

curie (abbreviated Cil, which corresponds to a decay rate of
3.70 x 10 10 disintegrations per second.

Before we continue with an example, it would probably be
best to refresh your memory with respect to Avogadro's number,
No. This is the number of molecules per kg.mole, or the number
of atoms per kg.atom. A kg.atom is A kg where A is the atomic
mass of the substance (in amu). No = 6.0225 X 10 26 (kg.mole)-l
and this number holds for all substances. For example, 131 kg
of I 13l contain No Il!l atoms and 18 kg of water also contain No
water molecules.

E$ampte: Calcutate the activity due to K~o in an 80 kg man,
assuming that 0.35% of the body weight is potassium. The
naturat abundance of K~o in potassium is 0.0118%, and
t~ = l.27 X l09 years.

Mass of K~ 0 = 80 x 0.35 X10- 2 x 0.0118 X 10- 2

= 33 X 10- 6

The number of K~o atoms, n, is then given by:

n = 33 x 10- 6 x 6 X 10 26

40

= 5 X 10 20

The activity now becomes:

An = 0.69 x 5 x 10 2 °disinte.grations
1.27 x 10 9

per year

= 8000 dps

8000 \lCi
3.7xlO~

= 0.22 )lCi

- 8 -
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The five pages following this lesson show a Chart of the
Nualides. This is a plot of all known nuclides and some of their
properties, such as direction of decay, half life and natural
abundance. There are charts with considerably more detail,
usually much bigger and printed in multi colors, which you can
refer to in the stations. The chart reproduced here (by kind
permission of Encyclopaedia Brittanica) nevertheless gives you
most of the information you would normally need to look up. In
fact, you will have to refer to it in order to do some of the
assignments below.

ASSIGNMENTS

1.

2.

3.

4.

5.

Assuming all the mass of an~ to be concentrated in the
nucleus, calculate the dens~f the nucleus in tonnes J V
(1 Mg) per cubic millimeter. The radius of a nucleus of,~~.

mass number A is be,lieved to be approximately given b~'"
r = 1.2 x 10- 15 AI J3 m. i.~Vo' ~

~,,">'
A carefully purified sample of U23 8 weighs 6.70 mg and \0 '1
undergoes 85 dps. What is the half-life of U23 8? "'.~~ ..

How much helium at STP will be formed from 1 g U238 in one ..~'~'.
million years? ~I"

o !;-'l'; ..\.}

The qua~ti~y of radiographs taken with x or y rays is
improved as the size of the r'adiation source is decreased.
On this basis, compare the merits of 5 Ci Ra 226 and 5 Ci
Rn 222 at atmospheric pressure. Consider each source to be
spherical.

Show that the mean lifetime of radioactive atoms is about
1.4 times their half-life.

6. U235 has a half-life of 1.2 x 10 17 years for spontaneous
fission. Estimate the rate of spontaneous fissioning for
1 gram of U2 3 5 .

7. As a result of fuel failure, 1 131 activity in the delay
tank is 6 Ci. The tank has a volume of 0.85 m3 and the
half-life of 1 131 is 8 days. The permissible release rate
through the ventilation exhaust s1stem is 0.05 ~CiJs.

Calculate the total weight of 1 13 in the tank and how vi
long it must b held there before the tank can be eXhau~~

ted at a rate of 2.4 x 10-~ m3 .s- 1 • \1"y
J.U. Burnham

- 9 -
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127.10-2

Nuclear Theory - Course 127

NEUTRON REACTIONS

Nuclear reactions can occur as a result of collisions between
various particles or gamma photons and nuclei. Nucle~rcharges par­
ticles, such as protons, deuterons (deuterium or HZ) and alpha par­
ticles, need to have a large amount of energy (tens of MeV) before
they are able to overcome the Coulomb repulsive forces and enter a
nucleus.

Neutrons and gamma photons, however, are not charged and are
therefore able to interact with nuclei very effectively, even when
they have very little energy. In fact, generally speaking, there
is a graatfu:__@ance of a_~l:~Cl.9!j,SLI1,.()c<:urriIl~withlow r30lther than
.high energy neutrons; becauElE'l.. .!-h'LJg:r:::me:r;_-a:r;.§,-_in contact with the
~ucleus for a greater length of ti!!!e.

The operation of a reactor basically depends on how neutrons
react with nuclei in the reactor. It is therefore necessary to
look at these reactions, called neutron reactions, in some detail.
Although there are well over a dozen known neutron reactions, we
need only consider the five that are of importance to us.

All neutron reactions can be categorized as either elastic or
inelastic collisions, depending on whether kinetic energy is con­
served in the collision or not.

Elastic Collisions

Ela~tic collisions are those in which the total kinetic energy
before the collision is equal to that after the collision.

) 0

Fig. 1. Neutron Making an Elastic Collision

- 1 -
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For
striking
velocity

example, consider a neutron of mass 1 amU and velocity v,
a stationary nucleus of mass A amu, and bouncing off with
v. Since kinetic energy is conserved, we can say that

2

V 2 = V 2 + AV 2

I 2

You can see that some of the neutron's energy has been transferred
to the target nucleus, the net result being a slowing down of the
neutron. In fact, you should be able to show (from conservation of
momentum) that the energy lost by the neutron in the collision, ~E,

is given by

~E

E =
4A cos 2 ¢

(A+1) 2

The importance of this expression will become evident later on when
we discuss moderators and their properties.

The neutron is said to be scattered in the collision process,
because the angle e at which it bounces off the target nucleus de­
pends on the angle at which it strikes it, and obviously this is
quite random. Such reactions are therefore described by the term
elastic scattering.

Inelastic Collisions

The neutron may enter the nucleus to form a compound nucleus.
This is known as an inelastic collision, because kinetic energy is
not conserved. Instead some of the neutron's kinetic energy is
transformed into internal energy of the compound nucleus. The com­
pound nucleus has too much energy to exist for any great length of
time (no more than 10-14 S ), and the reaction that then follows will
be one of a number of possible alternatives.

1. The compound nucleus may get rid of its excess energy by emitt­
ing a neutron and a gamma photon. An example of this is shown
in Fig. 2 on the following page. A neutron is shown entering a
U-238 nucleus to form a U-239 nucleus. This emits: a neutron
(anyone) and a gamma photon to become U-238 again. The net re­
result again is a slowing down of the neutron, because the net
energy it has lost has been transferred to the gamma photon.
This reaction is known as ,We las tic 8catt(}T'i-1UJ, because the
direction of the emitted neutron is quite arbitrary. The re­
action cannot occur unless the compound nucleus has gained
sufficient energy to be raised to an excited state, ie, 0.1 MeV
for heavy nuclei and much more for lighter ones. From a reactor
physics point of view, we can probably ignore inelastic scatter­
ing other than with uranium atoms in the fuel where the neutron
energies will be greatest.

- 2 -
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Fig. 2. rne1astic Scatte_ring (n, n 1)

o~_·

?1
.-----

0'/
8

e-----
N'l,.,

•
Fig. 3. Transmutation (n,p)

0--­
"

Fig. 4. Radiative Capture (n,Y)

42$!" 4%3'

~- e---> e---·

Fig. 5. Fission (n,f)
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2. The compound nucleus may emit a charged particle (either a
proton or an alpha particle) and so form an entirely new ele­
ment. Fig. 3 shows such a transmutati£?:!.. of oxygen-16,which
can occur if the neutron energy is greater than about 10 MeV.
This reaction may be written as

f I
n + 0 16 ~ N l6 + P

v 8 7 I

or you may prefer the short-hand version OI6(n,p)N I6 •
The N-16 is radioactive and emits high energy gamma radiation.
It represents a radiation hazard in any region where 0-16
(usually in water - H20 or D20) is irradiated with high energy
neutrons. The same applies to 017(n,p)N I7 •

There are a number of other (n,p) or (n,a) reactions of interest
to us:-

S'2(n,p)p'2i- radiation monitoring film badges often contain
a sulphur pellet. After exposure an estimate
of the high energy (>2 MeV) neutron dose may be
obtained by counting the activity of the phos­
phorus-32 (a S- emitter with a 15 day half-life).

B1 0(n,a)Li 7:- reactor instrumentation for monitoring the
neutron population utilises this reaction. It
is possible at all neutron energies, and releases
2.5 MeV as kinetic energy of the helium and
lithium nuclei. This can be detected relatively
easily, even in the high gamma background of a
reactor environment.

He' (n,p)H':- very sensitive reactor instrumentation would make
use of this reaction, because it occurs with much
greater frequency than the above. He-3 counters
were used for the initial start-up of the
Pickering reactors.

3. The most common neutron reaction is radiqj;j.u@..Qap.~, so called
because the compound nucleus has captured a neutron to radiate a
gamma photon. Such gamma photons are frequently called capture
gammas. Radiative capture can occur with practically all nuclei
for all neutron energies. Generally speaking, its probability
increases as the neutron energy decreases.

An example of such a reaction is shown in Fig. 4, which explains
how tritium (hydrogen-3) is produced in heavy water reactors.

Radiative capture is important for two reasons:

(a) Any neutron capture in the reactor materials is undesirable
because, simply speaking, it represents a waste of neutrons.
The one exception to this is that the U2 '8(n,y)U 239 reac­
tion ultimately produces plutonium-239, which has desirable
fuel properties.

- 4 -
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(b) The product nucleus formed more times than not is radio­
active and might present a radiation hazard. For example,
corrosion products circulated by the heat transport sys­
tem will be activated as they pass through the reactor
core. When they later plate out in this system, the whole
system becomes a radioactive hazard, and will remain so
even if the reactor is shut down (ie, if the neutron source
is removed). The three most troublesome activation pro­
ducts in our reactors are cobalt-60, manganese-56 and
copper-64, and they are produced in this way.

The final reaction we are going to consider is called fission.
The word is borrowed from the biologists, who use it to des­
cribe the breaking up of a cell into two new ones. In the
fission reaction the compound nucleus will usually split into
two new nuclei (called fission fragments) and an average of
two or three new neutrons. Generally speaking, fission reac­
tions are relatively rare; an example is shown in Fig. 5. A
detailed explanation of the fission process will be given in
the next lesson.

ASSIGNMENT

1. (a) Why are neutrons more effective than charged particles
in causing nuclear reactions?

(b) Why are slow neutrons more likely to cause a nuclear
reaction than fast neutrons?

2. Calculate the percentage energy loss of neutrons striking
U-238 and H-2 nuclei in head-on and 45° collisions.

3. with the help of information given in lesson 127.10-1 explain
why the energy required for inelastic scattering of neutrons
has to be -0.1 MeV for uranium, and much more than this for
lighter nuclides.

4. What is the distinction between radiative capture and activa­
tion? Give examples.

J.U. Burnham
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Nuclear Theory - Course 127

FISSION

After having looked at neutron reactions in general, we shall
use this lesson to describe the fission reaction and its products
in some detail.

The Fission Reaction

Production of nuclear power relies on the fact that some
nuclei will fission, and that energy is released during this fis­
sion process because a loss of mass occurs (E = mc 2

). There are
two types of fission; spontaneous and induaed.

(a) Spontaneous Fission

In this reaction, a nucleus fissions entirely spontaneously,
without any apparent external cause. It is quite a rare reac­
tion, generally only possible for nuclei with atomic masses of
around 232 amu or more. (As the atomic mass number increases,
spontaneous fission becomes more and more probable. One could
argue that there is an infinite number of heavy elements which
do not exist, because they are not stable against spontaneous
fission decay.) The table below shows the spontaneous fission
and alpha decay rates of the U-235 and U-238 isotopes.

TABLE 1

Spontaneous Fission and Alpha Decay Rat·es of Uranium

t~(a) t~ (s. f . ) a decay rate s.f. decay rate

(years) (years) (atoms S-Ig-I) (atoms S-Ig-I)

U-235 7.1 x 10 8 1.2 X 10 17 79 x 10 3 0.3 x 10- 3

U-238 4.5 x 10 9 5.5 x 10 15 12 X 10 3 6.9 X 10- 3

From this table you will be able to appreciate that .~­
taneOJlS fjssjon has no significance in the product jon of power.
Nevertheless, it is important in that it represents a small un­
controllable source of neutrons in a reactor.

June, 1972 (R-4)
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(b) Induced Fission

certain heavy nuclei can be induced to fission as a result
of neutron capture. In most cases the energy of the captured
neutron must be very high before fission can occur, and therefore
we can restrict our discussion to those nuclei which can be fis­
sioned by neutron energies likely to be found in a reactor. In
practice, we are then dealing with neutrons ranging from 10 MeV
down to thepmal enepgies.*

Practical Fission Fuels

The only nuclei of practical importance to us are the U-233,
U-235 and U-238 isotopes of uranium, and the Pu-239 and Pu-241
isotopes of plutonium. For all of these, except U-238, fission
with thermal neutrons (thepmal fissions) is much more probable
than fission with fast neutrons (fast fissions). This is an im­
portant (and desirable) nuclear property, and such nuclides are
said to be fissile. U-238, which will not fission with thermal
neutrons, but which will fission with fast neutrons of energy
greater than about 1.2 MeV, is merely said to be fissionable.
It does, nevertheless, make a small contribution to the power
produced in a reactor.

Natural uranium only contains U-235 (0.72%) and U-238. Over
a period of reactor operation, Pu-239 and also some Pu-24l will
be built up in the fuel as a result of neutron capture:

U238 + n
9 2

) U23 9 + Y
92

t~ = 24m \
Np2 3 9 + S-,y

9 3

t~ = 2.4d \ Pu2 3 9
94

PU~239 is fissile like U-235. If it does not undergo fission, it
may capture a neutron to form Pu-240. Although this is fission­
able it is much more likely to capture another neutron to form
fissile Pu-24l. A significant fraction of the total power pro­
duced by fuel during its life in our reactors is due to fission

* Thermal energy C J the energy of a free neutron which is in
thermal equilibrium with the atoms or molecules surrounding it.
Neutrons of this energy are known as thepmal neutpons. At 20oC,
thermal energy is 0.025 eV.
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of the fissile plutonium isotopes. We will deal with this in
more detail later on in the course.

U-233 does not exist in natural uranium. This is a pity,
because it has the most desirable properties of all of the fis­
sile nuclides. It is of importance in reactor systems which con­
vert thorium (Th-232) to U-233 by neutron capture followed by two
successive 8- decays.

Fission Fragments

The fission fragments formed when spontaneous or induced
fission occurs are two new nuclei. These may be any two of
about 300 nuclides which are known to be formed as a result of
fission.

-.!•

c
o
.~

til
til
.~

LL

'00 110 120 130 '40 '50 '60

Mass Number

Fig. 1. Fission Yield of U-233, U-235 and Pu-239

Fig. 1 shows the relative frequency with which nuclides of spe­
cific mass numbers ar') produced as fission fragments. Such a
curve is known as a fission yield aupve (since two fragments are
produced per fission, the area under the curve adds up to 200%).
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You can see that both fission fragments are likely to consist of
a substantial piece of the original nucleus. They are likely to
have mass numbers between 70 and 160, with those around 95 and
140 being the most probable. Note that symmetrical fission
(equal fragments) is quite rare.

Fission Products

The fission fragments are almost invariably radioactive.
The reason for this is that the neutron/proton ratio of the
fragments is about the same as that of the fissioned nucleus,
and this is too high for stability at medium mass numbers. The
fragments will therefore try to reduce their nip ratio by
successive e-,y decays until stability is reached. A typical
decay chain is shown in Fig. 2. All the members of such chains
are known as fission produats.

Xe' 3 9 e-
) CS 139 e- Ba 139 e-

) 57
La 139

/
5 .. Y 55 Y ) 56 Y

n + U2 3 5 ;> n + n + y

92 \ Sr
95 e- y 95 e- ;> Zr 95 e-

) .. I Nb 95 e-) Mo95
3.

)
39 Y .. 0 y y .. 2

Fig. 2 Fission Product Decay Chain

The half-lives of fission products range from fractions of a sec­
ond to thousands of years. (It is this activity that causes so
much concern in atomic bomb fall-out). There are four important
consequences of fission product production in the fuel:-

(a) The fission products must be held in the fuel by encasing
it in a sheath, so that they do not enter the heat trans­
port system and hence leave the reactor core. Since many
of them have long half-lives, their presence in the heat
transport system would be a radiation hazard which would
prevent access to equipment even when the reactor is shut
down.

(b) Heavy shielding is required around the reactor to avoid
exposure to the gamma radiation emitted by the fission
products.

(c) Fuel must be changed remotely, and special precautions
must be taken in handling and storing spent fuel.

- 4 -
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(d) Some of the fission products have a high affinity for
neutrons and thereby poison the reactor. The two
most important poisons are Xe-135 and Sm-149. They are
produced in a relatively high percentage of fissions,
and they capture a significant number of neutrons.

Prompt and Delayed Neutron Emission

The fission fragments are produced in an excited state and
will immediately emit perhaps two or three neutrons and some gamma
photons. These are called prompt neutrons and prompt gammas.

·4r

o 1 2 3 4 5 {> 7 8 g 10

Neutron Energy MeV

w
~ ·3

Fig. 3. Prompt Neutron Energy Spectrum

Fig. 3 shows the energy distribution of prompt neutrons. The
average energy is about 2 MeV, although the most probable energy
is only 0.72 MeV.

A very small number of neutrons (less than 1%) appear long
after fission occurs, and these are known as delayed neutrons.
They arise from the radioactive decay of certain fission product
daughters. For example, Bromine-8? decays by S- emission to
Krypton-87. The Krypton-87 formed in this way is SUfficiently
unstable to be able to emit a neutron to become Kr-86, and in
fact it does this more often than not. The neutron emission is
instantaneous (with respect to Kr-87), but obviously occurs some
time after the original fission because the Br-87 must decay
first. In fact, it appears to be emitted with the 55 second
half-life of Br-87.

- 5 -
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Nuclei such as Br B7 whose production in fission may eventu­
ally lead to the emission of a delayed neutron are known as
deZayed-neutron preaursors. At the present time, it is believed
that there may be as many as twenty precursors, although only
about half a dozen have been positively identified. These pre­
cursors and their respective half-lives are given in Table 2.
They are usually divided into six groups according to their half­
lives.

TABLE 2

Delayed-Neutron Precursors

(Uncertain Quantities are Indicated by Brackets)

Precursor Half-life and Group

BrB 7 54.5 Group 1
1137 24.4

Group 2BrB B 16.3
I I 3 B 6.3
Br (89) 4.4 Group 3
Rb(99,9 ..) 6
I I 39 2.0
(Cs,Sb or Te) (1.6-2.4) Group 4Br (90 , 9 2) 1.6
Kr (93) ~ 1.5

(II .. o+Kr?) 0.5 Group 5

(Br,Rb,As+?) 0.2 Group 6

For thermal fission of U-235, the total contribution of all the
delayed neutrons is only 0.65% of the total neutrons produced. with
Pu-239, the total delayed fraction is even less at 0.21%. Despite
the fact that these fractions are quite small, they have a very im­
portant effect on the time dependent behaviour of thermal reactors.
We shall discuss this aspect of delayed neutrons in a later lesson
on Reactor Control.
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Table 3 gives the probability of a particular number of
neutrons being emitted in the thermal fission of a U-235 nucleus.
This includes both prompt and delayed neutrons.

TABLE 3

Neutron Emission in Thermal Fission of U-235

Number of Number of Cases
Neutrons Emitted per 1000 Fissions

0 27
1 158
2 339
3 302
4 130
5 34

The average number of neutrons emitted per fission is an important
quant1ty 1n reactor physics. It is universally denoted by the
Greek letter v ("new"), For thermal fission of U-235 v = 2.430.
(Fast fissions usually produce marginally more neutrons),

Energy Release From Fission

About 200 MeV of energy is liberated when a nucleus fissions.
The exact value slightly depends on the fissile nucleus and on
the fission fragments produced. The energy can be calculated as
follows:-

consider the example given in Fig. 2 on page 4:

U2 3 5 + n ~3aSr 95 + Xe 139 + 2n92 54

Total mass before fission = 235.044 + 1. 009 236.053 amu
Total mass after fission = 94.903 + 138.918 + 2.018 = 235.839 amu

Loss in mass = 0.214 amu

- 7 -
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The energy equivalent of 1 amu is given by:

1 eV = 1.602 x 10- 19 joule, so

E (joule) = m(kg) x c 2 (m.s- I )2

= 1.66 x 10- 27 x (3xl0 6 )2

= 1.492 X 10- 10 joule

E = 931.5 MeV/amu

For the example considered here, the 0.214 amu mass loss then
corresponds to almost exactly 200 MeV. A summary of how this
energy might be distributed is given in Table 4.

TABLE 4·

100 MeV
67 MeV

5 MeV
6 Mev
7 MeV
6 MeV

11 MeV

202 MeVTotal

Approximate Distribution of Fission Energy Release in U-235

Kinetic energy of lighter fission fragment
Kinetic energy of heavier fission fragment
Energy of prompt neutrons
Energy of prompt y rays

v' S particle energy gradually released from fission products
v' y ray energy gradually released from fission products

Neutrinos (energy escapes from reactor)

This is not a complete account of all the energy released in
the reacto~. Some of the neutrons even after losing all their
kinetic energy may produce (n,y) reactions with materials in the
reactor, and up to about 8 MeV may be released in such reactions.
The total amount of energy produced in a reactor per fission may
therefore depend to a slight extent on the form of the reactor,
but it is always within a few MeV of 200 MeV.

Reactor Power and Fuel Consumption

= 1.21 X 10- 6 kg

The 200 MeV released in one fission is not of much practical
value, because it is minute. In fact, 1 watt of power requires
3.1 x 10 10 fissions every second.

One Megawatt steady power requires 3.1 x 10 16 fissions every second
continuously. 3.1 x 10 16 atoms of U-235 weigh

3.1 x 10 16 x 235

6.023 x 10 26

- 8 -
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Therefore, to produce 1 Megawatt-day of energy from fission re­
quires the fissioning of .

1.21 x 10- 8 x 24 x 3600 = 1.0 x 10- 3 kg = 1.0 9U-235

The first requirement for producing useful power from the
fission process is that enough U-235 nuclei must be availabie for
fissioning. This requirement is met by installing sufficient
U-235 in the reactor in the form of fuel rods. If natural uranium
is used, of which 0.72% is U-235, then about 140 g of uranium
would be used to produce 1 Megawatt-day of energy. This assumes
that all the U-235 could be fissioned. In practice this is not so,
because-some U-235 (-17%) is consumed in (n,y) reactions. As a
result, 165 g of natural uranium would be used.

For example, a Pickering reactor at full power generates
1744 MW from fission (540 MWof electrical power is generated then).
It would therefore use about 280 kg of natural uranium a day on
this basis. Because Pu-239 (and Pu-241) is produced in the fuel
after a while, this contributes sUbstantially to energy produc­
tion, and the amount of fuel used is consequently smaller, being
more like 180 or 200

q
k g r.~Jur~.

The second require~t for producing this amount of power
continuously is that the rate of fissioning must be maintained.
The neutrons released during fission must be used to cause further
fissions, so that a ahain reaation is maintained. How this is
achieved is discussed in later lessons.

ASSIGNMENT

1. A fission of U-235 has lead to nuclei of mass numbers 89 and
144. Assuming that the nip ratio is the same in both frag­
ments, identify the particular nuclides formed and all the
fission products that will be produced as a result.

.?(;
>..;

2. The energy release per fission can also be derived from the
binding energy curve in lesson 127.10-1. How?

3. For the same rate of fissioning, why should there be a dif­
ference in the energy obtained from fresh fuel and fuel that
has been in the reactor for 6 months?

4. The unit used within Ontario Hydro for fuel consumption
(called burn-up: is MWh/kg. What percentage of the avail­
able U-235 is used to produce one MWh from one kg of natural
uranium?
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5. What is the overall average time delay in the production of
delayed neutrons if the yields (neutrons per fission) of
groups 1 to 6 are 0.00052, 0.00346, 0.00310, 0.00624, 0.00182
and 0.00066 respectively?

J.D. Burnham
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Nuclear Theory - Course 127

NEUTRON CROSS SECTIONS A1~D NEUTRON FLUX

When a neutron strikes a nucleus, any of the reactions dis­
cussed above may take place, depending on the nucleus and the neu­
tron energy. What determines, then, which reaction will occur?
In the case of U-238, for instance, inelastic scattering will not
occur unless the neutron energy is greater than 0.1 Mev. To put
it another way, there is no chance or probability of inelastic
scattering occurring with U-238 unless the neutron energy is
greater than 0.1 Mev. We could also say that the chance or prob­
ability of U-235 fission occurring is greater with thermal neut­
rons than with fast neutrons, ie, the probability increases as the
neutron energy decreases.

Thus we are always comparing the chances in favour of the
various reactions taking place. It is the probability of a par­
ticular reaction occurring that is important. Some reactions are
more probable with some nuclei than with others or more probable
with some neutron energies than with others. Because these reac­
tions are concerned with a neutron striking a target, namely a
nucleus, the probability that a particular reaction will occur is
measured in terms of a quantity called the nuclear or neutron
cross section.

Neutron Cross Sections and Neutron Flux

To examine the precise measuring of the term "cross section",
let us look at what happens when n neutrons per unit volume move
with velocity v towards a thin target of surface area S. We will
assume that the whole target area is exposed to neutrons, and that
all the neutrons travel in the same direction x (see Fig. 1).

k
-II--

" •
• •.. ..
" • 1r

e
Q •

" •

Fig. 1 Neutron Bombardment of a Thin Target

June 1972 (R-4) - 1 -
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From experiment it is found that the rate R at which a par­
ticular reaction occurs is proportional to everyone of the fol­
lowing:

(al nxv, the number of neutrons striking the target in the x
direction per unit area and time;

(b) S, the surface area of the target;

(c) dx,

(d) N' ,

Therefore:

the thickness of the target - this is assumed to be
sufficiently small for no "shadowing" of the nuclei to
occur;

a symbol reserved in this course for the number of
nuclei per unit volume.

R <X nxv.N'.Sdx

or R = a.nxv.N'.Sdx

a (sigma) is the constant of proportionality, and could be defined
as "the interaction rate per atom in the target per unit nv". It
is called the miarosaopia aross seation, and a little bit of fool­
ing around with units will show that it has dimensions of area.
The usual unit is the barn (abbreviated b);

it is the same order of magnitude as the physical diameter of a
medium size nucleus.

The reaction rate per unit volume of target material is now
seen to be:

R = nxv. N'a

Since N' and a are both characteristic of the target material, they
are often combined to form the:

maarosaopia aross seation E = N'a

We can now go on to consider neutrons arriving from all directions
with the same velocity (see Fig.2).

For a target of unit volume

R (total) = N'a (nlv + n2v + .•• niv + •.. )
= nV.N'a

Where n is the neutron density, which is the number of neutrons
per unit volume regardless of their direction of motion. nv is
known as the neutron fZux density (symbol ~ and often just called

- 2 -
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Fig. 2 Isotropic Neutron Bombardment

neutron flux for short). It is usually expressed in units of
neutrons.cm- 2s- 1

The reaction rate for any material exposed to flux ~ is then:

R = ~Z per unit volume

Incidentally, it is a common misconception that the neutron flux
can be defined as the number of neutrons striking unit area per
second. This would be true for a beam, but not for random direc­
tions in which case the number hitting unit area would be less (by
a factor of 2 actually). If you insist on a connection with area,
it can be proved that ~ is the number of neutrons entering an
imaginary sphere each second, of total surface area 4 cm 2 and dia­
metral plane area 1 cm 2

•

Another point worth mentioning is that when the neutrons have
a range of speeds, an appropriate average cross section is usually
chosen. For instance, the detailed structure of the thermal neut­
ron distribution can often be ignored (it certainly will be in
this course:), if average thermal cross sections are used.

since different reactions occur with
they will have different cross sections.
the following nomenclature will be used:-

different probabilities,
Throughout this course

Ga =
Gs =
Gi =

Gf = fission cross section

absorption cross section

elastic scattering cross section

inelastic scattering cross section

- 3 -
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In those few cases where of f 0, both fission and radiative cap­
ture involve a complete absorption of the neutron, and then a
usually includes both reactions, ie, 0a = Of + On,y'

For your reference, Table 1 on pages G and 7 lists the absorp­
tion and elastic scattering cross sections for thermal neutrons
only (cross sections usually are strongly energy dependent). We
can already arrive at some interesting conclusions by taking a
look at these.

(a) Water (H20) is a better scatterer of neutrons than heavy water
(D20) or graphite (carbon), but it is also a much heavier ab­
sorber than either. This has important implications in choos­
ing a moderator.

(b) Boron and cadmium have very high values of 0a and therefore
are excellent materials when neutron absorption is required,
as, for example, in control rods.of a reactor.

(c) The capture cross section of zirconium is much smaller than
that of iron. This explains the use of zirconium alloys in­
stead of steel for pressure tubes and fuel sheathing in our
reactors.

To appreciate the significance of these cross sections, let us
look at a typical problem:

Cobalt-60 gamma souraes for radiation therapy units are pro­
duaed by irradiating aobalt pellets in reaators. A typiaal pel­
let might be ~" in diameter and 1" long. Calaulate the aativity
in auries built up in one of these pellets after it has been
irradiated for two years in a thermal neutron flux of
5 x 10 13 n.am- 2 s- l •

All the data required to solve this problem is already given
in the Chart of the Nuclides at the end of the first lesson, and
in Table 1 of this lesson (page G):-

Natural cobalt is 100% Co-59; half-life of Co-GO = 5.3 y;
0a of Co-59 = 37 b; p = 8.8 gcm- 3 • X""-.>.1.

We must first write down the differential equation relating
Co-GO production and decay per unit volume, ie,

de
dt = IjIL a - cA,

where c is the concentration of Co-GO, A
the macroscopic absorption cross section
equation yields:

- 4 -
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In other words, the cobalt activity per unit volume is:

With

N' =
the

~.op
A

CA = ~~a(l - e-At )

= ~N'cra(l - e-At )

substitution of the values ~ =

= 9 X 10 22 atoms cm- 3 , cr a = 37

and t = 2 y, we get:

CA = 3.9 x 10 13 cm- 3s- 1

The activity has to be in units of cm-'s-l, because

To find the activity of the whole pellet in curies, we multiply
by the volume and divide by 3.7 x 101@ ie,

·r~J,.

Activity = 3.9 x 10 13 x IT(O. 2.5)2 x 2~5 cio 3.7 x 10 10

= 810 ci

Actually, the activity will be a bit less than this because
of the self-shielding of the cobalt pellets. The flux at the
centre of the pellet will be less than at the outside, because
some neutrons have been removed by absorption. We shall consider
this next.

Attenuation of Neutrons,

consider Fig.l again. After traversing the thickness dx,
some neutrons have been removed from the beam. The neutron den­
sity will be reduced by an amount dn given by:

dn-=-N'crdx;n

if the target is of thickness x, the neutron density at x is
given by:

n x x

J~n = JN'o dx

no 0

or n x = noe-N'crx = noe-~x

- 5 -



127.10-4
TABLE 1

IQ
Properties of the Elements and ~ertain Mole<ules

Atomic or Nominal Atoms or
Element or Atomic molecular density, molecules uo,t ~..t 2;"t k ..t
molecule Symbol number weight- gm/cm:l per ernSt barns barns cm- 1 cm- 1

Actinium Ae 89 227 N' 800
Aluminum Al 13 26.9815 2.699 0,06024 0,235 1.4 0,01416 0,08434
Antimony Sb 51 121.75 6.62 0,03275 5,5 4.3 0.1801 0,1408
Argon Ar 18 39.948 Gas 0.63 I.S
Arsenic As 33 74,9216 5.73 0,04606 4.5 6 0,2073 0,2764
Barium Ba 56 137.34 3,5 0,01535 1.2 8 0.01842 0.1228
Beryllium Be 4 9.0122 1.85 0.1236 0,0095 7,0 0,001174 0,8652
Beryllium oxide BeO 25.0116 2,96 0,07127 0.0095 6,8 0,0006771 0.4846
Bismuth Bi 83 208,980 9,80 0.02824 0.034 9 0.0009602 0.2542
Boron B 5 10,811 2.3 0.1281 759 4 97.23 0.5124
Bromine Br 35 79.909 3.12 0,02351 6.7 6 0.1575 0,1411
Cadmium Cd 48 112.40 8.65 0,04635 2450 7 113,6 0,3245
Calcium Ca 20 40.08 l.55 0,02329 0.43 3,0 0.01002 0.06987
Carbon

(graphite)OO C 6 12,01115 1.60 0.08023 0,0034 4.8 0,0002728 0,3851
Cerium Ce 58 140,12 6.78 0.02914 0,7 9 0.02040 0.2623
Cesium Cs 55 132.905 1.9 0,008610 30 20 0.2583 0.1722
Chlorine Cl 17 35.453 Gas 33 16
Chromium Cr 24 51.996 7,19 0,08328 3.1 3 0,2582 0,2498
Cobalt Co 27 58,9332 8,8 0,08993 37 7 3,327 0,6295
Columbium

(see niobium)
Copper Cu 29 63,54 8,96 0.08493 3,8 7.2 0,3227 0.6115
Deuterium 0 1 2.01410 Ga. 0,0005
Dysprosium Dy 66 162.50 8.56 0,03172 940 100 29,82 3.172
Erbium Er 68 167.26 9,16 0.03203 160 15 5,125 0.4805
Europium Eu 63 151.96 5.22 0.02069 4300 8 88,97 0.1655
Fluorine F 9 18.9984 Gas 0.0098 3.9
Gadolinium Gd 64 157,25 7,95 0,03045 46,000 4 1401 0,1218
Gallium Ga 31 69,72 5,91 0.05105 3.0 0.1532
Germanium Ge 32 72,59 5,36 0,04447 2.4 3 0,1067 0,1334
Gold Au 79 196,967 19,32 0.05907 98,8 9,3 5,836 0.5494
Hafnium Hf 72 178.49 13,36 0.04508 105 8 4,733 0,3606
f1eavv watertt .Q& 20,0276 1.105 0.03323 0,0010 13,6 3.323 X 10-5 0.4519
Helium He 2 4.0026 Gas ~O,050 0.8
Holmium Ho 67 164,930 8,76 0,03199 65 2.079
Hydrogen H 1 1.008665 Gas 0.332 - . .

Illinium
(see promethium

Indium In 49 114.82 7,31 0,03834 194 2.2 7.438 0,08435
Iodine I 53 126,9044 4.93 0,02340 6.4 3.6 0,1498 0.08242
Iridium Ir 77 192.2 22,5 0.Q7050 460 32.43
Iron Fe 26 55,847 7,87 0.08487 2.53 11 0.2147 0,9336
Krypton Kr 36 83,80 Gas 24 7,2
Lanthanum La 57 138.91 6.19 0.02684 8.9 15 0.2389 0.4026
Lead Pb 82 203,973 11.34 0.03348 0.17 11 0.005692 0.3683
Lithium Li 3 6,939 0.53 0,04600 7I 1.4 3,266 0.0644
Lutetium Lu 7I 174.91 9.74 0,03354 80 2.683
Magnesium Mg 12 24.312 1.74 0,04310 0.063 4 0,002715 0.1724
Manganese Mn 25 54.9380 7.43 0.08145 13.3 2,3 1.083 0.1873
Mercury Hg 80 200,59 13.55 004068 360 20 14.64 0,8136
Molybdenum Mo 42 95.94 10.2 0,06403 2,6 7 0.1665 0.4482
Neodymium Nd 60 144,24 6.98 0,02914 50 16 1.457 0.4662
Neon Ne 10 20.183 Gas 0.032 2.4
Nickel Ni 28 58.71 8.90 0,09130 4,6 17.5 0.4200 1.597
Niobium Nb 41 92,906 8.57 0.05555 I 1.1 5 0.06111 0.2778
Nitrogen N 7 14.0067 Gas 1.85 10
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Atomic or
. I

Atoms or

I
INommal

Element or Atomic molecular density, molecules O"u,t cr"t !:n,t I 2: .• ,t
molecule Symbol number weight· gm/cm3 per cm3t barns barns em-I em I

Osmium Os 76 190.2 FP 22.5 0.07124 N 15 11 1.069 0.7836
Oxygen 0 8 15,9994 Gas <0.0002 4.2
Palladium Pd 46 106.4 12.0 0.06792 8 3.6 0.5434 0.2445
Phosphorus

(yellow) P 15 30.9738 1.82 0.03539 I 0.19 5 0.006724 0.1770
Platinum PI 78 195.09 21.45 0.06622 10 10 0.6622 0.6622
Plutonium Pu 94 239 19.6 0.04939 ". ~ 1015 9.6 49.88 0.4741

"f ~ 741 36.55
Polonium Po 84 210 9,51 0.02727
Potassium K 19 39.102 0.86 0.01325 2.1 1.5 0.02783 0.01988
Praseodymium Pr 59 140.907 6.78 0.02898 12 4 0.1965 0.1159
Promethium Pm 61
Protactinium Pa 91 231 210
Radium Ra 88 226 5.0 0,01332 20 0.2664
Rhenium Re 75 186.2 20 0,06596 85 14 5,607 0.9234
Rhodium Rh 45 102.905 12.41 0,07263 155 5 , 11.26

I

0.3632
Rubidium Rb 37' 85.47 1.53 0.01078 0.73 12 I 0.007869 0,1294I
Ruthenium Ru 44 101.07 12.2 0.07270 2.5 6 I 0.1818 0.4362,
Samarium Sm 62 150,35 6.93 0.02776 5800 5 I 161.0 0,1388
Scandium Sc 21 44,956 2.5 0.03349 23 24

I 0.7703 0,8038
Selenium 50 34 78.96 4.81 0.03669 12 11 i 0.4403 0.4036
Silicon Si 14 28,086 2.33 0.04996 0.16 1.7 , 0.1164 0.08493
Silver Ag 47 107.870 10.49 0,05857 63 6 3.690 0.3514
Sodium Na 11 22.9898 0.97 0.02541 0.53 4 0.01347 0.1016
Strontium Sr 38 87.62 2.6 0.01787 J.3 10 0.02323 0.1787
Sulfur ,,

(yellow) S 16 32.064 2.07 0.03888 0.52 1.1
,

0.2022 0.04277I
Tantalum Ta 73 180.948 16.6 0.05525 21 5 1.160 0,2763
Technetium Tc 43 99 22
Tellurium Te 52 127.60 6.24 0.02945 4.7 5 0.1384 0,1473
Terbium Tb 65 158.924 8,33 0.03157 46 1.452
Thallium Tl 20437 11.85

,

81 0.03492 3.3 14 0.1152 0.4889
Thorium Th 90 232.Q38 11.71 0.03039 7.4 12.6 0.2249 0.3829
Thulium Tm 69 168.934 9.35 0.03314 125 7 4.143 0.2320
Tin Sn 50 118.69 7.298 0,03703 0.63 4 0.02333 0.1481
Titanium Ti 22 47.90 4.51 0.05670 6.1 4 0.3459 0.2268
Tungsten W 74 183.85 19.2 0.06289 19 5 1.195 0,3145
Uranium U 92 238.Q3 19.1 0.04833 U(J = 7.6 8.3 0.3673 0.4011

"f ~ 4.2 0.2030
Vanadium V 23 50.942 6.1 0.07212 4.9 5 0.3534 I 0.3606
Water H2O 18.0167 1.0 0.03343 0.664 103 0.02220 3.443
Xenon Xe 54 131.30 Gas 24 4.3
Ytterbium Yb 70 173.04 7.01 0.02440 37 12 0.9208 0,2928
Yttrium Y 39 88.905 5.51 0.03733 1.3 3 0.04853 0,1120
Zinc Zn 30 65.37 7.133 0.06572 1.10 3.6 0.07229 0.2366
Zirconium Zr 40 91.22 6.5 0.04291 0.18 8 0.007724 0.3433

/Y.t: /
.. Based on C l2 = ooסס12.0 amu. ...----,,,,
t Four-digit accuracy for computational purposes only; last digit(s) usually is not meaningfu ()C lo 2.-+)
t Cross sections at 0.0253 eV or 2200 rn/sec. The scattering cross sections, except for those H 20 D 20, are measured values in a thermal
neutmn spectrum and are assumed to be 0;0253 eV values because CT& is usually constant at thermal energies. The errors in 0". tend to be large, and
the tabulated values of CT. should be used with caution. (From BNL-325, 2nd ed., 1958 plus supplements I and 2, 1960, 1964, and 1965.)
"'. The value of ero given in the table is for pure graphite. Commercial reactor4 grade graphite contains varying amounts of contaminants and tT" is
somewhat larger, say, about 0.0048 barns, so that I:" ::::::: 0.0003851 ern- 1•

tt The value of u. given in the table is for pure D 20. Commercially available heavy water contains small amounts of ordinary water and U a in this
case is somewhat larger.

TabZe and data reprinted from Lamar8h: "Introduction to NucZear
Reactor Theory" by permi88ion of Addi8on-We8Zey PubZishing Co. Inc.
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This shows that penetration through a distance x = 1/~ reduces
the neutron density by a factor of e. It can be shown that this
distance 1/~ is the average distance a neutron will travel before
interacting. This result does not only apply to a beam, but is
quite general. The distance l/~ is called the mean free path,
and is given the symbol A. Before applying this to a problem on
mean free paths in fuel, let us list the thermal neutron cross
sections of fuel atoms in Table 2 (the values of v are given for
the sake of completeness). We shall make extensive use of this
data later in the course.

TABLE 2

Thermal Neutron Cross Sections of Fuel Atoms (in Barns)

(taken from Atomic Energy Review (IAEA) , 1969, Vol 7, No 4, p 3)

Of o Ii. , Y' Oa as v

U-233 530.6 47.0 577 .6 10.7 2.487

U-235 580.2 98.3 678.5 17.6 2.430

u-238 0 2.71 2.71 -10 0

nat.U 4.18 3.40 7.58 -10

Pu-239 741.6 271.3 1012.9 8.5 2.890

Pu-241 1007.3 368.1 1375.4 12.0 2.934

Example: Calaulate the absorption mean free path of thermal
neutrons in natural uranium.

1

N' (Of + On ,y)

Using the data given in tables 1 and 2, we see that:

ern

= 2.08 cm

Incidentally, this rather small value of Aa helps to explain why
the neutron flux at the centre of a fuel bundle is significantly
smaller than at its perimeter, giving rise to a so-called flux
depre8sion.

- 8 -
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ASSIGNMENT

1. Prove that the mean free path A = llL for any reaction.

2. U-238 has a very high absorption (oa = 8000b) for neutrons
of 6.5 eV energy. What is the probability of such neutrons
surviving capture in traversing natural uranium of 0.1 rom
thickness?

3. Calculate the number of fission neutrons emitted per thermal
neutron absorbed in natural uranium and uranium enriChed in
U-235 to 2% and 10%.

4. A useful expression relating the total thermal power P gene­

rated in a reactor to the average neutron flux f and the
quantity of natural V02 fuel M is given by:

p = $.M

where P is in MW, ~ in

of V02 is 10.7 g.cm- 3
•

n.cm- 2 s- 1 and M in Mg. The density

Derive this expression.

5. The neutron detectors used in Pickering start up were He-3
proportional counters. They are about 12" long and 2" in
diameter, and are filled with He-3 gas at 10 atomospheres.
Ca~cu1ate the expected count rate per unit neutron flux
assuming that each neutron reacting in the counter volume
will be registered. Also explain why the actual count rate
should be less than this, even if the above assumption were
valid.

He-3(n,p)H-3 reaction cross-section =5400 b,
No = 0.6 X 102't atoms per 22400 cm 3 at standard temperature
and pressure.

- 9 -

time and T the total circuit

A = E<P (l-e-At )

l-e-AT

where t is the core transit
time. 18'

~,O = .Z.I "",b.

TheP;;~QQ~~~~ activitY_~Q the primary coolant during reac­
tor operation is due to ~f. Show that the specific activity
(dis.s- 1 cm- 3 ) of N16 in the coolant as it leaves the core is
given by: \q

d~-t ..... -70 -t l

6.
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Calculate this activity for the Douglas Point reactor,
for which $ = 3 X 10 13 n.cm- 2 s- l

, t = 0.8s, T = 12.7s and
D20 density = 0.842 g cm- 3 at operating temperature.

J.U. Burnham

- 10 -
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Nuclear Theory - Course 127

THE CHAIN REACTION

We have already seen that there are two requirements for the
useful production of power from a reactor:

1. the rate of fissioning must be high, and
2. it must be maintained continuously.

The first requirement can be met by having sufficient U-235
nuclei available in the reactor; this implies a sufficiently
large quantity of fuel. The second requirement can be met if
the neutrons produced at fission are made to cause further fissions,
and in this way maintain a chain reaction. In this lesson, we shall
consider some of the conditions which are necessary for such a
chain reaction to be maintained.

Chain Reactions in Natural Uranium

To repeat the fission process over and over again, a con­
tinuous supply of neutrons must be available and the only source
of new neutrons is the fission process itself. The fission pro­
cess could be repeated indefinitely if some, or all, of these
neutrons, produced at fission, could be used to produce further
fissions. The fission process would then become self-sustaining
and a chain reaction results. .The minimum condition, under which
a chain reaction can be maintained, is that one neutron, ro-

n e ava1 able to cause t on. Since
2~ new neutrons are produced during each fission, it would seem
relatively easy to be able to use one of these neutrons to cause
a further fission.

However, in practice it is found that if one neutron from
each fission is to be available to cause another fission, a
careful choice of reactor material and design is required. This
is perhaps most easily illustrated by considering the feasibility
of maintaining a chain reaction in natural uranium.

June 1972 (R-4) - I -
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.
Figures 1 and 2 show the m.croscopic cross sections of the

various possible interactions with the two isotopes. In consider­
ing what happens in a block of natural uranium, these cross
sections have to be weighted according to the relative abundances
of the two isotopes, and this can be done by considering the
macroscopic cross sections as shown in fig.3.

Below the U-238 fission threshold (-1 MeV) a neutron can
only produce fission in U-235, but thi~ is relatively unlikely
as can be seen from fig.3. Above 1 MeV, fission in U-238 is
possible, although not as likely as a scattering collision.

From the Cross sections shown in fig.3 it is possible to
obtain an indication of the fate of, say, 100 neutrons which
are born in the fission process inside a large block of natural
uranium. From the prompt neutrons energy spectrum (fig.4, re­
peated here from lesson 127.10-3), you can see that about 70 of the

'4r

~

W
~ ·3....
>..... ·2,J
oJ Co.' ,,J

.0 or
1°6]·C1l

·1
"i,

.0 ,
0 ,
L. Ia.

0 1 2 3 4 ~ 6 7 8 g 10

Neutron Energy MeV

Fig.4 Prompt Neutron Energy spectrum

neutrons are born with energies above the U-238
and about 30 have energies below the threshold.
these 30 neutrons first.

fission threshold,
We shall consider

From fig.3 you can see that most of the neutrons are elas­
tically scattered, ie, (n,n)23B' Such collisions change the
direction of the neutron and reduce its energy, although the
reduction is small because of the large difference in mass be­
tween the uranium nucleus and the neutron. But you already know
all this anyway. Inelastic scattering collisions, ie, (n,n')238'
are still possible at neutron energies down to about 100'keV,
and in these collisions the neutron loses a considerable

- 3 -
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amount of energy since the uranium nucleus is left in an excited
state. Therefore, after many collisions the neutrons will all
be in an energy region below 100 keV and thereafter lose energy
very slowly in scattering collisions. Eventually they will make
a collision with a uranium atom to be absorbed, ie, (n'Y)23S.
Since in this region the probability of capture by U-238 exceeds
the probability of fission with U-235 by a factor of about 40,
rather less than 1 neutron out of the original 30 produces fission
- the rest are all captured by u-238.

Consider now the other 70 neutrons which are born above the
fission threshold. They will undergo the various possible re­
actions in direct proportion to the corresponding cross sections.
Therefore, from fig. 3 you can see that in their first collision
about 38 neutrons are elastically scattered, in which case the
neutron energy still remains above the threshold. About 27
neutrons are inelastically scattered, and for the purpose of this
illustration we can assume that the loss in neutron energy is
sufficient to remove them to an energy range below the fission
threshold. About 4 neutrons out of the 70 undergo fission in
U-238. and the remaining neutron to be accounted for is assumed
to be captured in U-238, although there is also a small pro­
bability that it interacts with U-235.

The 38 neutrons which are elastically scattered make a
second collision in the uranium, and the various reactions are
again possible. About 2 neutrons produce fission, about 15 are
inelastically scattered to an energy region below the threshold,
and about 21 neutrons are elastically scattered to remain above
the threshold and make further collisions.

If this sort of argument is continued to the bitter end,
you will see that out of the 100 fission neutrons about 8 produce
fission in U-238, and about 2 produce fission in U-235 at energies
below about 0.1 MeV. Out of the original 100 neutrons, all but
10 suffer non-fission capture in U-238. If we assume that v = 2.5,
25 second generation neutrons will be produced. The multipZiaa­
tion faatop*) is therefore k = 0.25. This is well below the
value of 1.0 which is necessary to maintain a chain reaction.

*) The multiplication factor, k, can be defined by

k = the number of neutrons in one generation
the number of neutrons in the previous generation

- 4 -
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systems Which will Produce Chain Reactions

Although the above reasoning undoubtedly indicates that it
is not possible to produce a chain reaction in natural uranium,
it does suggest ways of obtaining a chain reaction. One way is
to increase the relative amount of U-235 to U-238, that is to
enrich the fuel in the U-235 so that the chance of fission in
U-235 at energies below 1 Me~(now increased. If the enrich­
ment is such that out of the~k'Jtronswhich enter this energy
region at least 32 produce fission in U-235, a chain reac~ion can
be maintained. In this case, out of the original 100 neutrons 8
produce fission in U-238, 32 in U-235 and most of the remainder
are captured by U-238. These 40 fissions give rise to 40 x 2.5
100 second generation neutrons and the multiplication factor is
then unity.

Fast Reactions

A reactor in which most of the fissions take place at
energies above 100 keV is called a fast reactor. Fast reactors
are described in some detail in the Reactor Boiler & Auxiliaries
Course 133, and so only the barest outlines will be given here.
Fast reactors require relatively highly enriched uranium or
plutonium fuel (at least 2~/o) to increase the U-235 fast fissions.
(It can be shown that about 7% enrichment of U-235 in uranium
metal is t~__ Lowe$t_pos!3i:ble concentration forcriti<::.,!:Li,j::y.)
F~rthermo-re, since the fission-cros~-se-ction-s--are low at high
energies, a large concentration of the fuel is required to give
a critical assembly - as a general rule, about half the core
volume would be fuel, the rest being taken up by heat transfer
and structural materials. Since enriched fuels are expensive,
a high fuel concentration requires a high power density in order
to bring the cost of the power down to competitive levels. Power
densities in the region of a kilowatt/em' are necessary, and
in order to remove the heat a very efficient means of heat
transfer is required, usually a liquid metal.

The production of enriched fuel is difficult and is an
expensive process since it cannot be done by chemical means.
Plants have been built in the U.S.A., England, France, U.S.S.R.
and China using the gaseous diffusion process in which UF

6
diffuses through a porous barrier. The lighter isotope diffuses
slightly faster tnan the heavier, and after many stages the two
isotopes can be separated. The three enrichment plants in the
U.S.A. between them require almost 5000 MW of electrical power.

- 5 -
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Thermal Reactors

Because of the difficulty and expense involved in the
production of enriched fuel, reactors using natural uranium
have been built by adding material of low atomic mass to the
uranium. The purpose of this is to cause the neutrons to lose
energy by elastic scattering collisions. Provided that the
material of light mass does not have appreciable absorption,
the neutrons will be slowed to an energy in the region of 0.025 eV
where they are in thermal equilibrium with the atoms of the
material. At this energy the probability of producing fission
in U-235 is high (580 b compared with 1.2 b at 1 MeV), whereas
that of (n,y) capture in U-238 is not (2.7 b). Even allowing
for the low u-235 content of natural uranium, fission is now
more likely than capture.

Materials of low atomic mass which do not absorb neutrons
to a significant extent are called moderators. Reactors which
contain large masses of moderating material and in which most
of the neutrons reach thermal equilibrium with the moderating
atoms are called thermat peaatops.

ASSIGNMENT

1. ~t was said in this lesson that uranium with a minimum
concentration of about 7% U-235 is necessary before a chain
reaction can be maintained. Support this statement with
an argument similar to that used in the text.

J.U. Burnham

- 6 -
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Nuclear Theory - Course 127

NEUTRON BALANCE AND THE FOUR FACTOR FORMULA

When a reactor is operating at steady power, the chain reac­
tion is just being maintained. One neutro~ only is available from
each fission to cause a further fission. The reactor is then said
to be just critical, with the neutron population remaining constant.

If neutron losses, by leakage or radiation capture, are reduced
further, then more neutrons are available to cause fission. The
number of fissions occurring in anyone generation will be greater
than in the previous generation. There is, therefore, a multiplica­
tion of neutrons. The mUltiplication factor, k, is defined by:-

k = Number of neutrons causing fission in anyone generation
Number of neutrons causing fission in the previous generation

Consideration will now be given to the quantities or factors
on which k depends. In this lesson the factors themselves will be
introduced by discussing the neutron balance in a reactor opera­
ting at steady power.

The Neutron Cycle

The neutron from each fission, that causes a further fission
to maintain the chain reaction, goes through a typical cycle which
is shown in Fig. 1.

Thermal neutron
captured in U-235'
to cause fission

Fast Neutron slowed
down in moderator )0

to become a thermal

+ n_e_u_t_r_o_n--.olll<:--- t
Fast Neutron
born or pro- )0

duced at fission

Of the 2t neutrons produced ~~ fission, the only one that goes
through this cycle is the one that is used to maintain the chain
reaction. The others are lost by capture or escape during this
cycle. It is useful to know··when and how these neutrons are lost
since these losses affect the value of k. A complete neutron cycle
will, therefore, be considered. This cycle shown in Fig. 2, is
very similar to the one given in the Level 2 course except that
symbols are used instead of numbers.

January 1967 (R-3) - 1 -
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We start the cycle with N thermal neutrons in the reactor,
and go round the cycle step by step as follows. The continuous
lines indicate steps that contribute to the chain reaction and
the dotted lines indicate losses of neutrons.

(a) A fraction f, of the thermal neutrons, are assumed to be ab­
sorbed in the fuel and a fraction (1 - f) is, therefore, lost
by radiative capture in material other than fuel. So fN
thermal neutrons are absorbed in the fuel.

The quantity f is called the THERMAL UTILIZATION FACTOR. It
could also be defined as the ratio of the, neutrons absorbed
by the fuel to the total neutrons absorbed in the reactor.

(b) Not all the neutrons absorbed by the fuel will cause fission.
Some will be lost by radiative capture. Let a fraction "a"
cause fission tn U-235, the remainder, (1 - a), being lost by
radiative capture. Therefore, afN fissions will occur.

(c) Each fission will produce )/
)/ is about 2.5 for U-235.

are produced by the original

(Greek letter nu) fast
Therefore, a)l fN fast
N thermal neutrons.

neutrons.
neutrons

2 -

The product a lJ is usually replaced by one letter ~ (Greek
letter eta) so that '1 fN fast neutrons are produced by U-235
fissions. The factor ~ now represents the number of fast
neutrons produced from each neutron captured in the fuel,
whereas )/ represents the number of neutrons produced from
each neutron actually causing fission.

(d) In (c) we have only considered fast neutrons produced from
U-235 fissions, caused by thermal neutron capture. Some of
th~se fast neutrons produced by U-235 fissions, cause U-238
fissions before they are slowed down. Since each U-238 fis­
sion produces 2t new neutrons, the total fast neutron pro­
duction will be greater than "l fN. This additional contribu­
tion is shown by increasing the fast neutron production by a
factor ( (Greek letter epsilon) ie, the total fast neutrons
produced by both U-235 and U-238 fission is f'l fN.

f is known as the FAST FISSION FACTOR.

(e) The fast neutrons produced now have to be thermalized. Some
of them escape from the reactor before the resonance energies
are reached. If f"1 f(1-Pf)N escape, the remainder f"l fPfN
remain and are slowed down to resonance energies.

Pf , is therefore the fraction of the fast neutrons pro­
duced which reach resonance energies without escaping.

(f) If a fraction p nowavoids resonance capture, f"lfl'PfN neutron
are slowed down below resonance energies and the remainder are
lost by resonance capture.
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(f) This fraction, p, is known as the RESONANCE ESCAPE
PROBABILITY.

Neglecting the escaping neutrons we have now allowed
~ "l fpN neutrons to slow down to thermal energies and there
were N thermal neutrons originally. So the neutrons have
multiplied f"l fp times, ie, the neutron multiplication fac­
tor, ignoring leakage, is f III fp. Thus k =f.., fp and kPfN
neutrons slow down below resonance energies.

(g) More neutrons will however escape before thermal energies
are reached and only some fraction Pr will become therma­
lized. Therefore, kPfPrN thermal neutrons are produced.

(h) Some thermal neutrons also escape and kPfPrPsN neutron re­
main in the reactor, Ps being the fraction of the thermal
neutrons that do not escape.

The product PfPr represents the total fraction of the fast
neutrons, which are produced at fission and which do not escape,
ie, PfPr is the total fast neutron non-leakage probability.

It is not necessary to start the cycle at the particular box
chosen. It could be started from the boxes marked A, B or C, for
instance. However, if the cycle is to be continuous and the chain
reaction just maintained, then on completing the cycle back to the
starting box, the same number of neutrons must appear in the box
as was there when the cycle was started.

For example a simplified cycle, using numerical values and
starting at box A, would be as shown in Fig. 3.

Of'100 thermal neutrons absorbed in U-235 nuclei, 17 suffer
radiative capture and the remaining 83 cause fission. From 83
U-235 fissions, 210 fast neutrons are produced, (ie, JI = 2.54-).
The U-238 fissions are then ignored, since f ~ 1. Nine fast
neutrons then leak out of the reactor so that:

16 fast neutrons suffer resonance capture and p

= 201
210

= 185 =
201

0.92.

Thus, 185 thermal neutrons are
box C. Of these 10 escape, (ie, P
175. A further 19 thermal neutronS
side the fuel, so that:

produced by slowing down, in
= 175/185 ~ 0.95), leaving
suffer radiative capture out-

- 4 -

f = (185 - 10 - 19)
(185 - 10)

= 156

175
= 0.89



127.10- 5

in
lY 100 Thermal

~--- Neutrons Absorb-
ce ed in U-235

-
in

~----
17 Non-fission

als ----.>- Thermal Neutrons
captures in

TT_?':l."

- KYet 83 Thermal
+---- eutrons Cause

U-235 Fissions
210 Fast Neutrons
Born or Produced

y 185 Thermal L___> 9 Fast NeutronsNeutrons Produced ~

by Slowing Down , Escape From the
in Moderator I Reactor

I

I

19 Thermal Neu
trons Absorbed
Reactor Materi
and in Poisons

10 Thermal Neu
trons Escape
from Reactor

56 Thermal Neu
trons Absorbed
U-238 to Produ

Pu-239

16 Fast Neutrons
Captured in

U-238
Fig. 3

Finally 56 neutrons suffer radiative capture in U-238, so that the
total neutron radiative capture losses in the fuel is 56 + 17.

Hence a = 156 - 73

156
=

83

156
= 0.53

The value
uranium.
should be

of "a" should, of
Thus, since ~a =

0·53·

course, be equal to
7.6 barns and ~f =

a'fl O"'a for natural
4 barns, this ratio

= 210
156

=

also 1 = aJi = 2.9+ x 0·53 = 1035

- 5 -
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Alternatively, the cycle could have been started from box B.
Fig. It shows such a cycle, starting from box B. The cycle has
been written down in a somewhat different manner to illustrate the
significance of successive generations of neutrons.

- 6 -
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Again, fast fissions in U-238 have been ignored to simplify
the cycle. The 19 thermal neutrons, lost by radiative capture
outside the fuel material have now been subdivided into 16 cap­
tured in reactor materials and 3 captured by poisons. The poi­
sons, such as Xe-135, are, of course, produced in the fuel ele­
ments but they do not form a part of the fissile or fertile
material which are classified as fuel material.

At the end of a further cycle there would be a third genera­
tion of neutrons and so on. The number of neutrons generated in
each generation is not important. If at the end of each cycle
they remain constant, the chain reaction is just being maintained.
If the number of fissions in succeeding generations decreases, as
would be the case if the neutron losses increased, then the chain
reaction cannot be maintained and the reactor power decreases. If
the number of neutrons in succeeding generations increases, neu­
tron multiplication occurs and the reactor power increases.

The Four Factor Formula

Returning to the cycle in Fig. 2, the number of neutrons after
each cyle will remain constant and the chain reaction will just be
maintained if: -

or =

=

1

N

•••••• ,. ••••••• ,. ••••••••••••• (1 )

This is,'then, the condition for criticality

It is much easier, when considering the factors that affect
k, to initially ignore all neutron leakage out of the reactor and
then allow for it later. Theoretically, the leakage is zero only
for a reactor of infinite size but, in practice, it is near enough
zero for large reactors. To indicate that an infinitely large
system is being considering and that neutron leakage is being ig­
nored, the multiplication factor is written as k... • The condi­
tion for criticality, with the chain reaction just being maintained
now becomes:

= '7 f pf = 1 ••••••••••••••••••••••• (2)

This equation is frequently referred to as the FOUR FACTOR
FORMULA. It connects the neutron multiplication factor, k"" ,
with the four factors, ~ , f , P and r, which determine its value.

- 7 -
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If a system of finite size is being considered, the effective
multiplication factor, ke is given by:

= neutron leakage

or ke = "7 E pf - neutron leakage

The condition for criticality is,then:

• '" '" '" '" .. '" '" '" '" '" '" .. '" '" '" '" (3 )

k = 1e '" '" '" '" '" '" .. '" '" .. '" '" '" '" '" '" '" '" '" .. '" '" .. '" '" '" '" '" '" '" '" '" '" '" '" .... '" '" .. .. (4 )

=

Equations (1) and (4) specify the same condition.

Non-leakage Probabilities

Pf is the fraction of fast neutrons that are reauced to reso­
nance energies without escaping out of the reactor. Pr is the
fraction of neutrons which are slowed down from resonance to ther­
mal energies without escaping. The product PfP~, therefore, repre­
sents the total fraction of fast neutrons that dO not escape, ie,
PfPr is the fast neutron non-leakage probability.

_B21 2
e s

where B is a quantity called the BUCKLING, which is associated with
the flux distribution and 1 s is the slowing down length of fast
neutrons. This equation shows how 1 s determines the fast neutron
leakage out of a reactor. The longer the slowing down length the
smaller PfPr and the greater the leakage. This is another reason
why the tfiermalization should require as few collisions as possible.

Ps is the fraction of thermal neutrons that stay in the reactor,
ie, the thermal neutron non-leakage probability.

Now = 1

- 8 -

where L is the diffusion length. If 1 increases, Ps decreases and
thermal neutron leakage increases. 80 the diffusion length of
thermal neutrons should be small.

Equation (1) now becomes: -



1 +
= 1

127.10-5'

• ,. (5)

as the condition for criticality.

Equation (3) can also be more accurately written as

2 2
-B L

k"" e s
ke = =

1 + B2L2
............. (6)

ASSIGNMENT

1. Define the neutron mUltiplication factor, k.

2. (a) In what ways can the fast neutron, produced at fission,
be lost while being thermalized?

(b) By what methods, other than leakage, are thermalized neu­
trons lost so that they are not available for fission?

3. Define or explain the terms "Thermal Utilization Factor", "Fast
Fission Factor" and "Resonance Escape Probability".

"4. (a) What expression expresses the condition for criticality if
leakage is considered?

(b) Write down the "Four Factor Formula" and explain how it is
obtained from the expression in 4a.

5. Explain why the slowing down length and diffusion length of a
neutron affect neutron leakage.

A. Williams

. 9 -
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Nuclear Theory - Course 127

MODERATOR PROPERTIES

In the previous lesson you learnt that it is possible to sus­
tain a chain reaction either by enriching the fuel in U-235, or by
adding a moderator to natural uranium fuel.

Up till now, the second alternative has been by far the most
popular one, and the major differences in the design of power re­
actors have, in the first instance, been dependent on the type of
moderator chosen. In this lesson we shall examine the basis on
which this choice is made. In other words, this boils down to
looking at the requirements of a moderator and then seeing to what
extent these are met by the various possible moderator materials.

Neutron Absorption

The primary objective of a moderator is a lot easier to ex­
press than to achieve: the fission neutrons must be slowed down to
thermal energies without being absorbed. Let us examine the lat­
ter aspect first:

There are two possibilities:- the neutrons can be absorbed by the
moderator atoms themselves or by fuel atoms, and this can occur
anywhere in the energy range from -2MeV (fission neutrons) down
to 0.025 eV (thermal neutrons). Absorption by moderator atoms can
obviously be minimized by choosing a moderator with a sufficiently
low absorption cross section, but for fuel the argument is rather
more subtle.

If you refer back to Fig. 2 of the previous lesson, you will
see that U-238 exhibits a number of severe (n,y) absorption peaks
between 5 and 100 eV. These are called resonances, and any neu­
trons absorbed by them are said to have suffered resonance capture.
It is essential to minimize such resonance capture, and one way of
doing this is to ensure that, in the slowing down 2rocess, ~
neutron energy 1ass pe.J::..-collision is a s-hi.gh-aJ>~<I;Lo§.§ib~!!,:, For ex­
ample, consider the two figures bn the following page (for the
sake of simplicity the resonances have been smoothed out).

Moderator 2 thermalizes the neutrons in far fewer collisions
than moderator 1. This means that the neutrons in moderator 2
will spend less time in the resonance energy region, and will
therefore also have less chance of colliding with U-238 while they
have this energy. I" they do, they will almost certainly be cap­
tured, and if you don't believe this have another look at Assign­
ment #2 in the earlier lesson in cross sections. The conclusion
of all this then is that there will be less resonance capture in
U-238 with moderator 2 than with moderator 1.

June, 1972 (R-4) - 1 -
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Fig. 2.

Effect of Moderator on Resonance Capture

Apart from this, during the slowing down process there will
be less collisions and hence less neutron absorption by the mod­
erator atoms themselves if we use moderator 2 rather than 1.

Slowing Down Mechanism

Having established that we want to slow the neutrons down in
as few collisions as possible we shall now examine how this might
be achieved.

There are two slowing down mechanisms:

(1) inelastic scattering (with fuel nuclei)
(2) elastic scattering (with moderator nuclei)

(Inelastic scattering with moderator nuclei is not possible because
the energies are too low, and even with uranium nuclei it is only
possible down to about 100 keV. In any case, it is relatively un­
important, as we shall see later. Elastic scattering with fuel
nuclei may be ignored, because there the energy loss per collision
is negligible).

- 2 -
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Fig. 3. Elastic Collision of Neutron with Moderator Nucleus

In an elastic collision the energy loss 6E of a neutron of
initial energy E is given by:

6E
E

= 4A cos'~

(A+l) , (1)

This expression shows that the fractional energy loss depends both
on the incident angle ~ and on the mass of the moderator nucleus.
For many c0llisions the energy loss must be weighted according to
the probability of a collision occuring at an angle ~t and a
weighted mean energy loss per collision can then be found.

Now consider that N collisions with moderator nuclei are re­
quired to slow the fast neutrons (energy E ) down to thermal
values (energy Eth ). The energy after the1first impact is EZ t
after the second ESt and so on. We can therefore say that:

(::) •••••• ~::.) •••••• (.::.) , ~::.) N

where (Ei/E i +1) signtfies the average energy loss per collision.

- 3 -
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Taking logs to base e gives

l EI
n-- =

Eth

E·
N log~ = Nt;

E i + 1
(2)

t; is called the mean logarithmic energy decrement, and is given
by

t; = 1 + (A-I) 2 In lA-I)
2A lA+l

(3)

(This expression can be obtained after some manipulation when
the weighted mean of COS2~ is applied to equation (1). It is
not my intent to bore you with the details since it is only
calculus) .

Substituting E,=2MeV and Eth=0.025eV into (2) gives us

2xl0 6
In = 18.2 - Nt;

0.025

i.e. N --
18.2

t;
(4 )

This shows that a small number of slowing down collisions can only
be achievedwithalarge value of t" or a small value of A since a
fairly close approximation for t, is

(5)

For A>lO, this approximation is good to within 1%.

At this point it might be constructive to consider the effect
of inelastic scatter in the fuel. If we assume that this reduces
the average neutron energy from 2MeV to perhaps 1 MeV, then equa­
tion (4) changes to

Nt, = ln lxl0 6

0.025
:::; 17.5

This means that the number of collisions the neutrons have to
make to reach therm?l energies is reduced to 17.5/t" ie, by less
than 4%. For this ,ason, any slowing down effects by inelastic
scatter in the fuel are usually ignored, and the number of colli­
sions to thermalize is still taken as 18.2/t;.

- 4 -
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If the moderator is not a single element, but a compound
such as DzO, the effective value of ~ is given by

2Os (D )~ (D ) + °s (Q) ~ 0
=

20S(D) + °s(O)

(6)

Table 1 shows the accurate values of ~ (equation 3) of a
number of light materials which might be suitable as moderators.

TABLE 1

Mean Logarithmic Decrements

~
Collisions to

Thermalize

HI LOOO 18
HZ 0.725 25
He" 0.425 43
Be 9 0.206 83
Cl z 0.158 115
HzO 0.927 20
DzO 0.510 36
BeO 0.174 105

Slowing DoWn Power and Moderating Ratios

A small number of collisions to thermalize is obviously
desirable, but this is of no use on its own unless the collisions
actually occur. This implies that As, the mean free path for
scattering collisions, must be small. Therefore

= ...L. =
As

N'a s

must be large. This immediately rules out gases as moderators,
because N' would be too small for the neutrons to be slowed down
within a reasonable distance.

The overall eff·'"ctiveness of a material for slowing down
neutrons is measured by the product ~Es, which is known as the
SZowing Down Power. You should be able to show that it is the
average decrease in the log of neutron energy per cm of path.

O~<JI... j:l.
~ ~ ~ \j- f" - 5 -
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Table 2 shows the slowing down powers of the solid and liquid
moderators introduced in Table 1. The value for helium is also
shown to demonstrate the unsuitability of a gas.

TABLE 2

Slowing Down Powers and Moderating Ratios

(; 9lloo (;

S Lg(cm-1) Ca) SL g La SL gIL a

He <'0) 0.425 2lxlO- 6 9xlO- 6 ? very small ? large
Be 0.206 0.74 0.15 1.l7xlO- 3 130
C (c) 0.158 0 .• 38 0.96 0.38xlO- 3 160
BeO 0.174 0.69 0.12 0.68xlO- 3 180
H2O 0.927

1.
4D 1. 36 22xlO- 3

Cd)
60

D2 0 0.510 0.35 0.18 0.33xlO- 6 5500 (d)

OM) (~~t)
QQ.757.·

(a) L S values of epithermal neutrons (ie, between -1 and
-1000 eV)

(b) at S.T.P.
(c) reactor-grade graphite.
(d) 100% pure D

2
0.

Not only must the moderator be effective in slowing down
neutrons, but it must also have a small capture cross section.
Neutrons are slowed down to decrease radiative captures compared
to fission captures, and obviously the whole purpose of modera­
tion would be defeated if the moderator nuclei themselves cap­
tured neutrons.

A reasonable indication of the overall quality of a modera­
tor is the Moderating Ratio, which combines the slowing down power
and the macroscopic capture cross section:-

Moderating Ratio = (7)

We are now in a position to draw some interesting conclusions
from Table 2.

- 6 -
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H2 0 has excellent slowing down properties, and is often used
as a fast neutron shield (neutrons must be slowed down before
they can be absorbed. Why?) Unfortunately its Ea is too high to
permit its use as a moderator for natural uranium fuel, and enrich­
ment will be necessary.

Be, BeO and graphite have lower values of Ea , and can be used
with natural uranium fuel provided it is in metal form. The use
of natural uranium compounds with more attractive physical and
chemical properties (such as U0 2 or UC) is not feasible with these .. ~
moderators, because of the reduction in the concentration of ~

uranium atoms. The British line of power reactors used a graphite~D

moderator with natural uranium metal fuel (their earlier Magnox ~
stations), and in the early '60s they changed to graphite with en-
riched U0 2 fuel (the AGR stations). ~

~ .~;A. jJJ.&<4>•.
In the U.S., an abundance of U-235 and a tradition of using

it in nuclear submarines led to all out development of light
water reactors with relatively highly enriched fuel and a relative­
ly poor moderator.

You can see from Table 2 that heavy water is by far the best
moderator as far as its nuclear properties go, and of course its
use was adopted for the CANDU line of reactors (CANDU = CANadian­
Deuterium-Uranium). Its La is so low that natural uranium can
even be used in compound form as U0 2 •

The substance used as a moderator must be very pure. It is
usually used, in a reactor, in larger amounts than any other ma­
terial, eg, the volume of carbon in a graphite moderated reactor
is 70 to 80 times that of the fuel. A very small amount of im­
purity in a moderator can substantially increase its capture
cross section. The addition of 1 boron atom to every million gra­
phite atoms would increase the capture cross-section of graphite by
25%.

For the same reason the isotopic purity of 0 2 0 must be kept
high • ~itioIl_<;>t---'t~§J;_~-to....Pll.r~J:l-2..Q.JDQ~~J:1gl..!L.gOJJP-1.§§_tJle
capture c~ss section. The isotopic purity of moderator 0 2 0 is
kept a~ 99.75% ~ht or better. This is known as reaator-grade
D2 0. This isotopic purity is not easy to maintain since heavy
water is hygroscopic, nevertheless it is imperative that all H2 0
be excluded. For example, a 0.25% decrease in isotopic purity in
Pickering would cause a reduction in reactivity equivalent to a
fuel burn-up loss of 21 full power days. This represents an amount
of money which is so high as to be almost outside the audible range
of the human ear.

- 7 -
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The Diffusion of Neutrons Through the Moderator

Many parameters which determine the design of a reactor are
dependent on the way neutrons are slowed down and diffuse in the
moderator.

Neutrons diffuse through a material as a result of being
scattered by nuclei. Neutrons virtually never collide with each
other because the neutron density is so much smaller than the
atomic density. The treatment of neutron diffusion, which is a
process similar to the diffusion of electron in a metal, is too
complicated to include in this course, and we shall therefore re­
strict ourselves to a pictorial representation.

" . , ~ -. .

, "

" " . , '

..

. . .

..

. . .

. ".
..

' .. '"

• • I' '. •, '" . ... . .'

" .
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•
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Fig. 4. Neutron Diffusion In A Moderator

A f~ssion neutron born at A is thermalized in l8.2/~ colli­
sion to arrive at B. The mean square of the "crow-flight" dis­
tance AB (it always seems to be assumed that crows bomb along in
straight lines) is given by the expression

= (AB) 2 (8 )

Ls is called the slowing down length, and it is an important
parameter in reactor physics. For D2 0 Ls = 11 em, and hence
(AB)2 is about 725 cm 2 , with AB around 23 cm~. This can be com­
pared with an average total distance travelled during slowing
down, which is the number of collisions times the mean free path
for elastic scatter. For D,O,this turns out to be around 100 em.

)
2-* You realise that x '1x 2

, don't you?

- 8 -
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After the neutron has been thermalized at B, it will zip
around in the moderator before it is finally absorbed at C. A
similar relationship again applies, namely

6L 2 = (BC) 2 , (9)

where L is the diffusion length. For D2 0 this is very large at
100 em, and you will probably realise that this reflects the ex­
ceptionally low Ea of D.O.
(In fact, other things being equal, L 2 is inversely proportional
to Ea')

TABLE 3

Slowing Down and Diffusion Lengths

Moderator L s (em) L (em)

H2 O 5.6 2.76
D2 O* 11. 0 ..J.M-
Be 9.2 21

Graphite 18.7 64.2

* reactor-grade

The slowing down length determines the optimum distance be­
tween adjacent fuel channels of a heterogenous reactor. This
distance is called the lattiae pitah, and the values of Table 3
should explain why H2 0 moderated reactors are smaller than D2 0
moderated reactors.

The low value of L for H2 0 reflects its high La, and you can
see that overmoderating a light water reactor (ie, having a
greater lattice pitch than is needed) would carry such a severe
penalty in terms of neutron absorption that it is never contem­
plated. On the other hand, overmoderating a heavy water reactor
by a few cm makes very little difference to the absorption. In
this case the designer might wish to increase the lattice pitch
somewhat to give himself more flexibility for the design of end
fittings and end shields. (All of the CANDU reactors are over­
moderated - a pressure tube design makes it almost impossible to
be otherwise.)

- 9 -
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The values of L given in the table of course apply to a
moderator alone, because it is assumed that the thermal neutrons
are finally absorbed by moderator nuclei. In a reactor contain­
ing fuel, the large majority of thermal neutrons will be absorbed
by fuel nuclei and the effective diffusion length is then con­
siderably reduced. The slowing down length should not be affect­
ed much because the contribution of the fuel nuclei to the slowing
down process is negligible. For the sake of comparison, the
values for the Pickering cores are L; = 145 cm 2 and L 2 = 224 cm 2

•

A final point is that the fraction of neutrons escaping from
the core, called the Zeakage, also depends on L 2 and L;. We
shall leave the discussion of this to the.~ lesson.

,v4 :>)-< .-.

ASSIGNMENT

1. Why is SH
2

0 so much closer to SH than SD
2

0 is to SD?

2. How many collisions are required for neutrons to lose, on
average, 99% of an initial energy of 2 MeV in D2 0? Compare
this with th~ total number of collisions required to reach
thermal energies.

3. Calculate the total zig-zag path made by fission neutrons
slowing down to thermal energy in Helium gas. Compare this
with the corresponding distance in H2 0.

4. Calculate the moderating ratio for reactor-grade D2 0, and
insert this value in Table 2.

5. The time taken by a neutron to slow down from energy Eo to
Energy Et is given by

(1 . 1)
JEt - fro (m = neutron mass)

Calculate the slowing down times for H2 0, D2 0 and graphite.
Can you derive this expression?

6. For neutrons that have just been thermalized in reactor­
grade D2 0, calculate the total zig-zag path, the number of
collisions and the survival time before capture.

7. Explain why i".he values of Ls and L for the Pickering cores
differ from those of D2 0.

A. Williams
J;U. Burnham

- 10 -
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Nuclear Theory - Course 127

EFFECT OF ENRICHMENT, FUEL ARRANGEMENT AND FUEL
BURNUP ON THE FOUR FACTOR FORMULA

When considering the function and properties of the modera­
tor, it was stated that a moderator has to be provided, in addi­
tion to fuel, in a reactor in order to slQw down the neutrons to
thermal energies.

A reactor containing fuel alone can not maintain a chain
reaction unless the fuel is highly enriched and it o~erates as a
fast reactor. However, it was not specified how the fuel and
moderator would be arranged. There are two possible arrange­
ments:

(a) A homogeneous system, in which the fuel and moderator are
intimately mixed together. The uranium would either be in
solution in the moderator or in a fine suspension called
a slurry.

(b) A heterogeneous system, in which the fuel is in the form
of lumps or rods arranged in a regular manner in the
moderator.

The effect of such arrangements on the four factor formula,
as well as the effect of enrichment and fuel burnup, will now be
considered.

Homogeneous System

Suppose that the fuel and moderator are intimately mixed.
When the fission neutron is born, it would be in contact with
the moderator immediately and would collide with several modera­
tor nuclei before encountering another fuel nucleus. The neutron
would not therefore have enough energy to cause fast fissions in
U-238 and ~ = 1. What of the other factors?

The number of neutrons, "1 , produced for each thermal neu­
tron captured in the fuel will depend only on the fuel composi­
tion. If p fast neutrons are produced at each U-235 fission,
then:

= = •...•• ,., •.....•.... (1)

January 1967 (R-3) - 1 -
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where N5 and N8 are the numbers of U-235 and U-238 atoms, respec­
tively, per unit volume of fuel, ~f is the thermal neutron fis­
sion cross section of U-235, ~5 and ~8 are the absorption cross
sections of U-235 and U-238, respectively, and R is the ratio
N5/N8'

For natural uranium R = 0.715% = 0.00715
)} = 2.48

<if = 580 barns
(1"5 = 700 barns
0'"'8 = 2.8 barns

Hence "1 = 2.48 x 5'80 x 0.00715' = 1 .32
(0 .0071 5 x 700) + 2 .8

Now kQ) = "I f pf = 1 for criticality

or pf = 1 = 0.77
1.32

Thus, the product pf must be at least equal to 0.77 if such a
homogeneous system is to be critical and a chain reaction be
maintained. Is this possible with natural uranium fuel? If
natural uranium fuel is to be used, the only way to vary p and f
is to vary the ratio of moderator to fuel atoms in the homoge­
neous mixture. Table I below shows how p, f and the product pf
vary as the ratio of moderator to fuel atoms is changed in a
homogeneous mixture of graphite and natural uranium. The value
of k~ is also given to show that it is less than 1, which is
the minimum value, ignoring leakage, required for criticality.

TABLE I

Mod. Atoms f pf kClC)Fuel Atoms p

200 0.579 0.889 0.515 0.68
300 0.643 0.842 0.541 0·71
400 0.682 0.800 0.546 0·72
500 0.693 0.762 0.528 0·70

- 2 -

From the table it may be seen that the problem is that as
the moderator/fuel ratio is increased, p increases, because
there is better thermalization of neutrons, but f decreases, be­
cause there is more neutron capture in the moderator and less
neutron capture in the fuel. The maximum value pf can have is
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only 0.55, whereas the value must be 0.77 to sustain a chain re­
action. So a chain reaction cannot he maintained with a hOIDoge­
n"?'Q)J.i;LmixtUJ'e~o.f graph~t.e-an4cl'la-tU¥aJ,-.1,u·ani um.

A similar situation exists with homogeneous systems of
natural uranium and either light water or beryllium. With heavy
water as moderator, the optimum ratio of moderator to fuel gives
a maximum value of pf of 0.78, which corresponds to a maximum
value of k = 1 .03. This does not allow for neutron leakage nor
does it allow for buildup of fission product poison. This means
that the size of reactor required, with a natural uranium ­
heavy water homogeneous mixture, would be too large to be prac­
tical.

The Effect of Fuel Enrichment

What can be done to make such a system practical? One
answer lies in increasing the value of ~. For a practical re­
actor, in which fuel consumption and poison accumulation are
allowed for, k would have to be around 1.1 to 1.2. Therefore
the value of"1 required is given by:

L2
pf

= 1 .2
0:78 = 1.~ for D20 moderator

= 1.2 =
0·55

2.18 for graphite moderator

Fig. 1

2.1
2.
1.9
1.8

1.7
1.6

1.5
1.4
1. 3~...-...-.....-.--r--"''--~~-'~~~""!:

o 0.05 0.1 R

The only way to increase 1 is to increase the U-235 concentra­
tion (R) in the fuel, ie, enrich the fuel. Fig. 1 shows how the
value of:'l varies with
the U-235 concentration
in the fuel. The U-235
concentration in natural
uranium is 0.00715
(0.715%). For a homoge­
neous D20 moderated sys­
tem to be practical, the
U-235 concentration would
have to be increased to
about 0.02 in order to
obtain a value of 1 .~
for "1 • Thus the fuel
would contain 2% U-235.
It would appear from the
graph that the required
value of "I of 2.18 for a
graphite moderated system,
cannot be attained. How­
ever, enrichment of fuel decreases the U-238 content and in­
creases p. Thus, the value of "'l ' required for a homogeneous
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mixtUl'e of graphiteand..fuel, de=e.a&es so that it can.be at­
tained with an enrichment of about 20% U-235.

It would also seem, from the graph, that there is little to
be gained in the value of:"l by making R greater than 0.1. How­
ever, further enrichment does increase the value of p because of
the decrease in the U-238 content.

Heterogeneous System

Even though enrichment does enable a homogeneous system to
go critical, practical difficulties with such a system still
exist. Refuelling problems, transportation of the heat released,
fission product contamination, and criticality problems outside
the reactor, are some of the difficulties encountered. Then, of
course, there is also the very high capital cost of an enrich­
ment plant and the obvious advantages to be gained using natural
uranium, which requires only chemical processing. The alterna­
tive is to use a heterogeneous system if this is feasible. In
such a system the fuel is located in discrete lumps in the modera­
tor, as shown in Fig. 2, so that each fuel lump is surrounded by
moderator material.

Neutrons
00 0 0 0 0 0 0 0 0

Fuel

0 0 0 0 0

Fission
0 0 0 0 0 0

0 0 0 0

0 0 0 0 0 0/ 0 0

Thel"llal Neutrons

0 0 0 0 0 0:: :0
0 0 0 0 0

Hoderator Nuclei ce:-
O 0 0 0 0 0 ° 0 0 0 0 0 0

Fig. 2

Fissions then occur in the fuel lumps and the neutrons are
partially slowed down by inelastic scattering as they escape

- 4- -
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from the fuel. The slowing down process is completed by elastic
scattering collisions with moderator nuclei before the neutrons_
enter other lumps of fuel. The separation between fuel lumps
will determine how many elastic scattering collisions occur and,
therefore, whether the neutron with average energy of 2 Mev is
thermalized or whether neutrons of all energies are thermalized.

In practice, the fuel is in the form of rods or fuel ELE­
MENTS arranged in bundles, the rods being arranged in a regular
pattern or LATTICE in the moderator, as shown in Fig. 3.

- - --- - ------------- - ....---------- --------------------------------_._---------- ----:.. "':- ----= ":'" -=-"':'"- ----------------- -----_. __ .-- ---------------_.
.. ~=-="' .. =

Heat
Transport

Fig. 3

------- - - - - ---
-------- - -- - -------------------_.------------

This arrangement of rods inside tubes, or fuel channels,
has several advantages:

(a) The location of the fuel is fixed by the fuel channel.

(b) Replacement of spent fuel by new fuel is easier.

(c) Heat can be removed from the fuel by passing the heat
transport fluid along the fuel channel.

What nuclear advantages are to be gained by such an arrange­
ment? The advantages, if any, will depend on what changes occur
in the factors f _' ~ ' p and f.

(a) The fast fission factor E is increased. The fast fission
neutrons are now released in the fuel rods and are, there­
fore, more likely to cause fast fissions in U-238 before

- 5 -
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escaping from the rod into the moderator. The value
of f will be between 1 .02 and 1.03 instead of 1.0.

(b) The value of p, the resonance escape probability, is in­
creased. Some slowing down by inelastic scattering occurs
in the fuel. Also, if the fuel rods are placed at a dis­
tance apart, comparable to the average distance travelled
by the neutron while slowing down, then the neutron will
stand a good chance of becoming thermalized before enter­
ing the next fuel rod. Values of p of around 0.9 can be
obtained by such an arrangement, which will undoubtedly
increase pf sufficiently to enable a chain reaction to
be maintained without enrichment.
There is a limit to the lattice PITCH, or rod separation.
If the pitch is increased so that all the neutrons are
thermalized, the value of p increases but the neutron cap­
ture increases. If the separation or pitch is too great,
so that the neutrons are thermalized well before they
enter a fuel lump, the reactor is said to be overmoderated.
If the rods are too close, the reactor is undermoderated.
With a moderator such as heavy water, which has a low cap­
ture cross section, there is a tendency to overmoderate
in order to make p as large as possible without substan­
tially decreasing f.

(c) The thermal utilization factor f is decreased. In a
heterogeneous system, the average thermal neutron flux in
the fuel is lower than it is in the moderator. There is,
therefore, a tendency for relatively fewer neutrons to be
captured in the fuel than there is in a homogeneous system.
However, the decrease in f is small and, with heavy water
moderator, the value of f is still higher than 0.9.

(d) The value of 1 is unchanged by using a heterogeneous
system.

The overall effect is to increase the value of k suffi­
ciently to make the chain reaction possible, without enrichment.
The maximum possible value of ke>o is now greater than that given
by:

Example:

For the NPD equilibrium core:

"7 = 1 .229; f = 1 .021 ; p = 0.918; f = 0.933

- 6 -
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For Douglas Point:

"1 = 1.1757; E = 1.0267; p = 0.8995; f = 0.9503

Therefore k oo = 1.032

There are some significant differences between the two sets
of parameters:

(a) The Douglas Point reactor is larger than the NPD reactor
and a smaller allowance is necessary for neutron leakage.
Hence, the value of k", is smaller for Douglas Point
than for NPD.

(b) The lattice pitch for Douglas Point is only 9" compared
with 10-1/4" for NPD. This accounts for the smaller value
of p and the larger value of f for the Douglas Point reactor.

(c) The values are given for fuel from which U-235 has been re­
moved by fission and in which some bUildup of Pu-239 has
occurred. The difference in the values of, and E are
thus due to a difference in burnup of the fuel in NPD and
Douglas Point.

The degree of fuel subdivision will also have some effect
on (. The factor f will increase with rod radius, since the
longer the fission neutron remains in the fuel the more likely
fast fissions are to occur. The fact that all the Douglas Point
fuel is 19-element fuel, whereas the NPD fuel is a mixture of
7-element and 19-element fuel, will tend to make f for NPD
higher than for Douglas Point. However, this is completely
masked oy the effect of fuel burnup.

Effect of Fuel Burnup

As U-235 fissions occur in the fuel, the U-235 is being
used up. However, Plutonium-239 is being produced from U-238
and Pu-241 is being produced by neutron capture in Pu-239 and
then in Pu-240. Both Pu-239 and Pu-241 are fissionable with
thermal neutrons. So, initially at least, we have fissionable
U-235 burnt and fissionable Pu-239 and Pu-241 being produced.
Later Pu-239 and Pu-241 will be burnt as well as produced and,
eventually, all the U-235 will be used up and Plutonium alone
will be burnt.

The burnup of U-235 and the production of Plutonium does
not affect either p or f to any great extent. However, the
capture and fission cross sections of Pu-239 are substantially
greater than those of U-235. This means that, although the

- 7 -
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Plutonium is not produced as fast as U-235 is burnt up, there is
initially an increase in the product ~ f and, therefore, in the
multiplication factor k. However, later, the burnup of Plutonium
causes k to start to decrease even if poisons are ignored. Be­
fore the change in k with burnup can be shown, a method must be
established of measuring fuel burnup. The possible definitions
of burnup are as follows:
(a) Burnup is the percentage of the original fissile atoms

burnt.
(b) Burnup is the percentage of the total fuel atoms burnt.
(c) Burnup is the heat extracted (in Megawatt days) per tonne

(10 b gms) of fuel.

Burnup, then, may be measured as a percentage of U-235 atoms
burnt. If all the U-235 is used up, the burnup is 100%. Since
Plutonium is being produced and burnt as well as all the U-235,
the burnup can be greater than 100%.

If the U-235 forms a fraction E of the total fuel atoms,

b% of U-235 burnup = Eb% total fuel burnup
= 10,000 Eb Megawatt-days/tonne

Therefore, if a reactor core was big enough to give a burnup
of 10,000 MWd/tonne, then Eb = 1 or 1% of all fuel atoms are burnt.
If E = 0.00715, as it is in natural uranium,

b = 1 = 1~o% of U-235 atoms
0.00715

That is, the total number of U-235, Pu-239 and Pu-241 atoms
fissioned is equal to 140% of the original amount of U-235 present.

- 8 -

A typical
curve, showing how
k varies with burn­
up, is shown in
Fig. 4. No allow­
ance has been made
for fission pro­
duct poison build­
up which, initi­
ally, tends to
mask out the
Plutonium buildup.
The increase in
reactivity, during
the early fuel
irradiation, does
occur, however,
and an allowance
must be made for
it .

k
1.004
1.003
1.002

1.001

1.000

0.999 1

0.998
0.997
0.996
0.995
0.994

0.993

0.992.

2 3 467

Fig. 4

Mwd tonne
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ASSIGNMENT

1. Explain, in terms of the four factor formula, why a chain
reaction can not be maintained by a reactor containing a
homogeneous mixture of moderator and natural uranium.

2. What factors in the four factor formula are changed when
the fuel is enriched and how do the changes enable criti­
cality to be achieved?

3. How are the factors in the four factor formula changed when
a heterogeneous system of moderator and fuel is used instead
of a homogeneous system?

~. What advantages are to be gained by using fuel rods, in
channels, rather than lumps of fuel arranged in the moderator?

5. (a) Give one definition of burnup.

(b) What percentage of U-235 atoms are burnt if the burnup
of natural uranium is 6500 Megawatt-days/tonne?

(c) Why does the multiplication factor increase during
initial fuel burnup and then decrease later?

A. Williams

- 9 -
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Nuclear Theory - Course 127

FLUX DISTRIBUTION AND CRITICAL SIZE

Discussions so far have centred around the reduction of
neutron losses, due to radiative capture, so as to increase some,
or all, of the factors in the four factor formula and, thUS,
maintain a chain reaction. Neutrons are also lost through es­
cape or leakage out of the reactor and consideration will now
be given to neutron conservation by reduction of these losses.
Neutron leakage out of the reactor may be reduced in one of two
ways:

(a) By increasing the size of the reactor.

(b) By using a reflector.

The first of these two methods will now be discussed.

The multiplication factor, koo ,for a reactor of infinite
size is connected with "1 ' ~ , p and f by the four factor formula:

kQ:t a1Epf •••••••••••••••••••••..••••••...••••••• (1)

If there is no leakage of neutrons out of the system, the condi­
tion for criticality is

k - 1
'"

~n neutron leakage has to be considered, the multiplica­
tion factor, ke • (known as k - effective), allows for this leak­
age as follows:

ke ~ k~ - neutron leakage ••.••.•.••••••••••••••.. (2)

It may be shown that:

ke:lt kco - ~B2 ••••••••••••••••••••••••••••••••••• (3)

where M is the neutron migration length, which depends on the
core compoSition; and B2 is the buckling, which depends on the
size and shape 0 the reactor and on the flux distribution.
For instance in a cylindrical reactor:

January 1967 (R-)
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where Re is known as the EXTRAPOLATED radius and Le the extra­
~1..o.....~~ "-~'r>,&"""', \\.e 'M\~ \,e a't'~ ~"-.....'e.",,"-'":9 ,&1'1::""'-''''1' ""a'r> ""-e 1>"'":9';>:'­
cal radius and length respectively. These quantities will be
more clearly defined later in the lesson.

From the expression for B2, (equation (4)), it is clear
that the value of B2 and, therefore, the neutron leakage will
decrease if R or L increase.

Critical Size of a Reactor

It was stated above that neutron leakage from a reactor
can be decreased by increasing the dimensions of the reactor.
This is also evident from simple geometric considerations. As
the volume of the reactor increases, the rate of fissioning in­
creases. However, the surface area also increases and so, there­
fore, does the neutron leakage. When the_.dj,me!1~_i~Il!L()r a r~tor

are iI)cre~.s_ed_L!J1.evo),).1/1le increal.les faster than the surface area •
Hence,~e number of neutrons produced in the reactor increases
faster than the neutron leakage and there is a net increase in
the production of neutrons.

When the size of the reactor is such that the number of
neutrons produced is exactly the same as the neutrons removed
by fission, radiative capture and leakage, the chain reaction is
maintained. The reactor is then critical (with ke = 1), and
the size of the reactor is, then, its CRITICAL SIZ~. The criti­
cal size will, therefore, be reached when neutron leakage has
been reduced sufficiently for ke = 1.

The critical size referred to is the minimum critical size
with new fuel. Any size less than the minimum cri tical size
cannot go critical. However, a reactor of this size would not
remain critical since the quantity of fuel is being reduced by
fissions and fission products, which absorb neutrons, accumulate.
Thus, the reactor size is usually substantially greater than its
minimum critical size.

A spherical reactor will have the smallest critical size
because a sphere will have the smallest surface area for a given
volume. A cylindrical reactor will have a bigger critical size
that a spherical one and a critical cubical reactor will be
bigger still. A spherical reactor would be somewhat difficult
to build and, therefore, reactor of cylindrical shapes are
usually chosen.

Neutron Flux Distribution

The thermal neutron flux, ¢, in a reactor, is the quantity
that determines the number of fissions that take place per sec­
ond. The higher the neutron flux, at any point in a reactor,
the higher the rate of fissioning at that point and the greater
the power produced at that point.
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The neutron flux may be defined in a number of ways:

(al If ¢ is the neutron flux at a point the number of neutron
induced reactions per cc per second at that point will be
given by:

No. of reactions/cc/sec = ¢N~

where N is the number of reacting nuclei per cc at that
point and ~ the cross-section for that reaction.

If (J'f is the fission cross'-section then l/lN~f will be the
number of fissions/cc/sec.

(b) The thermal neutron flux, at a point in a reactor, is the
product of the thermal neutron density, n, at that point
and the average speed of the thermal neutrons.

ie, ¢ = nv

(cl The thermal neutron flux, at a point in a reactor, is the
number of thermal neutrons per second, travelling in all
possible directions, which cross a unit area placed at
that point.

Definitions (al and (bl are more mathematically correct
and more acceptable than (c). However, definition (c) sometimes
helps to give some physical significance to neutron flux. The
unit used for neutron flux is usually neutrons/cmZ/sec.

The thermal neutron flux need not be the same at every point
in a reactor. In fact, the flux is usually a maximum at the
centre and has a distribution across a reactor which is charac­
teristic of the shape of the reactor, provided that nothing is
done to'alter this natural distribution.

In a cylindrical reactor, shown in Fig. 1, there are two
directions in which the flux distribution is considered. These
directions are along the axis, Oz, and along the radial direc­
tion, Or from the centre of the reactor.

The axial flux distribution is given by:

¢ = ¢m cos (1:J (5)

That is to say, the flux
in either direction, is given
the maximum flux at 0.

at a distance z from 0, along Oz
by the above equation, ¢ being

.JII

The flux at any distance, r, from 0 is given by:

¢ = !/lm Jo {2.*~5rJ. (6)

- 3 -
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II

Fig. 1
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where ¢m is again the maximum flux at 0
and Jo is a special function known as a
zero order Bessel function. However,
the radial flux distribution is given,
very closely by a simpler cosine
formula:

¢=¢mcos[1lJ (7)

The quantities Re and L are the
extrapolated radius and length which
were mentioned earlier in the lesson.

Fig. 2 shows both these cosine distributions graphically
and also shows the significance of Re and Le •

-R2 e

I ..

I
e I

I
I
I •

-R2 e : Re :
I I
I ,

Diameter of Core .. , I I
'd ILength of Core ------........, -

r
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Fig. 2

It may be seen that the flux falls off to zero at some
distance, d, outside the physical boundary of the core. This
distance, d, is known as the EXTRAPOLATION DISTANCE. Thus if
Rand L are the actual physical dimensions of the core:

Re = R + d

and Le = L + 2d

•
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The flux at any point P (Fig. 1), in the reactor, with
axial coordinate z and radial coordinate r would be given by:

¢ = ¢m cos gl } cos {~z J un
e e

Effect of Neutron Flux Distribution on Reactor Power

An examination of the flux distribution graphs will show
that:

(a) The thermal neutron flux has a definite maximum value at
the centre but falls to nearly zero at the edge of the re­
actor. Since the rate of fissioning and, consequently,
the power depends on ¢Zf' the maximum power is being pro­
duced at the centre and very little power is being pro­
duced from the fuel in the outer regions of the core.

(b) The total power produced by the reactor depends on the av­
erage thermal neutron flux, the relationship between the
average flux, ¢a' and the power P (in Megawatts), being:

~a - 3 x 1012 fi (9)

where U is the total weight of uranium fuel in the reactor,
in tonnes.

Thus, the power required and the average flux determine the
total fuel loading and the core size. With the flux dis­
tributions, shown in the cylindrical case, ¢a is only 27.5%
of the maximum flux, ¢m, ie, the maximum flux is 3.6 times
greater than the average.

The average flux can only be increased, in a bare reactor,
by increasing the maximum flux. However, the maximum flux
is usually limited by the maximum fuel heat rating or by
the severity of the Xenon transient. The maximum fuel rat­
ing will be reached much sooner in the centre of the react~r

and so there is very poor utilization of the rest of the
fuel.

Example

In NPD lilm = 8 x 1013 n/cm2/sec

Hence ¢a -2.2 x 1013 n/cm2/sec
12

Therefore U = 3 x 10 x 80 = 10.9 tonnes
2.2 x 1013

In Douglas Point the radial flux distribution is deliberately
flattened over a portion of the reactor to increase ¢a'

- 5 -
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ASSIGNMENT

1. (a) How is the effective multiplication factor connected
with the neutron leakage?

(b) On what two factors dpes the neutron leakage depend?

2. (a) Why does relative neutron leakage decrease as the
reactor dimensions increase?

(b) What is meant by the critical size of a reactor?

(c) What reactor shape would have the smallest critical
size and why is this 50?

J. Define thermal neutron flux and specify the units in which
it is measured.

4. (a) Write down the equations giving the approximate radial
and axial flux distributions in a cylindrical reactor.

(b) What two disadvantages result from this type of flux
distribution?

A. Williams



127.10-8

Nuclear Theory - Course 127

THE FUNCTION AND PROPERTIES OF THE REFLECTOR

Reduction of neutron leakage by increasing the reactor core
size has already been considered. The core size is increased un­
til neutron losses are balanced by neutron production. However,
the resulting flux distribution leaves a lot to be desired, par­
ticularly from the point of view of fuel utilization.

Neutron leakage from the core can also be reduced by sur­
rounding the core with a substance which scatters or reflects
neutrons back into the core. Such a substance is known as a
REFLECTOR. Such a reflector also has desirable effects on the
flux distribution.

The Function of the Reflector

(b)

Fig. 1

(a)

Reactor
Core

Ref'lector

shows the function of a reflector diagrammati­
shows a "bare" core with many neutrons escaping.

Fig. 1 below
cally. Fig. 1 (a)
In Fig. 1(b) a
substance has
been placed
around the core
to reflect most
of the neutrons
back into the
core.

It is evi­
dent that, wi th
the reflector,
more neutrons
are available
for fission be­
cause the leakage
is smaller. There­
fore, the core
size does not
have to be in­
creased as much
in order for the reactor to go critical. That is, the critical
size of a reflected core is smaller than that of a bare core.
Alternatively, if the size of the-core is kept the same, higher
fuel burnups can be achieved with consequent reduction in fuel
costs.

January 1967 (R-3) - 1 -
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Reflector Properties

The neutrons are reflected back into the core by scattering
collisions between the neutrons and the reflector nuclei. The
efficiency of a substance as a reflector is measured by a quanti­
ty known as the REFLECTOR COEFFICIENT (fJ).

The reflector coefficient may be defined as the fraction of
the neutrons entering the reflector which are reflected back in­
to the core.

For a reflector in the form of a slab, the reflector co­
efficient for thermal neutrons is connected with the diffusion
length L by the equation:

1 - \D ....•••••••.••••••. (1 )

where D is a quantity known as the DIFFUSION COEFFICIENT which
depends on the scattering and absorption cross sections of the
material.

Although Equation (1) only applies to slab geometry, it can
be used to illustrate that the greater the value of L and the
smaller the value of D the closer p becomes to unity, ie, the
more efficient the material is as a reflector. The values of D
and 1 and the maximum value of ~ that could be obtained with an
infinitely thick reflector are tabulated below for H20, D20,
graphite and beryllium.

TAB1E I

Material 1 D ~ for an f!J for a Slab
(em) (em) Infinite Slab Thickness 21

H2O 2·76 0.17 0.780 0.772

D20 100 0.88 0·966 0.965
Beryllium 21 0.5Y- 0·901 0.900

Graphite 64 0.94 0.944 0.940

The desirable properties of a thermal neutron reflector ma­
terial may be summarized as follows:

1. Thermal neutrons are reflected by elastic scattering be­
tween them and reflector nuclei. Therefore, the macro­
scopic elastic scattering cross section, E. s' should be

2 -
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high. If this is the case, the value of D will be low.
Thus the density and the value of ~s, must be high.
Table I shows that H20 has the lowest value of D.

2. The capture or absorption cross section, ~a' should be
low so that as few neutrons as possible are lost by cap­
ture. This requirement ensures a high value of L. How­
ever, since the escaping neutrons would have been lost,
in any case, without the reflector, a low value of ~a

is not qUite as important as it is in a moderator. Hence,
H20 is quite acceptable as a reflector for a natural
uranium-fuelled reactor, even though it is not as effi­
cient as D20. A light water reflector is also an excel­
lent fast neutron shield and its use might well help to
avoid the use of a thermal shield.

These desirable properties are, of course, almost identical
with those expected in a moderator. The best thermal neutron re­
flectors are those materials that make the best moderators be­
cause they have small ~a/ ~s ratios.

In the case of fast neutrons the most effective scattering
mechanism is inelastic scattering. The best fast neutron reflec­
tors are, therefore, the heavier materials. Hence, uranium or
thorium are the materials used as reflectors in fast reactors
such as the Enrico-Fermi reactor. Such a reflector is frequently
referred to as a BLANKET since production of fissile material
from fertile material occurs in the reflector.

How thick should a reflector be? The reflector coefficient
~ increases, initially, as the reflector thickness increases.

However, as shown , ""II' . ilHlt~ 'III ,,1111 1 "il\ll' I,,: I" l";;cr;-
in Fig. 2, very ........ h;~ :i:~ ':l! i : ntWl: i~: ..pl tthw; 1~!; ;~i:J:1i; i;i: _,_
little is to be <Q. 10.: I::'H''''''~+HI~~! 'tJl¥; "11i1JUWIj,.~Wi';:;.: ';,:
gained by increas- ';; lJIUIlii~ '~,ge.f rinl ~fl w ,.... . .•1;' '.' .,.,':;
ing the thickness ~ "'m ]Ri n" H,: PdlU!i,. dlrll! i l ;' 1':1 :Hi ii, I,,: ~i!i liii
beyond a value ..-I "'I';tr " .. '., .tfi.' :, ! ,'. ,'. II, . :iji" 't,' 't[II'" I"'t 11;1

1 t 2L () i'~( ;il~ :':~ -tt-.: ;-l1:.1;,: ·,:~:Ilj: hu ; fH1 dl ,':j H:I 'I:equa o. .rot j .. , I" ,,'" , .. :'; "I' '. +" ,'1-' , ,. ,

Table I also ~ In; iHllIT! ,il! ii'l iii! IiJ t Jrl!i: t' 1Jh 'lid!! iiU
shows that the 'V :;::'Ii ,t::I;1I.! iI' '1: 1 .:!+ ! jjti '8+ 'il: i!l1ljiii'value of ~ , for 3!A \~!l if~ t~;qjL:.. 'it:: I' ~~, ~ l I ., 1111

a reflector thick- I-. I"1ll i:i iF;i iW!ffl' f til! \. T H i 1 fir ~ :li1 ii!;l
ness of 2L, is 0 ";;/ ,!~. \1:1 ;11, :~.:; Illr t~.: "l~ L~ ri " lIt! 1": ,',' 't"l
within 1%or less ~ ~i1; ::'; :~~, l;:~ d1l lij:'~!; ):!r .::- I:';' I;:: ::<\:'1 :;~: :'::

P
ofostshieblmeaxvaimlumue. .~ t:;<,: ;;i! Iii,', :1;::. ::,[ :;:1 i~:: "1.,· ." i:.;'

-, ; .i"";:":: lilT) ":'I!I:i])'] "j:jll':;;":l:;;l::.' . 'I_. I' , 'I -' ,; , ," J'" I' . ,"." i 1 "I ' ;, iJ' I' i ,'~ •. i" .,.:;!1::: 'I':: i" .Ill ." ":II":II'" I,", ,:;Since the desira- <>:: a - ....,. I':, ',:: ,Ii: Ji;' L11,;;::,:,' .' J" i .. : ,.:,
ble reflector pro- 0 L 2" )L -'--"
perties are so Reflector Thicknesg
similar to those (diffusion lengths)
of the moderator,
it would be an Fig. 2
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advantage for the reflector to be merely an extension of the
moderator so that both can be enclosed in the same reactor
vessel.

With H20 a thickness of 21 is only 5.5 em, whereas for D20
it is 200 em. It would require a considerable amount of D20 to
extend the moderator by 200 em, since this additional D20 is
being placed on the outside of the core.

Effects of Adding a Reflector

The effects of placing a reflector around the core can be
summarized as follows:

1. The neutron flux distribution is "flattened", ie, the ratio
of the average flux to the maximum flux is increased. This
is illustrated in Fig. 3 for a reactor in which all the neu­
trons are assumed to have the same energy (eg, a fast
reactor). Fig. 4 shows the change in flux distribution in a
thermal reactor. The hump in the reflected curve in Fig. 4
is due to the fact that fast neutrons escape into the re­
flector and become thermalized in the reflector.

The flux at the edge of the core is now over 50% of the
maximum instead of only 20% in the bare core. When both
the radial and axial flux distributions are considered, in
a reactor like NPD, the average flux is increased from
27.5% to 42% of the maXimum flux.

Fig. 3

- 4 -
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2. Because of the higher flux at the edge of the core, there
is much better utilization of fuel in the outer regions.
This fuel, in the outer regions of the core, now contri­
butes much more to the total power production.

3. The neutrons reflected back into the core are now available
for fission. This means that the minimum critical size of
the reactor is reduced. Alternatively, if the core size is
maintained, the reflector makes additional reactiVity avail­
able' for higher fuel burnup.

The decrease in the critical size of core required is known
as the REFLECTOR SAVINGS.

in NPD is nowIt. The average flux, 0a ,

0a = O. 1t2 x 8 x = 3.32

given by:

x 1013 n/cm2/sec

120 Mw=10. 9
3 x 1012

3. 32 x 1013 x==P

Therefore, for the same weight of uranium (10.9 tonnes)
used in the previous lesson, the power P that can be pro­
duced is given by:

0a U

- 5 -
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This compares with 80 Mw, which can be produced with the
same fuel in the bare core.
Alternatively, if the vower output is kept the same, the
weight of uranium requlred is given by

U = 3 x 10
12

x 80 = 7.2 tonnes
3.32 x 1012 ===

This is a 30% decrease in the amount of fuel required.

ASSIGNMENT

1. (a) What is the basic purpose of a reflector?

(b) What quantity is used to determine its efficiency?

2. (a) State two essential properties of a thermal neutron
reflector.

(b) Give two reasons why light water is suitable as a
reflector but not as a moderator.

3. Why are the heavier materials the best fast neutron
reflectors?

~. Why are reflector thicknesses never greater than twice
the diffusion length of the reflector material?

5. (a) How does a reflector affect thermal neutron flux
distribution?

(b) State two important consequences of this change in
flux distribution.

A. Williams
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Nuclear Theory - Course 127

REVIEW OF TERMS

So far in this course, consideration has been given to a
reactor which is only just critical and the conditions under
which this criticality can be achieved. The discussions have
been centred around the conditions under which a chain reaction
can just be maintained and the contributions made to these con­
ditions by the moderator, reflector and fuel arrangement. No
account has been taken of the changes which take place, in a
reactor, when it is operated.

For the balance of this Reactor Theory course consideration
will be given to disturbances of the steady state, ie, to fac­
tors that affect the neutron balance in a reactor and the way
in which they are affected. The steady state of a reactor can
be disturbed by a variety of causes, which fall into the follow­
ing general categories:

(a) Power changes brought about by means of the regulating or
protective system.

(b) Temperature changes.

(c) Formation of voids.

(d) Build-up of fission product poisons.

(e) Changes in the content of the fuel.

Many of these changes are time dependent, which means that
they vary with time in some definite manner.

This first lesson, on this section, will review the terms
which will be used in the following lessons.

Neutron Density

The thermal power, (in watts or joules/sec or Btu/min or
any other appropriate unit), which is produced in a reactor is
directly proportional to rate of fissioning or the fissions oc­
curring per second. Each watt of power produced requires 3.1
x 1010 fissions/sec.

If the power produced is to remain constant, the rate of
fissioning must remain constant and, consequently, the total

January 1967 (R-)) - 1 -
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number of neutrons in the reactor must remain constant. The
total number of neutrons in the reactor is referred to as the
neutron population.

The number of neutrons per unit volume of the reactor is
known as the neutron density. Thus, neutron density is measured
in neutron/cc.

If the reactor power is steady, the average neutron density
remains constant. However, the neutron density may vary from
one point to another in the reactor, having its maximum value
at the centre and having the same distribution as the thermal
neutron flux.

Neutron Power

The thermal power in a reactor is measured from the tem­
peratures and heat transport flow rates, ie, from the thermal
energy transported from the core. However, when changes occur
in the rate of fissioning, there is some delay before the tem­
peratures settle down. Thermal power changes lag behind changes
in neutron density. It is, therefore, desirable that the neutron
densities be measured so that a quicker indication, of changes
occurring, can be obtained.

This measurement of neutron density is made, at one point
in the reactor, with ion chambers and associated equipment. The
electronic equipment is usually calibratedL in percent of full
power, by comparison with thermal power. .nis measurement of
neutron density is known as NEUTRON POWER. It is an instant­
aneous measurement.

It must be remembered that the changes in neutron power
that will be considered, are not, necessarily, the same as the
changes in thermal power that result from them.

Neutron Flux

The neutron flux at a point in a reactor has been defined
as the product of the neutron density (n) and the average neu­
tron velocity (v).

ie t ¢ = nv .. " " ",. \II., ••••• " " " • " " "" (1)

Alternatively, the rate at which a particular neutron reaction
occurs may be used to define the flux from:

Number of reactions/cc/sec = ~ 1: •••••••••••••••••••••• (2)

where ¢ is the neutron flux and t the macroscopic cross section
for that particular reaction.
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Thus, the higher the neutron flux, at a point in a reactor,
the higher the rate of fissioning, the higher the power produced
and the higher the neutron density at that point.

Criticali ty

Criticality is the reactor state attained when a chain re­
action is just being maintained and the power remains constant,
ie, the reactor is just critical.

When neutron losses are reduced, so that more neutrons are
available for fission than are required just to maintain the
chain reaction, then there is neutron multiplication. The power
increases and the reactor is said to be supercritical.

When not enough neutrons are available for fission and the
chain reaction cannot be maintained, then the power decreases
and the reactor is subcritical.

The Multiplication Factor

The multiplication factor, k, is defined as the ratio of
the number of neutrons in anyone generation to the number of
neutrons in the immediately preceding generation.

There are two multiplication factors. The multiplication
factor k~ is the multiplication factor assuming no leakage, ie,
the multiplication factor of a reactor system of infinite size.
k"" is given by the four factor formula:

kQ::l == "l~pf •••••••••••••••••••••••••••••••••••••••• (3)

A more practical multiplication factor is k-effective or
ke , which is the multiplication factor of the actual reactor,
a~lowing for leakage.

ke == koo - leakage ".•......••.••.......•. (4)

+ cylindrical reactor

of extrapolated radius Re and extrapolated length Le •

Hence the product

and the product

of the reactor.

represents the radial leakage

represents the axial leakage out

- 3 -
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Reactivity

The quantity (k - 1) is a measure of how far a reactor is
from being just critical. It is, therefore, a quantity which
is more significant than ~ itself, particularly where reactor
regulation is involved. ~ne REACTIVITY of a reactor is also a
measure of how far the reactor is from being just critical.
The reactivity, denoted by $k or f ' is defined in some texts
by the equation:

k - 1
&' k = f = _e=;k-::--­

e
••••••••••••••••••••••••••••••••• (5 )

and is therefore the fractional deviation of ke from unity.

However ke is always close to unity and:

6k ~ ke - 1 II (6)

The reactivity, as defined by equation (5), may have to be used
for some calculation but, within Ontario Hydro Operations
Division, the reactivity will normally be taken as ke - 1, unless
otherwise specified.

When the reactor is just critical
When the reactor is supercritical
When the reactor is subcritical

~k = 0
&k is positive
6k is negative

- 4 -

Reactivity is normally measured in MILLI-K or one-thousandth
of k (0.001 k).

T~us if k = 1.007, &k = 7 milli-k (7 mk).

The reactor is then said to be 7 mk over critical or to
have 7 mk positive reactivity.

When k = 0.995, ~k = -5 mk

The reactor is then 5 mk subcritical and has 5 mk of nega­
tive reactivity.

Neutron Lifetime

The average time between successive neutron generations,
ina reactor, is defined as the NEUTRON LIFETIME,.t. •

The neutron lifetime of prompt neutrons is determined by
the time for fissioning, the slowing down time of the fast neu­
trons and the time taken by the thermalized neutron to be cap­
tured (ie, its diffusion time). The lifetime is ~lmost entirely
determined by the diffusion time and is about 10-) sec in D20
moderated natural uranium reactors.
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The delayed neutron lifetime is determined by the half-life
of its precursor or the fission product from which it originates.
Delayed neutron lifetimes vary from 0.07 sec to 80 sec.

Reactor Period

The simplest definition of reactor period is the time re­
quired for a reactor to change its neutron density or its power
by a factor e (the exponential e = 2.716).

When the reactor is operating at a fixed power level, the
period is infinite. A reactor has a finite, measurable period
only when its power is changing.

The reactor instrumentation does not measure period direc­
tly, but rather the inverse of the period (liT). It will be
shown later that the inverse of the period is equal to the rate
of change of the logarithm of neutron power, a quantity which
is called the RATE LOG.

ie rate log = d (log p) = 1, dt"T

Process Times

Several processes, that go on in a reactor, have already
been considered and others mentioned. Each process has its own
characteristic rate or time interval which are significant in
the present series of lessons. The following table lists the
approximate characteristic times of these processes in a D20
moderated reactor.

PrQcess

(a) Fission
(b) Slowing Down
(c) Diffusion of thermal neutrons
(d) Delayed neutron lifetimes
(e) Photoneutron lifetimes
(f) Xenon poison (growth)
(g) Xenon poison (decay)
(h) Time constants for thermal

effects
(i) Fission product accumulation

Approx. Characteristic
Times

10-14 sec
10-4 sec
10-3 sec

0.07 sec to 80 sec
1 sec to 2 weeks

10 to 11 hours
14 to 20 hours

few seconds to many minutes
lifetime of the fuel

- 5 -
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3/ C1-.;+t"""ll -+y~ ,c~ ~..~ :-' ~ '!:;'j
~-:J r ~- ~p.....,~

C >-, '/',<0.1 - ;;j>;o
$lAf .. rc~i.J-i4.( - ~/< t-v-'­

SlAbe"; +,4<.( - ;'-1< -~

ASSIGNMENT

1. Define neutron density.

2.

3.

(a) Explain the difference between thermal and neutr~~ ~~

power. A1£;Jft.v~ "P '~""_ c+
(b) What is the advantage of measuring neu~on power over~

thermal power? h£vCf!;;.."... ~~ ~.,....,~ a..e jYOS~"-+'7"e~,,,~
TI ,,/... /IIf. ~ :C::::;""" ~"3~L....ti;~ ~ _1,_.~.-:I

Define the term "criticality and explain the terms .~
"critical", "supercritical" and "subcritical".

(a)

(b)

Define jh~~~~r~n .~l~~~ication factor, k.

In ter~ 2b{"~wh~iSthj"reactor

(1) just critical? ~f? =0

(2) supercritical? )..e + v-<

(3 ) subcritical? -he. -~

A. Williams

;: 0

subcritical?

supercritical?

just critical?

---v-e .

cI. - ~ ~~. ~"'"
~~~~~_.

What is the main factor that determines the lifetime
of prompt neutrons and ~t ~s t9~ ap~roximate~Jalu~~~
of this lifetime? ;;64-~~(~r~

What determines the lifetime of delayed neutrons and
what range. 9f values do they have?
~~ ;c.. M-uJ:X<' .j , J:QJ:::;s~'~ 4 ;)

D~fJ.ne "reactor riod". -£.-;r'" 4.. ~. ~ ~--r-
~ ~ <Y\. ~~ ...£..J e<.. e .

What is the ~y that is no~ measured instead
of the period and how is it related to the period?

H'-+e. «j :::: cR. ~11 P=- -L
&f T

Define "neutron lifetime".

(1)

(2 )

(3)

Define the term "reactiv}ty"~and state ~he units in ~

which it i~ measured. ~...R. cf.,~ czf Ae.. r'--"
~ h'lil/i--I.

When ke ~ lt0075~calculate the reac~iviYY.•
..;'(e ". 1.0075 ~ ~=..£e-/. iJ :> /. CO]!>- I. (}<'<~

In terms of reactivity, when is the reactor .£'"= oo"Yr 7
-;;p.. • 'v LT""'\.. .~~~

7.S-~c/~

~4'

(b)

(e)

(a)

(b)

(c)

(a)

(b)

(a)

7.

5.

6.

- 6 -
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Nuclear Theory - Course 127

LOW POWER CONSIDERATIONS

At low power Xenon poison and fission product buildup are
of little significance. Thermal effect may also be ignored.
Hence considerations of reactor operation at low power are some­
what simpler and more straightforward than those of high power
operation.

Change of Neutron Flux and Neutron Power
Following a Reactivity Change

Consider a reactor operating in a steady state with ke = 1
but with no source of neutrons present. The reactivity is now
changed by Sk and then held fixed. This is known as a STEP
CHANGE in reactivity. If n is the neutron density in the reac­
tor, ~k is the excess of neutrons from one generation to the
next, ie, if the neutron density is n in one generation it will
be increased by n6k by the next generation. Since the genera-
tion time is L , the rate of increase of neutrons is nL

6 k

dn _ n.6k
ie, Rate of increase = dt - Z

Rearranging we get ~n = ~k • dt

Integrating both sides fdnn = ~k f dt

or logen = ~k • t + constant

To determine the constant, let n = no when t = 0, ie, im­
mediately prior to the reactivity change.

Then constant =

Therefore

or

or

January 1967 (R-3l

logeno

logen =~ + logeno

loge ( ::0) = 6.r
6k t

JL=e~'
no

- 1 -
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Hence n ~

Sk t
neT·

o ................................................................ (1 )

This equation gives the neutron density, n, at some time
t sec following the S k change in reactivity.

The neutron flux and the power level, in a reactor, are
both proportional to the neutron density and, therefore, both
will change, with time, in the same way.

Thus
e5k t-z:-.

~ = 9"oe ........•.................•....... (2)

and P = ••• ': •••••••••••••••••.•••••••••••• (3)

- 2 -

Sk may be positive or negative in these equations and so
the power will increase exponentially if Sk is positive and
decrease exponentially if Skis negative. The greater the
value of Sk the faster the increase or decrease in power will
be. The smaller the value of the neutron lifetime, ~ , the
faster the increase or decrease in power will be. Therefore,
the val ue of ~ is important.

The Reactor Period

The reactor period was defined, in the previous lesson, as
being the time required for the power (or flux or neutron density)
to change by a factor of e. The significance of this definition
is more apparent if equation (3) is examined.

P ~ ePo when t Q T

So T Q sic is the reactor period.

The preceding equations now become:
t t t

P=Pe1'. n=r;(e'T l'o ' ~ ~o n = noe

From these equations, it may be seen that the shorter the
reactor period, ie, the smaller the value of T, the faster the
power changes will be.

Power Changes With Prompt Neutrons Only

If all the neutrons in a reactor were prompt neutrons, the
neutron lifetime, t. , would be about 0.001 sec.
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Hence, if 6k = 0.5 mk, T = 0.001
2 and, in 10.0005 = sec sec

the power would increase by a factor of 1. 65, ie, P = 1.65 P .
0

If 6k = 2 mk, T 1 and, in second, P 7.4 P= 2" sec one = .
0

If 6k = 51 mk, T = 1 sec and, in one second, P = 148 PS- o .
The above examples indicate how rapid the power increases

would be, even for small increases in reactivity. The graphs
in Fig. 1 show the variation of power with time for various
positive values of 6k.
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The increases of power, with prompt neutrons only, are
shown as dotted lines. With rapid power increases of the types
shown, effective reactor regulation is not possible. Effective
protection also becomes difficult since the fastest protective
system will take at least 1 second to act. In this period of
time, severe damage would have resulted from the high power
level reached.
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Fig. 2 shows the manner in which the power would decrease,
for negative reactivities, if all neutrons were prompt neutrons.

r:
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() ,
. ~.

I i I

i !

P/Po
1.0 ,

J

0., I
i

!
mk'

--~-~ I
0.1

0.01

Fig. 2

The decrease in power is quite rapid, even for small negative
reactivities. Negative reactivities, well in excess of -30 mk,
can normally be introduced by the protective system and, with
these large negative reactivities, the power would decrease to
one-thousandth of full power in 0.2 sec or less.

Effect of Delayed Neutrons on Power Changes

The following table lists the fission yields, half-life and
average life of the six delayed neutron groups:

- 4 -
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Yield (%) Half life (sec) Average life Yield x avo life
(see)

0.025 55.60 80.20 2.00
0.166 22.00 31.70 5.26
0.213 4.5.1 6.51 1.39
0.241 1.52 2.19 0.53
0.085 0.43 0.62 0.05
0.025 0.05 0.07 0.00

99.245 Prompt 0.00 0.00

100.000 9.23

The product of the yield and average life is determined for
each group and the sum total of this column found (9.23).

The average life of all neutrons, both prompt and delayed,
is this total divided by the total yield of 100%. The average
lifetime is then this average life plus the diffusion time.

ie, Average lifetime =~ + 0.001 = 0.0933 sec.

Thus, although the delayed neutrons form only 0.755% of all
the neutrons which result from fission, they change the average
lifetime of all neutrons from 0.001 sec to approximately 0.1
sec, ie, by a factor of 100. Us ing this new value for f. :

when Sk = 0.5 mk, T = 200 sec and, in 1 sec, P = 1.005 Po,
in power of 0.5% inie, only an increase 1 second.

if ok = 2 mk, T = 50 sec and, in 1 sec, P = 1.02 Po
if 6k = 6 Ink T = 16.r sec and, in 1 sec, P = 1.06 Po,

Therefore, the power increases are much less rapid than
with prompt neutrons alone. However, it must be remembered that
it would take a tenth to a fifth of a second for the delayed
neutrons to become effectiJe. During this initial fraction of
a second, the power would increase in the manner described with
prompt neutrons alone. The continuous graphs, in Fig. 1, show
how the power increases both during this initial period and
after the effect of the delayed neutrons are felt. As may be
seen, the power increases do not become excessive during the
response times of the regulating and protective system. So
regulation and protection become practical realities.

- 5 -
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Fig. 3 shows how the power decreases for negative reactivities
when the effect of the delayed neutrons is considered. Initially
the decrease in power is still due, entirely, to the decrease in
prompt neutrons and the slopes of the graphs are, initially, equal
to those of the corresponding graphs in Fig. 2 (shown in dotted
line). After this initial rapid decrease in power, the delayed
neutrons become the deciding factor. Each delayed neutron group,
in turn, predominates, starting with the shortest half-life
group. Eventually, the power decrease is governed entirely by
the delayed neutron group having a 55.6 sec half-life.

I I : i
I ! ! I

I
(po:

I , ,
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,
L

I , !
,

!
,

!! !
I

0.1
i i

k
~

1 mk
L

0.01
i : ,
I

I
30 mk

,
.~I

I i ,

j. l ;. Ii , i I i ,
I, i !

I I
I0.001 11

: , ,

0 20 It-O 60 80 100 t( secs)
Fig. 3

It is evident that the delayed neutrons cause a considerable
decrease in the rate of power reduction. For rapid shutdown, a
substantial amount of negative reactivity is required to cause
an initial rapid decrease in power, before the delayed neutrons
slow down the power reduction. When ok = -30 mk the power drops
to one-tenth of its value in 4 sec but it takes 40 sec for it
to drop to l/lOOth of its value and 30 min to drop 10 decades,
eg, from 100 Megawatts to one-hundredth of a watt.

- 6 -
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Prompt Critical

As the value of &k becomes more and more positive, the
initial rapid rise in power gets longer and longer and the re­
sponse of the regulating system has to become progressively
faster.

When the reactivity is equal, in value, to the total de­
layed neutron yield from fission, then the chain reaction can
be sustained by prompt neutrons, without the aid of delayed
neutrons. The reactor is then said to be PROMPT CRITICAL.

The total delayed neutron yield = 0.755% = 0.00755

Therefore, the reactor is prompt critical when Sk = 0.00755
= 7.55 mk.

Thus

Fig. 4

;:-:::;::;;:=_.;:;:;:=~~\: P~O"PT.. ---------
CRITICAL

0,002

0.001

~ 0.006

~
~
cr. 0.004

By the time the reactivity has reached this value of 7.55
mk the initial rapid rise in power is substantial and the final
steady reactor period is less that 2 seconds. The net result
is an increase in power by a factor of J to 4 during the first
second. Such increases are to be avoided and, so, the regula­
ting system is usually designed to avoid ok values even approach­
ing 7.55 mk. The period is normally kept above 10 sec and, pre­
ferably around 25 sec or higher.

prompt critical condition is not
as the reactivity becomes equal

-----.------- -"--,--:-.--..-.-.~-,--:-::c-:---:",---::-"--'=.---.-.-.-.,--.----,--,-=_=_

In a thermal reactor the
something suddenly arrived at
to the delayed neutron~,o

yield. As shown in
Fig. 4, in the curve
for -l = 10-J sec,
there is no sudden
decrease in reactor
period at prompt
critical. Therefore,
it is not implied
that a thermal re­
actor with &k =
7.55 mk is much more
difficult to control
than one in which
~k = 7.4 mk, say.

However, in a
fast reactor in. which
t will have a much
smaller value, there
is a large decrease in reactor period at prompt critical.
the prompt critical condition is far more significant.

- 7-
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Effect of Neutron Sources on Power Changes

The equations at the beginning of the lesson were derived
assuming that there was no source of neutrons, in the reactor,
other than fission. A source of neutrons may be introduced into
the reactor for the initial start-up. Alternatively, if D20 is
used as a moderator, photoneutrons may be produced by the absorp­
tion of fission product gamma rays in deuterium, according to
the equation:

V
~ I H2 + r = 1HI + on

l

. These neutron sources may persist after the reactor has
been shut down and the prompt and delayed neutrons have died
down.

•• • •••••••••••••••••• e.•••••••• (4)
O.OOIS

Sk

If the source strength is S neutrons/cc/sec,
for the neutron density variation is modified to:

t
'Tn = noe

the equation

If Ps is
reactor power

p =

the source strength expressed in watts then the
is given by: I j .,u}

t P M~ 4 M. 1 S~ .. tAl 0 (it~ .~.u.

poeT - 6k .....•••.....•••••..•.••.••..•.••. (5)

- g -

From both these equations, it may be seen that, when 6k is
positive, the exponential term grows so fast that the source
term is insignificant, ie, Ps is usually so small that it does
not contribute to the total power produced. It should be noted.
that this equation does not apply for very small values of 'k.

However, if 6k is negative, the exponential term decreases
and, when the delayed neutrons have died down sufficiently, the
source term becomes significant. The power will eventually
level out at P ~ &~s , as shown in Fig. 5, instead of continuing

to follow the delayed neutron decay, as shown by the dotted line.

When Ps :or 30 watts and cSk = -30 mk; p:or 1Q.. = 1000 watts and
P 5 .03

if Po = 100 Mwatts; PC = 10-
o

One big advantage of a photoneutron source is that it re­
duces the range of power which the neutron power instruments have
to measure. With a photoneutron source, the range to be covered
is around 6 decades, whereas otherwise it would be several de­
cades more. There ar~ logarithmic instruments that will cover
6 decades on one scale and linear instruments that will cover g
decades fairly adequately with range switching but this is the
limit of neutron power measurements.
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ASSIGNMENT

1. If all the neutrons, in a reactor, were prompt neutrons
with a lifetime of 0.001 sec:

(a) Calculate the reactor period and the power increase
that occurs in 1 sec if 6k = 6 mk.

(b) What conclusions can be drawn, regarding reactor regula­
tions and protection, with such power increases~

2. Assuming that, with delayed neutrons, the average neutron
lifetime is increased from 0.001 sec to 0.1 sec:

(a) Calculate the reactor period and the power increase
that occurs in 1 sec if 6k = 6 mk.

(b) Comment on the significance of the answers when com­
pared with the values obtained in l(b).

3. Why is a larger amount of negative reactivity required, for
a rapid shutdown, because all the neutrons are not prompt
neutrons?

4. Explain what is meant by "Prompt Critical" and why this
condition, or anything approaching it, should be avoided.

5. How does a neutron source in a reactor affect:

(a) the power production?

(b) the neutron power decrease after shutdown?,

(c) the neutron power instrumentation required for normal
operation?

A. Williams
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EFFECTS DUE TO TEMPERATURE
CHANGES AND VOID FORMATION

When a reactor is operated at power, fission products and
xenon poison build up and fissile material, in the form of U-235
and plutonium is consumed. These effe~ts will be considered later.
In addition to such effects,operation at power also causes in­
creases in the temperatures of the fuel, heat transport fluid and
moderator. It is the changes in reactivity, resulting from these
temperature changes, that will be considered in this lesson.

Formation of voids in the heat transport fluid or moderator,
due to boiling or accidental loss of flUid, is closely connected
with temperature changes. Therefore, void formation and its
effect on reactivity will also be discussed.

Effects Due to Temperature Change

In 1949, the NRX reactor at AECL was allowed to "run away".
NRX is a heavy water moderated reactor which also uses control
rods. The heavy water level was set 3 cm above the low power
critical height and the control rods withdrawn. The reactor power
was allowed to increase unchecked and the manner in which the
power increased is rather unexpected. Fig. 1 shows the manner in
which reactor power increased and the way in which the heavy water
temperature changed.

The power initially increased exponentially as would be ex­
pected with a period of 33 sec. However, it does not continue to
increase indefinitely as would have been expected. The reactivity
started to decrease, because the temperature of the fuel rods in­
creased. This causes the power increase to slow down. Later the
reactivity decreased at a faster rate because of the increase in
the heavy water temperature. The decrease in reactivity was suf­
ficient to cause the reactor reactivity to become negative, with
the result that the power reached a maximum value and then started
to decrease. Thus the reactor is self-regulating with the tem­
perature increases, preventing the power from continuing to rise,
as it would otherwise have done. Of course, the initial period of
33 sec shows that the excess re!activity was only 3 mk in the
first place. Had more reactivity than this been added, ie, had
the moderator level been higher, it is qUite possible that the
power would have continued to rise. This example is not being
used to demonstrate that reactor power would never increase con­
tinuously, but to show that ther~ was a loss of reactivity due to

January 1967 (R-3) - 1 -
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the increase in the temperatures of fuel and heavy water. However
much reactivity was initially added and however fast the initial
power rise, the increase in power would slow down somewhat when the
temperatures start to increase. This rapid loss in reactivity is
sometimes known as PROMPT POISON.

The amount of prompt poison is often measured in terms of the
reactor POWER COEFFICIENT. This is defined as the change in reac­
tivity per unit increase in power.

When the reactivity decreases with increase of temperature,
the reactor is said to have a NEGATIVE TEMPERATURE COEFFICIENT.

If the reactivity had increased with increase of temperature,
then the temperature coefficient would be positive.

The Temperature Coefficient of Reactivity may be defined as
the milli-k change in reactivity per 1°F increase in temperature.
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Temperature changes occur more or less independently, in the
fuel, the heat transport system and the moderator and therefore
there will be temperature coefficients for each separate effect.
It is very desirable that the overall temperature coefficient for
a reactor be negative to provide the self-regulating feature illu­
strated for NRX.

Changes in reactivity with change in temperature occur for a
number of reasons which are discussed below.

Factors Causing Reactivity Changes With Temperature

Factors which cause changes in reactivity when the tempera­
ture increases may be divided into three main categories as fol­
lows:

(a) ~echanical changes which may in turn be due to:

(2)

(1)

(b)

decrease in density of the moderator and heat transport
fluid, allowing the neutrons to move further. The neu- t, i ~

J..:,"-s'trons are not slowed down so rapidly nor are they cap-
tured so quickly, ie, Land Ls increase and the chances
of the neutrons escaping are higher.

the fuel elements expanding with te~£~!~tu~§, and this
reduces the amount of heat transport fluid surrounding
the fuel. If the heat transport fluid is light water
this will result in a decrease in neutron capture and a
consequent increase in reactivity. With heau water in .L_~
the heat transport system the change in reactivity will f
be positive if the reactor is oyermoderated, ie, if the
moderator to fuel ratio is greater than that required
for maximum reactivity. If the reactor is undermodera-
ted there will be a decrease in reactivity.

Direct Nuclear Effects - This is the effect commonly known
as DOppr,EB BROADENING. It is usually stated that resonance
capture occurs in U-238 for certain neutron energies but
this implies that the target nucleus is at rest. The reso-
nance is actually determined by the relative velocity of the
neutrons and the target atoms. If the uranium is hot the
atoms are vibrating, and a neutron which would be outside
the resonance peak, had the uranium atoms been at rest, may
encounter an atom which is moving at the necessary speed to
put their relative velocity in the peak. Thus the neutron,
which might have escaped in cold fuel, is captured and there
is a decrease in the resonance escape probability and in the
value of k"" due to this so-called Doppler Broadening of the
resonance.

(c) .Indirect nuclear effects which may be due to:

- 3 -
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(1)

(2)

changes in the so cal J ed NETlTRON TEMPEBATlffiE. The
thermal neutrons in a reactor have a distribution of
energies approximating to the Maxwellian distribution
of energies of molecules, with a characteristic tempera­
ture somewhat above the reactor temperature. This ef­
fective neutron temperature has been estimated to be
equal to the moderator temperature plus t of the tem­
perature difference between moderator and coolant. Thus
any increase in temperature of fuel, heat transport fluid
or moderator will cause an increase in the neutron tem- L~

peratures and an increase in the energies of thermal ~I

neutrons entering the fuel. In Ueayy water the main re­
sult is to reduce the absorption and thus increase k.
In the fuel the ratio of absorption to fission changes ~~

causing a decrease in"l for uranium and an increase in ~""'PL~
"I for plutonium. . T\...~- ...

changes due to plutonium bUildup - Pu-239 has a reson-
ance at 0.3 ev, so that the absorption in Pu-239 is in­
creased relative to the other components as the fuel is
irradiated. This produces a positive change in reactiv-
ity. Hence, in a reactor which may have a negative tem­
perature coefficient with fresh fuel, the temperature
coefficient will increase and may become zero or posi-
tive as the irradiation of the fuel increases, eg, the
moderator temperature coefficient in NPD was estimated
to be -0.067 mk per OF for fresh fuel and only +0.013 mk
per OF for fully irradiated fuel.

It was mentioned earlier that reactivity changes could occur
due to temperature changes in fuel, heat transport fluid or modera­
tor and that there would be a temperature coefficient of reactivity
associa~ed with each component. These will now be discussed further.

Fuel Temperature Coefficient of Reactivity

The reactivity changes due to increased fuel temperatures are
mainly due to two of the effects discussed above, namely:

1'+,.ok \".1V (/(a) Increase in the effective temperature of the thermal neutrons
~ tvu~ in the fuel causing a decrease in ~ for fresh fuel and an in­

crease in "l for fully irradiated fuel.

(b) An increase in resonance capture, with a resulting decrease
in p due to Doppler Broadening.

In a reactor using the same type of fuel throughout, the fuel
temperature coefficient would be expressed as the milli-k change
in reactivity per °c (or OF). Thus, the expected values, due to
each of the above effects, for equilibrium fuel in Douglas Point
are as follows:

- It -



Neutron temperature
Doppler Effect

Total fuel temperature coefficient
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+0.0036 mk/oC
-0.014 mk/oc

-0.0104 mk/oc

In a reactor such as NPD, where 7 and 19 element fuel is used,
the effects differ for the two types of fuel element. It is, there­
fore, more convenient to express the fuel temperature coefficient,
for the reactor as a whole, as the change in reactivity per 1%
change in power. Since changes in power are reflected in changes
in the average fuel temperature, Tf , and in the average heat trans­
port temperature Tc , it is convenient to express the coefficient in:

mk/% A(T f - Tc )
t..L\ Pjri

ie, as the change in reactivity per 1% change in (Tf - Tc )'

The values in NPD for fresh fuel and fuel irradiated to 7200
Mwd/tonne U are as follows:

Irradiated
Fuel

Neutron temperature
Doppler effect

Total

Fresh Fuel

-0.0121
-0.0272

-0.0393

+0.0085
-0.0272

-0.0187

mk/%.1(T f -Tc )
mk/% A(T f - Tc )

mk/% .1 (T f - Tc )

This table also shows the change that occurs in the neutron
temperature effect, and consequently on the total fuel temperature
coefficient, because of the plutonium buildup in the irradiated
fuel. .

When the fuel temperature coefficient is negative excess re­
activity must be provided in the reactor to counteract the decrease
in reactivity that occurs as the fuel heats up when reactQr power
is increased. Such a requirement may determine whether or not full
power can be achieved under certain circumstances, particularly
following a reactor trip. The buildup of xenon, following a re­
actor trip, limits the time during which the reactor can return to
critical, as indicated in a later lesson. If criticality is
achieved towards the end of this time limit and the fuel, in the
meantime, has cooled down, there is insufficient excess reactivity
left to allow for the decrease that occurs as the fuel heats up.
Consequently the fuel temperature cannot be allowed to increase
and the power cannot be raised. Since the xenon buildup cannot be
removed until about 70% of full power is achieved, the xenon con­
tinues to build up and the reactor becomes subcritical.

- 5 -
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Heat Transport Temperature Coefficient of Reactivity

An increase in the temperature of the heat transport system
will result in a change of reactivity because:

(a) the temperature increase again causes an increase in neutron
energy with the same results as with the fuel temperature co­
efficient above.

(b) a reduction in density causing an increase in f and f and de­
crease in p, the resonance escape probability.

The overall heat transport temperature coefficient is usually
negative with fresh fuel but becomes less negative as plutonium
builds up. Thus, in NPD the measured value of this coefficient
with fresh fuel was -0.020 mk/oF whereas the present value with a
close-to-equilibrium core is -0.003 mk/oF. The expected value
with the Douglas Point equilibrium fuel is ~0.023 mk/oC or about
+0.013 mk/oF.

The negative value for this coefficient compounds the problem
of returning to high power following a reactor trip. It is impor-

l n h t should such a tri occur the heat trans ort tem era-
s hi h as ossible until the reactor is back at igh

. power. This in turn may require isolat:LOn 0 llie steam-'generat;"61"
from the turbine so that heat from the heat transport system is
not being used to produce steam for the turbine.

If the algebraic sum of the fuel and heat transport tempera­
ture coefficients is positive, the reactivitydAcreases as reactor
power decreases and the above problem no longe~ However,
such a system is less stable since a transient increase in power
leads t6 a rise in temperature which results in an increase in re­
activity which tends to raise the power further.

Moderator Temperature Coefficient of ReactiVity

Changes in reactivity with increase in moderator temperature
are due to:

(a) increase in the effective neutron temperature with the same
results as with the fuel temperature coefficient above.

decrease in moderator density with reSUlting increase in 1 2
and 1 s 2 and hence in neutron leakage. There is also a con­
sequent decrease in p and an increase in f.

With new fuel, the moderator temperature coefficient is nega­
tive. As plutonium builds up it becomes less negative and may even
become slightly positive because the increase in neutron energy
increases fission capture in plutonium, whereas it decreases them
in U-235.

- 6 -
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The measured value in NPD with fresh fuel was -0.04 mk/oF
and the manner in which this value was expected to change with
fuel burnup is as shown in Fig. 2.

0.01

r..
0'<...

~

~
I"l
H
0 -0.01
H
r..
r..
I"l
0
(.)

I"l

~ -0.02
E-<
~
~
I"l
0..

~
E-<
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After 300 to 400 full power days of operation the measured
walue was +0.006 mk/oF. There are indications since then that
the value has decreased back to zero but, nevertheless, it has
become less negative as plutonium has been built up in the fuel.

A negative moderator temperature coefficient would allow ~
some additional reactivity to be obtained, to help counteract a
xenon transient follOWing a reactor trip, by cooling the modera­
tor.

- 7 -
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Effects Due to Void Formation

Voids may be formed if either the moderator or heat trans­
port system boils. This could be caused by an increase in heat
generation, a decrease in cooling flow or a reduction in pressure
due to a failure in the system. Generally, if a reactor is 03Ter­
moderated, ie, with moderator/fuel ratio in excess of that re­
quired to jJlst thermalize the neutrons, then a void formed in the
_moderator or in heavy water heat transport fluid, will cau~~_aIl

increase in reactivity. When the reactor is not overmoderated,
then an increase in reactivity can still result. The size of the
void and its location are important in deciding whether an increase
or decrease in reactivity results from the formation of the void.

The void coefficient of reactivity is defined as the change
in reactivity per 1% change in water volume.

Excessive positive or negative void coefficients are to be
avoided if possible. An excessively large positive coefficient
will cause large power surges, during the void formation, which
are likely to cause severe damage to the reactor if the protec­
tive system does not respond rapidly enough.

Excessive negative coefficients, on
rapid decrease in power when the void is
corrected for by the regulating system.
a power surge again results.

Formation of voids in the heat transport system is of more
concern than if they are formed in the moderator system. The heat
transport system is pressurized to avoid boiling. However, an in­
crease in fuel channel temperature, due to a power increase or
decreased coolant flow can cause boiling. The resulting void could
cause a large increase in reactivity, followed by a further increase
in power, just when it was not wanted. A break in the heat trans­
port system could cause loss of fluid with the same results due to
drop in system pressure.

ASSIGNMENT

1. (a) What is meant by the statement that a reactor has an over­
all negative temperature coefficient?

(b) Why is it desirable that a reactor have a negative, rather
than a positive temperature coefficient?

2. Define temperature coefficient of reactivity.

- 8 -
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3. (a) What factors cause the reactivity to change when the fuel
temperature increases and what sort of changes does each
factor cause?

A. Williams

(b)

4. What
port

5· (a)

(b)

6. (a)

(b)

What limitations might a negative fuel temperature co­
efficient impose on reactor operation?

factors cause changes in reactivity when the heat trans­
temperature increases?

What factors cause changes in reactivity when the modera­
tor temperature increases?

Why does the moderator temperature coefficient become
more positive as the fuel burnup increases?

Define the void coefficient of reactivity.

Why is it undesirable to have excessive positive or nega­
tive void coefficients? F--"~ ~1"~.

- 9 -
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EFFECTS DUE TO FISSION PRODUCT ACCUMULATION

The temperature effects considered in the previous lesson
are relatively short-term effects, ie, the temperature changes,
and the resulting reactivity changes occur soon after the change
in power occurs. Long-term effects arise due to changes occur­
ring in the fuel as a result of fuel irradiation. These changes
are:

(a) Accumulation of fission products in the fuel, and
(b) Burnup of U-235 and build-up of plutonium.

The first of these can also cause a transient change in reac­
tivity on reactor shutdown which can affect the availability of
the reactor in a base load station. The gradual and the transi­
ent change in reactivity due to (a) will be considered in this
lesson.

The Build-up of Xenon Poison

All fission products are classified as reactor poisons be­
cause they all absorb neutrons to some extent. However, the two
most important poisons by far are Xenon-135 and Samarium-14-9.
They have very large thermal neutron capture cross sections and
they, therefore, cause substantial changes in reactivity as they
build up in the fuel. The one important difference between them
is that ~e-135 is radioactive, whereas Sm-14-9 is stable. This is
why they will be discussed separately.

Xenon-135 is produced in the fuel in one of two ways:

(a) Directly as a fission product. About 5% of the total
Xe-135 is produced this way.

(b) Indirectly from the decay of Iodine-135, which in turn is
produced as a fission product or from the decay of the
fission product Tellurium-135. The decay chain is as fol­
lows: ~

----P ----?"
Te135 ."f!l- 1135 )- tt9 - x~e_13_5~---:~;!3_- Cs135 >;8-

t,=2 min ti=6.7 hr t,=9.2 hr ti=2 x 106y
~ .

1-1- 10 ~
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Xe-135 is removed from the reactor in two ways:

(a) By decaying to Caesium-135, as shown above, and

(b) By capturing thermal neutrons and forming Xe-136. This
Xe-136 is much less of a poison than Xe-135 and its forma­
tion can be considered as a complete removal of poison.

When the reactor is first started up, the Xe-135 is formed
by the direct method only, since the 1-135 has not as yet been
formed. So its rate of formation is low. As the iodine concen­
tration grows, the rate of formation of xenon increases and,
since its rate of removal is still low, the xenon concentration
increases more and more rapidly. However, as the xenon concen­
tration increases its decay rate increases, and its probability
of capturing neutrons increases. So, as the xenon builds up,
its net rate of removal increases until eventually the rate of
removal becomes equal to the rate of formation. Xe-135 is re­
moved just as fast as it is produced and from then on its con­
centration remains constant. This final constant concentration
is known as the equilibrium xenon concentration. The growth of
xenon, up to its eqUilibrium concentration, is shown graphically
by the portion AB of Fig. 1.

Xenon
Reactivi

Load
Maximum Xenon Load C

.---- - --- -----------------:;;-0--__

- - - - . - - - ~--------__.:=:f I
B, :

I I

I I
I ,
I I
I I
I ,
I, .

Equil:
Xenon

Max. Available Reactivity D
---- -~----------

E

Time
A -« Operation-------;...:: <1-

Fig. 1

Poison out Tim.ee-~.

The slow ini tial rate of growth of the Xe-135 is very exag­
gerated in Fig. 1. The actual xenon curve for NPD is shown in
Fig. 2. The initial slow rate of growth is due to the fact that
the xenon is only being produced directly as a fission product
because the 1-135 has not as yet been produced.
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It may be seen from Fig. 2 that
the xenon concentration to reach its
it is up to 90%
of the equilibri­
um value for a
particular power
level in about
25 hours of re­
actor operation
at this power.

The POISON­
ING, P, due to
the absorption
of thermal neu­
trons by Xe-135,
is defined as
the ratio of the
number of ther­
mal neutrons ab­
sorbed by Xe-135
to the number
absorbed in fis­
sile material.

127.20-4-

it takes 60 to 70 hours for
equilibrium value but that

Fig. 2
The equi-

librium poison, Po, for natural uranium fuel, is given by:

1.04- x 10-19 0

where 0 is the thermal neutron flux.

Therefore, for a particular reactor, the poisoning, Po, de­
pends only on the operating flux, 0. The variation of Po with
o in a natural uranium reactor is shown in Fig. 3. The graph
shows that, if the flux is less than 1012n/cm2/sec, the poison­
ing is small. There is, then, a rapid increase in Po up to
o = 1014-n/cm2/sec, after which the rate of increase slows down.
Po eventually reaches a limiting value of about 0.035.

Because Xe-135 absorbs neutrons, which could otherwise be
used for fission, there is a reduction in reactivity due to the
growth of xenon. This reduction in reactivity is known as the
XENON REACTIVITY LOAD. Enough reactivity must be built into
the reactor in order that the regulating system can compensate
for the loss of reactivity as the xenon concentration increases.
The reactor must, therefore, be bigger than the critical size
required with fresh fuel. However, when the reactor is first
started up, the xenon concentration is either zero or very small.

- 3 -
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Thus, if moderator level
NPD, the moderator level
level. This results in
a reduction in the per­
missible power and a
loss of energy revenue.
In Douglas Point and
Pickering, boric acid
is used as a neutron
absorber or poison in
the moderator to enable
the reactor to operate
at full tank and, there­
fore, at full power even
when the xenon load is
low. As the xenon grows,
the boric acid is re­
moved with ion exchange
columns.

0.0

0.0
+

The growth of xenon
load to equilibrium is,
of course, identical to
that of the xenon con­
centration and it is the
growth of the xenon load
that is shown in Fig. 1.

The xenon load varies
with the flux in the same
way as the poisoning,
shown in Fig. 3.

0.01

o
1

Fig. 3
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Xenon Build-up During Reactor Shutdown

An important aspect of poisoning arises on reactor shutdown.
Suppose the reactor trips, or is shut down, at the point B in
Fig. 1. The neutron flux decreases to a low value and the di­
rect production of 1-135 and Xe-135 as fission products cease.
However, the 1-135 already present in the fuel continues to de­
cay to Xe-135 and so the formation of xenon continues at a rate
a little lower than at reactor power.

Removal of Xe-135 by neutron absorption stops, whereas its
removal by decay continues at the same rate as before. The net
result is that the rate of production is now greater than the
rate of removal and the Xe-135 concentration and reactivity load
starts to increase along the portion Be of the curve in Fig. 1.

However, as the Xe-135 concentration increases, its rate
of decay increases. Also its rate of formation decreases because
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of the decrease in the amount of 1-135 remalnlng. Eventually,
the rate of removal becomes equal to the rate of formation and
then becomes greater than the rate of formation. The net result
is that, as shown in Fig. 1, the xenon load reaches a maximum
value at C, and then starts to decrease, eventually decaying ex­
ponentially with the Xe-135 half-life. Such a build-up of xenon
is known as the Xenon Transient. The maximum xenon concentration
occurs about 9 to 11 hours after the trip. The maximum xenon
load may well be double the eqUilibrium load and could reach a
much higher value.

The maximum xenon reactiVity load depends on the thermal
neutron flux, or the power, at the time of the trip. Fig. 4
shows how the xenon transient varies when a reactor is shut down
from different percentages of full power. It should also be
noted that the transient continues to increase beyond flux values
of 1014n/cm2/sec and does not level out in the manner of the equi­
librium load.

The initial rate of rise of the xenon load, after a reactor
shutdown, is also proportional to average flux or power at the
time of the shutdown.

If the reactivity built into the core is only just enough
to overcome the equilibrium xenon load, then it may well be 24
to 30 hours before the xenon decays sufficiently to enable the
reactor to be started up again. It is not feasible to provide
enough excess reactivity to overcome the peak xenon but suffi­
cient reactivity may be provided to make it possible to start up
within half or three-quarters of an hour of a trip, ie, from B
to D in Fig. 1. The time period "a", during which enough reac­
tivity is available to overcome the xenon load and start up the
reactor, is known as the POISON OVERRIDE TIME or the TIME TO
POISON. -The time from D to E, during which the reactor cannot
be started up because there is not enough reactivity to overcome
the xenon load, is known as the POISON-OUT TIME.

In a reactor with a negative moderator temperature_c_QE'lX:t:'i­
c1ent, some of the required additional reactivity can be obtained
by cooling the moderator. However, the best method of providing
this reactivlty is to lnsert extra fuel, in the form of a booster
rod, into the reactor. This avoids increasing the fuel inventory
in the core since the booster rod is only used when required.

The poison override time can be extended by a schedule of
power reductions, prOVided that prior warning is given of the in­
tended shutdown. Some loss of energy production is sustained
but poisoning out, with its associated greater production loss,
is avoided.

- 5 -
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The Build-up of SamariUltl Poison

Of the stable poisons, the most notable is Samarium-149,
which is formed by the decay of Promethium-149, which in turn is
formed by the decay of Neodymium-149:

Nd
149 ~

t!= 1.8 hr
:. it<;

Sm-149 poison reaches its equilibrium in much the same way
as Xe-135, as shown inthe portion AB of the graph in Fig. 5.
Sm-149, being stable, is not removed by decay and its rate of
removal by neutron capture is slower than that of xenon. How­
ever, its rate of formation is also smaller, with the result
that it reaches equilibrium more slowly than xenon. The Sm-l49
equilibrium load is only slightly greater than a fifth of that
of Xe-135.

Samarium
Load

Maximum Samarium Load - - - - - - ~ -=-------t:

A

Equilibrium Sm Load
o---------{, B

I

Trip

Fig. 5

Time

When the reactor trips, or is shut down, the samarium in­
creases much in the same way as the xenon. However, since there
is no Sm-149 decay, it continues to increase to a new equilibrium
level, until all the Pm-l49 has decayed. The growth of Sm-149,
after a trip, is shown in the portion Be of Fig. 5. The maximum
Sm-149 load will be two or three times the equilibrium operating
load.

- 7 -
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The value of the equilibrium samarium load is independent
of the operating flux but the maximum transient load does depend
on the flux or power at the time of the shutdown.

Note that the only way to reduce the Sm-1lt9 is to start up
the reactor and remove Sm-1lt9 by neutron capture. An allowance
in the design of the reactor core must be made for the equilibri­
um Sm-1lt9 load. However, the transient following shutdown is
normally no problem since it is balanced by the Pu-239 transient.
It was previously shown that, as a result of neutron capture in
U-238, Pu-239 is formed by the following decay chain.

,8­
)0

The decay of Np-239 takes place at approximately the same
rate as decay of Pm-149 and it happens that the enrichment effect
of the extra Pu-239 formed after shutdown almost balances the
load due to Sm-149.

Following startup there is a slight overall enrichment ef­
fect, since the Sm-1lt9 returns to equilibrium more quickly than
the Pu-239. This effect is normally masked out by xenon build­
up and is not obvious.

ASSIGNMENT

1. (a) Explain briefly why xenon concentration increases
to an equilibrium value during reactor operation.

(b) What is meant by "Equilibrium Xenon Reactivity
Load" ?

(c) On what does this xenon load depend?

2. Explain why there is a transient increase in xenon concen­
tration after reactor shutdown and how the increase depends
on the operating power prior to shutdown.

3. (a) Explain the terms "Poison Override Time" and "Poison­
Out Time".

(b) What is the significance of using a booster rod in a
reactor?

- 8 -
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4. (a) Why does samarium build-up, following a shutdown,
differ from that of xenon?

(b) How can the samarium load, in a reactor, be reduced?

(c) Why is it necessary to make allowance in the design of
a reactor for the equilibrium samarium load but not for
the transient samarium load?

A. Williams
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Nuclear Theory - Course 127

EFFECTS OF FUEL BURNUP

The effect of fuel burnup wa~ considered, to some extent,
in a previous lesson. During fuel burnup, U-235 is used up and
plutonium is produced and later burnt. Consideration was given
to the effect of this on the value of k. This will now be dis­
cussed in greater detail and other effects also considered.

Conversion and Breeding

Before the effects of fuel burnup can be discussed, it is
necessary to consider the production of new fissile material
that occurs during the fuel burnup. The only naturally occurring
fissile or fissionable material is U-235. However, Pu-239 can be
produced from U-238 and U-233 can be made from Thorium-232. U-238
and Th-232 are known as FERTILE material. PU-24l is another fis­
sile material that is produced by neutron capture in Pu-240, which
is in turn produced by neutron capture in Pu-239.

A reactor, in which the fissile material produced from the
fertile material is the same as the fissile material being con­
sumed, is known as a BREEDER reactor. Thus, if U-233 was being
used as a fuel, in a reactor which also contained Th-232, then
U-233 would also be produced from the Thorium.

A reactor, in which the fissile material produced from the
fertile material is not the same as the fissile material being
consumed, is known as a CONVERTER reactor. A reactor using natural
uranium fuel is a converter. It burns U-235 and produces pluto­
nium. This is the type of reactor which is of interest.

The CONVERSION FACTOR, c, is defined as the number of fis­
sile atoms produced for each fissile atom consumed.

If c = 1, then for each U-235 atom fissioned, one Pu-239 atom
will be produced. Under these conditions every fissile atom burnt
is replaced and there is no depletion of fissile atoms in the fuel.
Thus, provided that there were no other physical limitations,
every fissile and fertile atom in the fuel could be used, eg, all
the U-235 atoms in natural uranium would be used and all the U-238
atoms would be converted to plutonium and the plutonium burnt.
The conversion factor is not, however, as high as this in a power
reactor. It is more likely to be around 0.75 or 0.8.

Alternative definitions of breeders and converters are based
on the value of c.

January 1967 (R-3l - 1 -
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A converter is a system in which
A breeder is a system in which

c <1.

c> 1.

- 2 -

Now"l is the number of neutrons produced per neutron ab­
sorbed in the fuel and 1.0 of these neutrons must be available
to cause further fissions and maintain the chain reaction. So,
the maximum possible number of neutrons available for breeding
or conversion is ~ - 1 and this disregards neutron losses by
leakage and absorption in reactor material. If w is the number
of neutrons lost from the system, per fission, by leakage or
absor pt ion,

c="1- w - l

For good conversion, or breeding, ~ must be as large as possible
and w kept as small as possible. The following table lists the
value of"1 for fast and thermal neutrons for the three fissile
materials

U-235 U-233 Pu-239

"I for fast neutrons 2.46 2.54 2.M

"I for thermal neutrons 2.08 2.31 2.03

It may be seen that, in thermal reactors using U-235 or
Pu-239 as fuel, 4 - 1 is only just greater than 1.0 and, there­
fore, net breeding or conversion cannot be achieved. It is, how­
ever, theoretically possible in a thermal reactor using U-233
fuel and Th-232 as the fertile material.

In a fast reactor, on the other hand, breeding or conversion
is possible with all three fissile materials and is particularly
attractive with Pu-239.

Effect of Conversion on Fuel Burnup

Fuel burnup may be defined in one of three ways:

(al Burnup is the percentage of the original fissile atoms burnt.

(b) Burnup is the percentage of the total fuel atoms burnt.

(c) Burgup is the heat extracted (in Megawatt days) per tonne
(10 gml of fuel.

Thus, for a fuel of enrichment E, (ie, having E atoms of
fissile material and (1 - E) atoms of fertile material), b%
fissile atom burnup = Eb% fuel burnup = 10,000 Eb Mwd/tonne fuel.
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For natural uranium fuel, E = 0.00715 and so:

b% fissile burnup = 0.00715 b% fuel burnup = 71.5b Mwd/tonne

If all the fissile atoms in natural uranium were burnt
(b = 100), the burnup would be 0.715% fuel atoms or 7150 Mwd/
tonne of fuel. However, conversion anq breeding produce other
new fissile atoms in the fuel which can also be burnt.

If c is the conversion factor, the maximum or ULTIM~ATE

burnup that can be achieved is 11~Oc % of original fissile atoms.

So with c = 0.8

Ultimate burnup = 1 100 = 500% fissile atoms- 0.8
= 3.57% of all fuel atoms

= 35,700 Mwd/tonne

No fissile material would then be left but roughly (100 ­
3.57)% or 96.43% of U-238 would remain. This maximum burnup
cannot be achieved in practice because:

(a) Too much excess reactivity would have to be built into the
reactor to allow for the fuel depletion, ie, the reactor
would have to be too big.

(b) The fuel integrity would be questionable, ie, fuel failure
would be very likely to occur due to buildup of pressure
of fission product gases and fuel distortion, unless an
excessively thick fuel sheath was used.

Using U02 fuel and on-power refuelling, a burnup of 10,000
Mwd/tonne of uranium is a reality and serious consideration is
being ~iven to burnups as high as 15,000 Mwd/tonne of uranium
or 1.5% of all uranium atoms in the fuel or 210% of U-235 atoms.

Effect of Burnup on Reactivity

There are two aspects of the effect of burnup on reactivity
and these are:

(a) Change in Total Reactivity Due to Burnup

The curve in Fig. 1 shows the change in reactivity with
burnup allowing for the accumulation of poisons.

This combines the curve of k vs burnup, in lesson 127.10-6
with the reduction in reactivity due to poison buildup.
The curve shows:

- 3 -
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(l) A small decrease in ok initially due to the fact that
the buildup of poisons masks out the effect of pluto­
nium buildup.

(2) with a conversion factor of about 0.8 or less, the U-235
is being used faster than the plutonium is being produced.
Even so, because of the higher fission cross section of
Pu-239 the effect of U-235 burnup is more than compensated
for. An increase in reactivity occurs which is more than
enough to compensate for the decrease in reactivity due to
poison buildup anda net increase in reactivity results
up to a burnup of 1500 MWd/tonne.

After 1500 Mwd/tonne the burnup of plutonium itself
and the production of non-£issionab1e Pu-240 (from
neutron capture in PU-239) causes the reactivity to
decrease.

(3) A burnup of 10,000 Mwd/tonne involves a net loss of
70 mk, which must, therefore, be available in the core
if this burnup is to be attained.

- 4 -
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(b) Modification in the Reactivity Temperature Coefficients

This aspect of burnup has also been mentioned. One effect
of a temperature increase in the fuel, heat transport sys­
tem or the moderator is due to the fact that the thermal
neutrons enter the fuel with a higher speed or increased
energy. With fresh fuel, the predominant fissile material
is U-235 and the fission cross section for U-235 decreases
as the neutron energy increases above 0.025 ev. This means
that radiative captures increase relative to the fission
captures in the fuel and, consequently, the value of H\ de­
creases in the four factor formula, ie, fewer neutrons are
produced for each neutron absorbed in the fuel. The net
result, due to this effect alone, is a decrease in reac­
tivity due to an increase in temperature.

If this decrease in reactivity is not counterbalanced by
an increase in reactivity, due to other effects, then the
reactor has a negative temperature coefficient.

As the fuel is burnt up, the U-235 is depleted but the
plutonium content increases. With plutonium, the fission
cross section increases for neutron energies above 0.025
ev. This is due to the fact that the plutonium fission
cross section has large values at some resonance energies
above 0.1 ev. So the higher the neutron energy becomes,
the more neutrons there will be having energies at or near
to these fission resonances. Therefore, with plutonium,
the values of"1 and the reactivity increase as the neutron
energy increases, due to an increase in temperature. ThUs,
as the U-235 becomes depleted and the plutonium concentra­
tion increases, the temperature coefficient of reactivity
becomes less negative and more positive.

Th~s type of change is especially noticeable when the mod­
erator temperature is changed. With fresh fuel, the mod­
erator temperature coefficient is negative. An increase
in reactivity can be obtained, when it may be required,
say to prevent a poison out, by cooling the moderator.
However, as burnup increases, cooling the moderator may
cause very little reactivity change or even a decrease in
reactivity.

Effect of Burnup on Reactor Control

Reactor control is possible only because the delayed neu­
trons, despite being such a small fraction of the neutron popu­
lation, cause a substantial increase in the average lifetime of
all neutrons. The delayed neutron yields from U-235 are such
that the average lifetime increases from 0.001 sec (for prompt
neutrons) to 0.1 sec. How do the yields from Pu-239 compare
with those from U-235?

- 5 -
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The following table shows the comparison and also the pro­
duct of yield x average life in both cases.

tt (sec) Av.life U-235 Pu-239
( sec) %yield Yield x Av.life %yield Yield x Av.l1fe

55.6 80.20 0.025 2.00 0.014 1.12
22.0 31.70 0.166 5.26 0.105 3.33
4.51 6.51 0.213 1.39 0.126 0.82
1.52 2.19 0.241 0.53 0.119 0.26
0.43 0.62 0.085 0.05 0.00
0.05 0.07 0.025 0.00 0.00

Prompt 0 99.245 0.00 99.636 0.00

Total 100.000 9.23 100.000 5.53

1.1 = Average lifetime with U-235 == 10~3 + 0.001 = 0.0924 sec

i 2 == Average lifetime with Pu-239 == 101? + 0.001 = 0.0554 sec

So for a 1 mk increase in reactivity:

Reactor Period with U-235

Reactor Period with Pu-239

= g:gZi4 = 92~4 sec and, in 1 sec,
P - 1,011 Po

== 0.0554 == 55.4 sec d . 1 c
O 001 an ,1n se,

• P = 1.02 Po

- 6 -

So, for a 1 mk increase in reactivity, the power increases
by 1.1% in the first second, with U-235 only, and it increases
by 2% in the first second, with Pu-239.

Therefore, reactor control is still feasible with Pu-239
fuel but the response of the control system must be faster.
Therefore, in the design of the control system an allowance
must be made for the decrease in reactor period as the plutonium
concentration increases.

It should be noted that the reactor is prompt critical when
~k = 7.55 mk, with U-235 fuel only. However, when all the U-235
is burnt and the reactor is operating on plutonium fUel only, the
reactor is prompt critical when &k == 3.64 mk. The control system
must, therefore, be designed to prevent reactivity values even
approaching &k = 3.64 mk. It is no longer sufficient to keep $k
below 7.55 mk.
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ASSIGNMENT

1. (a) Explain the difference between a fissile and a fertile
material.

(b) Explain the difference between a breeder and a conver­
ter reactor.

2. (a) What is the ultimate fuel burnup that could be obtained
with a conversion factor of 0.8?

(b) Why is it not possible to achieve this ultimate burnup
in practice?

3. (a) Why does the reactivity decrease sharply for a short
while after operation of the reactor has started?

(b) Why does the reactivity then start to increase even
though U-235 is being used up faster than plutonium is
being produced?

(c) Why does this reactivity increase not continue beyond
about 1500 Mwd/tonne of uranium?

4. Explain why, with fresh fuel, poison override time can some­
times be extended by cooling the moderator, whereas fuel
burnup prevents this later.

5. (a) Why must a reactor control system response be faster
than is necessary with fresh fuel?

(b) What other limitation must the control system impose
to allow for fuel burnup?

A. Williams
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Nuclear Theory - Course 127

REACTOR CONTROL

As has been seen from the preceding lessons, there are many
factors which change the neutron multiplication factor in a re­
actor. Changes in temperature cause short-term changes in reac­
tivity, fission product poison loads have to be allowed for, and
extra reactivity must be built into the reactor to allow for de­
pletion or "burnup" of fissionable material. Hence, a control
system must be provided which must meet the following require­
ments:

(a) It must keep k = 1 and &k = 0 during steady power opera­
tion and, therefore, it must compensate for changes in 6 k
that occur for various reasons.

(b) It must allow 6k to become positive or negative for in­
creases and decreases, respectively, in power.

(c) It must decrease k sufficiently to give ok a large nega­
tive value for rapid shutdown of the reactor when this is
required.

Regulation and Protection

Because of the general requiremen~outlinedabove, the con­
trol system must perform two functions which are:

(a) Regulation which involves small changes in reactivity to
maintain the power at some predetermined level or to change
the power as required. The regulating system is, there­
fore, the means by which the reactor is started up, operated
at some desired power level and shut down.

(b) Protection which is the provision of automatic rapid shut­
down of the reactor under any circumstances which might
prove hazardous to personnel or equipment. Such rapid
shutdown, which is known as tripping the reactor, is
achieved by means of the protective system. The condi­
tions which would require a reactor trip are:

(1) Uncontrolled and excessive power increase or
excursions.

(2) Excessive rate of change of power.

(3) Unsafe faults in the regulating system.

January 1967 (R-3) - 1 -
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(4) Failure of some process, such as heat transport sys­
tem flow, process air, etc, which is critical as far
as safe reactor operation is concerned.

It should be remembered that the regulating system is, in
fact, the first line of protection since it limits reactor power
to safe levels. Most trips, by the protective system, are likely
to be caused by misoperation of the regulating system.

Methods of Control

All methods of control use some method or other of changing
neutron losses in order to change the value of k. There are
three general methods of changing neutron losses leading to four
methods of control. These three general methods are:

(a) Changing neutron absorption in materials other than the
fissile material U-235 or plutonium. This changes the
number of neutrons available for fission and changes the
value of k.

Changes in neutron absorption are usually achieved by in­
serting neutron absorbers into the reactor core or with­
drawing such absorbers out of the core. The conventional
method of control inserts or withdraws control rods made
of boron or cadmium, which have large neutron absorption
cross sections. When the control rods move further into
the core, k decreases. When the rods are Withdrawn, k
increases.
Rapid reduction of reactivity is achieved by quick and
complete insertion of additional safety or shutdown rods,
also made of boron or cadmium.

(b) Addition or removal of fuel so that neutron absorption in
U-235 nuclei increases or decreases, with consequent in­
crease or decrease in the value of k.

A practical example of reactivity control by this method
is the on-power refuelling of Canadian nuclear power re­
actors. When reactivity decreases because of U-235 burnup,
spent fuel is replaced by new fuel to replenish the U-23?
and increase k. Also a fuel rod, known as a booster rod,
is inserted in the reactor when additional reactivity is
required to avoid a shutdown due to poisons.
This addition or removal of fuel can only be used for
regulation unless special provisions are made to drop
part of the core as a protective measure.

(c) Changing neutron leakage from the reactor, which again
increases or decreases the number of neutrons available
for fission and, thereby, increases or decreases k.
Neutron leakage may be changed in one of two ways:
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By increasing or decreasing core size. This may be
done by addition or removal of fuel but this is not
a very versatile method for continuous control. With
a liquid moderator, by far the easiest method is by
raising or lowering moderator level to cover more or
less fuel. This is a form of MODERATOR LEVEL CONTROL.

By increasing or decreasing reflector thickness. When
reflector thickness increases more neutrons are re­
flected back into the core and more are, therefore,
available for fission. A decrease in reflector thick­
ness, on the other hand, reduces k by reducing the
neutrons available for fission. Again, the simplest
way of achieving this type of variation is by modera­
tor level control. By moving the moderator level up
or down, the thickness of moderator above the core
which acts as a reflector is increased.

Both the above methods enable rapid reduction of reactivity
to be achieved by simply providing the means of emptying the
moderator out of the reactor vessel in a few seconds. This
is known as "dumping" the moderator, and causes rapid loss
in reactivity for protection.

Two or more such control methods can be, and are, used on
some reactors.

Advantages and Disadvantages
of Moderator Level Control

Moderator level control offers the following advantages over
other methods, such as control rods:

(a) A simple arrangement of valves and helium blowers is used
with moderator level control, whereas relatively more ex­
pensive reliable drives are required with control rods.
Complex circuits interlocking rod withdrawal are necessary
and it is necessary for the drives to operate reliably in
relatively higher radiation fields.

(b) The use of valves for regulation and in the protective
system allows for their operation from a triplicated con­
trol system while preserving virtually complete inde­
pendence of the three control channels. A single failure
affects one channel whereas a shutdown only occurs on
simultaneous failures in two channels out of three.

The major disadvantages of moderator level control is that
resulting from the use of moderator level as a reactivity "shim",
as in NPD G.B., to counteract the absence of the xenon poison
after a prolonged shutdown. Until the xenon poison builds up to

- 3 -
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its equilibrium level, the moderator level is well below its
normal operating level. This has the advantage of conserving
neutrons by not absorbing them in control rods, but it has the
following disadvantages:

(a) Because of the change in thermal neutron flux distribution,
resulting from the low moderator level, there is a danger of
overheating in some channel, if the reactor is still opera­
ted at full power. For this reason there is a reduction in
the maximum permissible power. In a large reactor this
would result in loss of revenue. Hence, in Douglas Point,
boric acid is used as a neutron absorber in the moderator
to enable the reactor to operate at full tank and at full
power even when the xenon load is low. As the xenon poison
grows, the boric acid is removed With ion exchange columns.

(b) The low moderator level results in some fuel channels not
being immersed. Spray cooling is then required on the ca­
landria tubes for these channels to prevent stresses due
to differential expansion.

It has been said above that rapid reduction of reactivity
can be achieved by dumping the moderator. The effectiveness of
such a dump in reducing reactivity is shown in Fig. 1. This
curve shows the measured reactivity reduction, in the NPD reac­
tor, during the first second following a reactor trip.

The initial 0.2?-second delay is due to the time required
for the protective system to respond to the trip signal and ini­
tiate th~ opening of the dump valves. Despite this initial de­
lay, the reactivity reduction is very rapid, resulting in a re­
activity decrease of about 70 mk in 5 seconds. Such a method of
reactivity reduction is therefore very satisfactory in a small
reactor such as NPD.

However, there is some doubt as to whether moderator dump
should be used for rapid reactivity reduction in large reactors
such as those reqUired for the ?OO-Mwe units in Pickering or,
for that matter, in the Douglas Point reactor. Such a dump re­
quires initial rapid movement of several tons of water from the
reactor vessel into a dump tank to produce a rapid reactivity
decrease during the first second follOWing a trip. This intro­
duces engineering problems in the design of dump ports which
will allow such a rapid dump and still support a calandria full
of water. It also takes some time to transfer the water back
into the reactor vessel and this makes it difficult to return
to full power after a trip before the reactor poisons out, un­
less excessive pumping power is used. Pump-up time, in
Pickering, to full calandria is estimated as 50 minutes, where­
as the poison override time is 45 minutes.
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It could be argued that, if such a dumping facility is not
provided and the moderator held in the reactor vessel, moderator
level regulation cannot be used. In such large reactors, the
possibility of xenon oscillations, which are discussed later,
make it necessary to use absorber rods for zonal control of the
reactor in any case and, therefore, moderator level control as
well would appear unnecessary; in which case, fast-acting shut­
down or safety absorber rods could just as easily be used. How­
ever, moderator dump or partial dump may still be considered as
a backup in case of malfunction of some of the shutdown rods.

Nuclear Variables Used for Control

(a) Neutron Power
The thermal power produced in a reactor is measured by the
product of the flow rate in the heat transport system and
the rise in temperature of the heat transport system across
the reactor. However, measurement of neutron power has the
advantage of being instantaneous, whereas there are time
lags involved in measurement of thermal power.
Neutron power is, therefore, a much more effective and re­
liable factor for use as a control variable. There are
two categories of neutron power measurements, namely:

(1) LINEAR NEUTRON POWER or linear power is the neutron
flux or density as measured by an ion chamber and
amplified in a linear amplifier. The signal from
the amplifier is used in the control system for neu­
tron power regulation, maximum permissible neutron
power, and to cause a neutron power trip on over­
power (known as a LINEAR N trip) in the protective
system.
It may also be used for displaying on meters or re­
corders. These meters or recorders would normally
be calibrated in 0 to 110% of full scale.
Since the range of neutron power to be expected is
about 8 decades, the meter or recorder used during
manual reactor startup would likely be fitted with
an appropriate range switch.

(2) LOGARITHM OF NEUTRON POWER or log power or log N.
In this case the ion chamber signal is fed into a
logarithmic amplifier and the output from the ampli­
fier displayed on a meter or recorder with a 6-decade
scale (ie, 10-6 to 1 times full power). Such a scale
has the advantage of expanding the low end of the
scale. Log N signal could also be used in the pro­
tective system as a log N trip.
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(b) Reactor Period

If reactor power increases too rapidly it is likely to over­
shoot the operating power level. This would result in a
linear N or log N trip or in excessive fuel temperatures.
The regulating system, therefore, limits the reactor period
to a value which will avoid such overshoots and the protec­
tive system will trip the reactor if the reactor period is
excessive. Measurements of reactor period are, therefore,
required and these are of two kinds:

(1) Linear Rate - If the linear neutron power signal is
fed into an RC circuit, the voltage developed across
the resistor is proportional to the rate of change of
power (dP/dt). This signal permits high rates to be
detected before any significant change has occurred
in the actual power level.

(2) Rate of Change of the Logarithm of Neutron Power or
rate log - The log power signal is differentiated
by feeding it into an RC circuit. The voltage across
the resistor is then proportional to d/dt (log p),

t
Since P = Poe T

d 1
dt (log P) = T

Th~s the rate log signal is a measure of the reactor
period. It combines the advantages of the expanded scale
at low powers and the high rate detection before signifi­
cant changes in power occur.

ASSIGNMENT

1. What are the three general requirements of a reactor con­
trol system?

2. Describe briefly the two functions which a control system
must perform to meet the above requirements.

3. Explain the three basic methods by which neutron losses
can be changed, or neutron utilization changed, and the
methods of control based on these. Indicate how each con­
trol method performs both the above functions.

- 7 -
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~. Briefly describe the advantages and disadvantages of modera­
tor level control.

5. (a) What is the advantage of linear neutron power measure­
ment over thermal power measurement?

(b) For what purposes would linear N signals be used?

6. Ca) What advantage is to be gained from a logarithm neu­
tron power measurement?

(b) For what purposes would log N signals be used?

7. Ca) What is the meaning of "rate log power" and how is it
connected with the reactor period and reactivity?

(b) For what purposes would rate log signals be used in
reactor control?

A. Williams
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THE APPROACH TO CRITICAL AND THE RAISING OF POWER

There are two stages involved in bringing a reactor up to
power and these are:

(a} The approach to critical during which the value of k is
increased until the reactor becomes critical.

(b} Increasing the power until the operating level is reached.

The reactor is in its most dangerous condition when it is
shut down, for several reasons:

(a) Unexpected increases in reactivity and therefore in power
are more likely since it is possible that the regulating
and protective system may be "off scale". Under these
conditions a fault in either system is not as easy to de­
tect.

(b} Much larger power increases are possible, as a result of
reactivity increases, at low power level than at high power
levels.

(c} With the heat transport system depressurized, a power surge
could result in boiling of the heat transport fluid, which
could further increase the reactivity (as will be seen in
the next lesson}.

(d} The response of the instrumentation is slower compared with
the possible reactor periods.

The approach to critical is, therefore, a procedure that
must be undertaken with a great deal of respect and it will be
considered at some length in this lesson.

Subcritical Operation

During the approach to critical the reactor is subcritical
and so, before considering the approach itself, it would be de­
sirable to have considered the manner in which a reactor behaves
when it is subcritical and k is less than 1.

It was shown, in a previous lesson, that if a source of
neutrons, of strength Ps watts, exists in the reactor, then, on
shutdown, the reactor power will decrease to a value given by:

January 1967 (R-3} - 1 -
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-p
p=~

Sk

where Sk is the amount of negative reactivity introduced when
the reactor is shut down.

Therefore

Now the reactivity is a measure of how far the reactor is
from being critical and ok = k - 1 or -(1 - k).

ps =~ = 1000 Ps
P = - (1- k 1 1- k milli-k below critical

time for various values of k. a

k =0.5

k =0.7

k = 1

o
IJL.._........-_...-_-r-_~__

0., 1.0 I., 2.0 t(secs)
Fig. 1

2

3

4

As k is increased, the
power levels off more slowly
but at a higher value, until,
when k = 1 the power continues
to increase without levelling
off at all.,

If P!Ps is plotted against
series of curves, as shown in
Fig. I, are obtained. Of what
significance are these curves?

Supposing that the value
of k was initially negligible.
If now the moderator level
was raised until k = 0.5, the
reactor power will increase
as shown in the lower curve
and level off at 2 Ps in half
a second or so.

Now, if Ps is very small,
as it is when spontaneous fissions only supply the neutron
source, the power at which the reactor levels out is very small
until k is close to 1.

When k = 0.1

Suppose Ps = 0.0001 watts with spontaneous fissions.

P
P - s _ 0.0001 = 0.00011 watts- 0.9 - 0.9

which would be too low to get much of a reading even on sensi­
tive fission count rate meters.

With k = 0.5 P - 0.0001 = 0.0002 watts- 0.5

Therefore k would have to be close to 1 and the reactor
close to being critical before even count rate instruments were
effective. In addition the neutron multiplication is subject

- 2 -
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to wide statistical fluctuations. Since it is necessary, at
each value of k, for the power to level off as in the curves in
Fig. 1, to determine whether or not criticality has been
achieved, the critical point may well be passed while the neutron
power is still low. By the time the power has risen to the point
where it becomes obvious that it is increasing, the rate of rise
may be so rapid that the reactor cannot be shut down fast enough
to prevent damage.

- -

To avoid this possibility a neutron source is placed in the
reactor so as to artificially increase Ps and provide a good
count rate. When k is large enough for a good count rate, with
spontaneous fission sources alone, the neutron source is removed.

With photoneutron sources, on the other hand, Ps may be
30 watts.

ThUS when k is only 0.1 or 900 mk below critical

= )).3 watts.

This value is only about 7 decades below full power and
within the range of the most sensitive linear neutron instru­
ments which normally go down $ decades. Since this source term
is so much greater than that due to spontaneous fission, special
fission chambers and count rate meters would not be required.

The First Approach to Critical

In the CANDU type of reactor, the approach to critical is
likely to be made by raising the moderator level until enough
fuel is covered to sustain a chain reaction. If absorber rods
are als9 available for reactivity adjustment, they would be com­
pletely withdrawn. If variation in moderator level is not pos­
sible and reactivity control is by absorber rods only, then the
approach to critical would have to be made by gradual withdrawal
of the absorber rod. However, it will be assumed that the former
method is to be used, as in fact it was at NPD and will be at
Douglas Point.

The initial critical level, with fresh fuel, will be much
lower than the normal operating level. Some attempt is usually
made to raise this initial critical level such as by replacing
some of the normal natural uranium or uranium oxide fuel with
depleted fuel (ie, having less U-235 content than natural uranium).
However, even with depleted fuel the initial critical level in
NPD was 97.5" compared with the normal operating level of about
160". The estimated initial critical level in Douglas Point is
only )6% of full calandria and this would not cover the depleted
fuel region. Also a ln change in level in this region is equi­
valent to a 2.5 mk reactivity change. Boron addition to the

- 3 -
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moderator is bein~ considered which would raise the initial cri­
tical level to 50% of full calandria. However, this involves
the control of an additional parameter at a time when this is
least desirable.

The first approach to critical is considered more hazardous
than subsequent approaches because:

(a) There are only spontaneous fission sources and no photoneutron
sources, in the core and therefore the normal neutron power
instruments are not nearly sensitive enough to measure the
neutron density.

(b) The neutron power instruments have not, in any case, been
calibrated and, therefore, cannot be relied on.

(c) The automatic regulating system is inoperative.

(d) The critical height of the moderator is not known, ie, it
is not known at what moderator level the reactor will go
critical.

(e) Large reactivity increases are possible because the xenon
and other fission product poison are absent.

The first approach to critical is, therefore, carried out
in such a manner that recognition is given and allowances made
for the problems that do exist. Because the regular neutron
power instruments cannot be used, sensitive neutron fission
chambers or BF] counters are used during the approach. These
fission chambers or counters are normally lowered into the core
so that they are in a higher flux region. They are connected
to count rate meters, because the actual power level is so low,
so tha~ the neutron count rate is measured rather than power.
Three such detectors are normally used so that three indepen­
dent count rates are established. This allows for error or
failure of one counter and also allows for greater flexibility
when the neutron density increases. A neutron source is placed
in the core so that a reasonable count rate is obtained at
values of k well below critical. This avoids statistical errors
on the counters.

If the detector used is sensitive enough to be used with
spontaneous fission sources only, a neutron source would still
be used to check the operation of the detectors.

The moderator level is raised in small steps (lor 2 inches
at a time) and the neutron power allowed time to level out as
shown on the curves in Fig. 1. For small values of k the count
rate levels out rapidly but, as k increases, it takes progres­
sively longer to level out. As k increases the count rate in­
creases and eventually the fission source can be removed. Also
the fission chambers have to be moved further out from the core
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to prevent them saturating. The critical moderator level is
predicted by plotting the reciprocal of the count rate against
the reciprocal of buckling, 1/B2 , on the three independent
counters. For a cylinder:

'\'",
"'A

l/Buckling
Fig. ,

l/Count Rate

0.08
0.07

For a cylindrical reactor,
with its axis horizontal, the
portion of the core covered by
moderator, is only a portion of
the cylinder. Therefore, the
buckling is a more complex ex­
pression than that shown above.
A curve, relating buckling to the distance L of the moderator
level below and above the reactor centre line, is shown in
Fig. 3. The rec~procal of the count rate is plotted against
the value of liB for each value of moderator height.

Therefore, for a vertical o.
cylindrical reactor, where R
remains constant and only H
changes, the reciprocal of the o.
c~unt rate is plotted against
H •

The three straight lines shown in Fig. 2 are then obtained,
which converge on the point A when the count rate is very large
or the reactor is critical. The point A, then, gives the value
of 1/B2 when the reactor will be critical and this can be conver­
ted back into the critical moderator height.

Because of the difficulty of estimating accurate values for
the buckling for a horizontal cylinder, an alternative approach
is sometimes used. As was shown previously, the multiplication
factor of source neutrons in a subcritical reactor is 1/(1 - k).
Thus the neutron count resulting from the neutron source is en­
hanced by a factor of 1/ (1 - kJ •

ie, 1Count Rate = Ps x (1- k) ....... ,. " " .. " (1)

Therefore a graph of the reciprocal of the count rate against
(1 - k) should be a straight line and so should the graph of re­
ciprocal count rate against k. The multiplication factor k can
be calculated as a function of the moderator level. When the
reciprocal count rate is plotted against k, three straight lines
are obtained as in Fig. 2 and the point A again extrapolated.
The value of k at A is then converted back into the critical
moderator height. This approach was adopted at NPD and is likely

- 5 -
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to be the method used at Douglas Point. Fig. 4 shows a typical
plot on one of the fission chambers during the NPD first approach
to critical. Slight deviations from the straight line can be
observed as the moderator level passes the various rows of fuel.

When the critical height has been established, as accurately
as possible, it is approached cautiously until the power starts
to increase on a long period, which shows that the critical mod­
erator level has just been exceeded. For instance, in NPD when
the moderator level was within 1.5 inches of the projected criti­
cal height, the level was raised through critical and th~ reactor
power allowed to increase on a 150-second period. At 104 counts
per second the level was adjusted to hold the count rate steady.
This adjusted level is then the initial critical level. Note
that prior to this last step being taken, one detector is moved
away from the maximum flux region to ensure that one chamber con­
tinues to read in the range in which it had been checked and cali­
brated.

The same approach to critical, as has just been described,
would have to be used if the reactor is shut down for longer than
four months or 50. The fission products would then have decayed
to such an extent that the photoneutron sources are too small to
be of value.

In a graphite or light water moderated reactor every approach
to critical is the same as the initial approach since no photo­
neutron sources are built up.

Subsequent Approaches to Critical

In a heavy water moderated reactor, fission products accumu­
late in the fuel if the reactor has been operated at power. So,
for subsequent startups, the photoneutron source in the reactor
will be large enough to give a reading on the lower range of the
most sensitive neutron power instrument. Therefore, no special
neutron counters or neutron sources are required. However, the
neutron power signal is too weak for satisfactory automatic op­
eration of the regulating system, unless the shutdown was of
short duration. The approach to critical is, therefore, made on
manual control using the normal neutron power instruments.

The moderator level is allowed to rise in steps of In or so
at a time. After each 1" step the moderator level is held con­
stant until the subcritica1 power reaches an equilibrium value.
When the power continues to increase the critical level has been
exceeded. The level is then adjusted down until the power is
held constant. An estimate of the critical level can be made by
plotting the reciprocal of neutron power against the moderator
height. The point where the graph crosses the moderator height
axis will indicate the possible critical level.

- 7 -



<Xl

'0101000

-~ -

no

~

T'

T-
N

--'-+

• "
~

~

~ ..

..
~

<." =-+t!;
...... :::;..':;:H! = i

=-'
:- .~

.:...;.rH
.- ."-- . <

~ ...

980

k (xlO-J)

• : c;i .tt
~

.;..-~

.-

960
•

....

950

:i:= ~~::-
~ .-.--.....

940

-, ..~. ~- .... ..........
• -0-. - '..:1!

, ..,
;:!:1~

::.t ~~:.

::r:

.. -

930

0.8

2·0 f-,,-'

_. -

...
I--

hi
'.-.. ~
.;: 0

1-6> u ~
. 'J UJ «
-- - lI>:: ~:~ a:: ~

1·4 H ~ r:D
HZ a:

•-.""""-'! <:(

1-2~o
; ::; W

,-,-:-,--:-: ....... u
O c.:":: w

I· s:: «­
a:
o

. u

06 _ I _.
-: I: ::

~'-T:::
04 -,---'

: \ ~: ~ :-: .. ::
I

i02

r-..
I 0o

N



127.20-7

An alternative approach is to allow the moderator level to
rise slowly but steadily initially. An estimate is then made of
the increase in moderator height required to double the subcri­
tical power. Half this increase in height should then be re­
quired for a further doubling of the power or halving the Sk
value below critical since:

P
P = ~ numericallySk

and so when ok is halved, P is doubled. An assessment can then
be made by repeating this process, of what the critical level
will be. The increase in moderator height required to double
the power is rechecked as the level rises until the level is an
inch or two below critical. The critical point is then approached
cautiously until the power is seen to rise continuously on a long
period. The rate log meters should also be indicating the reac­
tor period.

It may not, of course, be considered necessary to go criti­
cal on manual control. It is only really necessary to allow the
moderator level to rise until the neutron signal is strong enough
for automatic regulation. A switch-over is then made from manual
to automatic control and the regulating system allowed to bring
the reactor to critical.

Changing Reactor Power

Once the reactor is critical, it may be kept at any power
level by adjusting the moderator level or control rod positions
to keep k = 1 or ok = O. If the power has to be increased, the
moderator level is raised or control rod moved out of the reac­
tor to make k just greater than unity, or 6k slightly positive.

Fig. 5, on the following page, shows such a movement in
moderator level or control rods at A.

The figure also shows the corresponding changes in k and
6k and the resulting exponential increase in power. The reac­
tivity change possible is usually limited by design so that the
reactor period during the power increase is long. There is also
a reactor trip if this period becomes too small, ie, the rate of
increase of power is too high.

At B, the required power level has been reached and the
moderator level or control rods are returned to the point where
k = 1 and ok = O. This is somewhat different from the control
method in conventional power plants.

In a conventional plant, when an increase in the thermal
power is required the firing rate is boosted by opening the fuel

- 9 -
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Reactivity
T I

6k=O--, ~ __

j

I
,'I'

I

Power level

P-O __ ~, ..l

Fig. ~

valve wider and increasing the air flow. The valve is then left
open at the new setting. However, in nuclear plants, the modera­
tor level is-only raised or the control rods moved while the
power is being raised by increasing neutron density. When the
correct power level is reached, the moderator or control rods
are returned to the old level to prevent further increase in
neutron density.

If the power remained steady from D onwards, there would
be a gradual rise in moderator level or a gradual movement of
control rods out of the core to compensate for fuel burnup or
poison buildup, so as to keep k = 1 or ok = O.

At E the moderator level is lowered or the control rods
moved further into the core to lower k slightly below unity.
This causes the reactor power to decrease exponentially until
the desired lower power level is reached at F. The moderator
level or control rod positions are then adjusted so that the
reactor is again just critical. At G is shown the beginning of
a reactor shutdown controlled by the regulating system. The
reactivity decreases slowly and the reduction in neutron power
is not rapid compared to the corresponding changes following a
trip.

- 10 -
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ASSIGNMENT

1. In what condition or state is a reactor in its most dangerous
state and why?

2. In terms of subcritical reactor operation, why is it necessary
to place a neutron source in the reactor core during the first
approach to critical?

3. (al Give the reasons why the first approach to critical is
more hazardous than subsequent approaches to critical
with D20 moderated reactors.

(bl What additional instrumentation would be required for
the initial approach to critical and why?

4. (al How is the critical moderator level predicted from the
count rate?

(b) How is it known when the reactor is critical?

(cl The following count rates were recorded, at the modera­
tor depth indicated, during a first approach to criti­
cal with a cylindrical reactor, the axis of which is
horizontal. Using the graph in Fig. 3 of the lesson
to obtain values of the buckling, determine the criti­
cal height of moderator. The depth of D20 at the centre
line is 224 cm.

Depth of D20 (cm) 53 77 117 150 178 203 216 228 238

Count Rate ~cpm) 55.5 59.2 68 84 101 141 185 333 606

(d) What alternative approach is adopted to predict the cri­
tical level if the buckling for the reactor in (c) is
too difficult to calculate?

5. (a) In a D20 moderated reactor, why are fission counters
not required during subsequent approaches to critical?

(bl Why is it still necessary to make the initial part of
the approach to critical on manual control?

(c) Briefly describe the two alternative methods that can
be used for the approach to critical on manual control
and the methods of predicting the critical level in
each case.

(dl Why might it not be necessary to go all the way to cri­
tical on manual control and what would be the alterna­
tive procedure?

A. Williams
- 11 -
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Nuclear Theory - Course 127

EXAMPLES OF PRACTICAL REACTOR BEHAVIOUR

The effects of poison buildup, temperature changes and fuel
burnup have been considered, in previous lessons, as separate
effects. However, since fission product poisons, temperature and
burnup of fissile material change with changes in reactor power,
considerations of practical reactor behaviour must involve all of
these effects. The manner in which a reactor responds to power
changes will also be determined by all these factors. The examples
of reactor behaviour, given in this lesson, will illustrate how
these factors affect the reactor behaviour.

Some examples of reactor behaviour, given in the Level 2
Nuclear Theory course will be reviewed in order to present a com­
plete picture and maintain continuity.

Effect of Xenon Delay on the Approach to Full Power

reactor startup, following a shutdown, the xenon load is
zero very small. If absorber rods are used as the only control

, the calandria will always be fUll of moderator and the
in reactivity will be compensated for by insertion of ab­

s ber ods. No restriction is thus placed on the maximum permis­
sible power.

However, if moderator level is used as a control element, the
critical'moderator level is much lower than when equrlibrium poison
has been established. The resulting thermal neutron flux distribu­
tion and the fact that only a part of the normal reactor core is
being used, limits the power to a value well below full power. The
variation of permissible power with moderator level, in NPD, is
shown in Fig. 1. This delay in reaching full power is known as
XENON DELAY. It can only be avoided by introducing neutron absor­
bing material into the core in order to operate the reactor with a
higher critical moderator level. Liquid poison, in the form of
boric acid injected into the moderator, is proposed for Douglas
Point.

If xenon delay does limit the operating power, as at NPD, the
manner in which the reactor power is increased and the changes in
moderator level that occur are shown in Fig. 2.

At A, reactor power is increased to a nominal ?% of full power
to B, to warm up the heat transport system and to raise steam pres­
sure. The reactor power remains constant from B to C until the
turbine is up to speed and the generator synchronized to the system.

January 1967 (R-3) - 1 -
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At L the moderator level rises to M long enough for the power
increase AB to take place. The level then drops back to maintain
the reactor just critical. The new critical level is slightly above
the initial critical level because of the power coefficient. It
then rises to N due to the loss of reactivity associated with the
heat transport system negative temperature coefficient.

The load is increased at C and the reactor power rises to about
50% of full power. The moderator level rises and remains above
critical along OP during the power increase. When the power is
levelled off at D the moderator level drops back to the critical
level at Q. If the power remained at D the moderator would follow
the curve QRS as the xenon built up to equilibrium.

In order to reach full power as quickly as possible, the power
is raised in steps such as EF whenever the moderator level, and
hence the permissible power, is high enough to allow it. This keeps
the xenon buildup continuing until it reaches its equilibrium TU
slightly after the power reaches 100% at GR. The fine structure on
the moderator curve associated with each individual power step has
been ignored for simplicity.

Moderator Level Response to Load Changes

Although moderator level response to load changes is considered
here and, therefore, a moderator level control element is assumed,
the response of absorber rods would follow similar patterns. Where
the moderator level is shown to rise, absorber rods would move out
of the reactor. A fall in moderator level corresponds to a move­
ment of absorber rods into the reactor. Five types of load changes
are considered:

(a) Minor Load Changes

A minor change in load may occur due to some change in setting
in the regulating system which changes the steam pressure by a
few psi.

Fig. 3 (a) shows reactor changes following such a minor load
change and restoration of full load. Fig. 3 (b) shows the re­
sponse of the moderator level when fuel burnup is ignored and
Fig. 3 (c) shows the moderator level response when the effect
of fuel burnup is not to be ignored.

The reactor power remains steady up to A, when a small decrease
in power, AB, occurs due to a load change. Ignoring fuel burn­
up the level remains constant along EF when a temporary drop
occurs to G to provide the necessary negative reactivity. When
fuel burnup is taken into account the level rises from M to N
and then drops to O. In both cases a rise will then occur due

- 3 -
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to the xenon transient. The xenon will eventually come to an
equilibrium which is lower than the original amount and the
moderator level is steady at I. In curve (c) the fuel burnup
effect may be large enough so that there is no decrease in
level from P to Q.

When the power is restored from C to D there is a transient
rise in moderator level to J (or R) to supply the necessary
positive reactivity during the power change. The level then
drops back to critical and a downward xenon transient starts.
This transient is caused by an increase in xenon burnout which
temporarily makes xenon destruction (burnout and decay) greater
than xenon production. The production rate builds up however
and the level eventually returns to L, the original critical
level, if burnup is ignored. If fuel burnup is allowed for,
th~ final moderator level will be at T (curve (e)).

Larger Load Changes

This is the load change that takes place when, for instance,
a turbine emergency stop valve is tested by closing it. The
reactor power change that occurs may be as much as 15% and the
resulting xenon change is, therefore, much harsher than in
case (a).

Fig. 4 shows how the moderator level would respond to such a
reduction in power followed by a restoration of full power.

The load decrease starts at A and continues to B where one
stop valve would be fully shut. The load then returns as the
valve is opened from B to C. Fig. 4 (b) shows the moderator
level if xenon and fuel burnup are ignored. The level de­
creases from E to F with some overshoot but remains subcriti­
cal until G. Positive reactivity is then required and the
level rises to H (again with some overshoot) and remains high

- 1+ -
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enough to keep the reactor supercritical while the power is
increasing. The level returns from I to J, the original cri­
tical level, when the power stops rising.

In Fig. 4 (c) the effects of fuel burnup and xenon have been
included to show what actually happens. The shape of the
curve from L to Q is modified from (b) mainly by xenon buildup
which is most pronounced when the power is lowest (at B in (a)).
The transient QRS is due to xenon burnout and is similar to the
transient in Fig. 3. The final level S is higher than L due to
fuel burnup.

(c) Substantial or Complete Load Rejection

This is the type of load rejection that occurs when a loss of
line occurs and it is basically an exaggereated form of the
load reduction in (b). A partial load rejection may occur
very rpaidly or, in the extreme case, all the load except the
station service may be rejected. The changes in moderator
level, that would follow a sudden complete rejection of ex­
ternal load, are shown in Fig. 5. The load is rejected at A
and the reactor power decreases to about 10% of full power
at B. There is a sudden and substantial drop in moderator
level, from D to E, to provide the necessary decrease in re­
activity. If the load rejection continues, the moderator

- 5 -
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level would recover along EF, except for the xenon transient
that occurs because of the reduction in power. Because of
the xenon transient. the moderator level rises along FG and
then decreases along GH, because of the subsequent xenon de- .
cay ~ The moderator level finally settles down at I, at a I"(
lower value than D, because of the smaller xenon load..~ _
substantial increase in moderator level alon . e ~

the reactor 0 po~son out . '"

(d) Substantial Sudden Load Demand

In a base load generating station, already operating at or
close to 100% power. sudden load demands do not normally occur.
They only occur after a load rejection when the line is re­
stored. Fig. 6 shows the moderator level changes that would
occur following restoration of full load from, say 10% load.
Again the reactor power changes rapidly from A to B and a
sharp moderator rise from D to E occurs. The moderator level
then recovers along EF. However, xenon is being burnt out
faster than it is being produced, at the higher power, and so
the moderator level continues to fall along FG. The rate of
production of xenon eventually exceeds the rate at which it
is removed and the moderator level rises along GH, and set­
tles down at the previous level I.

- 6 -
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(el Load Rejection QUickly Followed by Load Restoration

As was suggested in (d), a load rejection due to loss of line
may be followed quickly by a sudden load demand when the line
is restored. Sudden changes are shown in Fig. 7.

POWC:R D

MODERATOR
LEVEL

A rapid decrease in power, from A to B, is caused by the load
rejection and, as in (cl, the moderator level drops from F to
G. Very shortly after this the line is restored and the level
rises above critical to H. When the power has been restored
to 100% the moderator level returns to the critical value and
goes through a xenon transient as in previous cases.

Note that the effects of fuel burnup have been ignored in (c)
(d) and (e).

ASSIGNMENT

1. When reactor power is raised, the first increase in power is
to nominal 5% of full power.

(al How long is reactor power kept at this value?

- 7 -
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1. (b) What moderator level changes occur during this period
and why?

2. Following this period at 5% full power, reactor power is
further increased because of load demand.

(a) What limit is there on this second increase in power?

(b) Why should this limit on reactor power exist?

(c) Why can this limit be exceeded later?

3. After the limit in 2 (a) can be exceeded, how is reactor full
power achieved and what basic principle is involved in this
method of achieving full power?

4. (a) How does the initial drop in moderator level, following
a minor load reduction, differ from that following a
major load decrease or rejection?

(b) How does the subsequent rise in moderator level differ
and how might this affect the reactor if the load is not
restored quickly?

(c) Why, in the case of load reduction, is the final modera­
tor level lower than the initial level before the reduc­
tion?

5. (a) When is a sudden substantial load increase or demand most
likely to occur?

(b) In general, how does such a load increase modify the mod-
o erator level response in 4- (b), when it occurs as in

5' (a)?

(c) How does the rate at which such a load increases affect
moderator level response?

A. Williams
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Nuclear Theory - Course 127

REACTOR STABILITY

Many aspects of reactor theory have been considered, par­
ticularly those effects or changes which cause changes in reac­
tivity, eg, xenon buildup and temperature coefficients.

Two factors which can affect the inherent stability of a
reactor are temperature changes and xenon poisoning.

Temperature and Reactor Stability

When a study is made of the stability of a reactor, the
regulating system and its response to various conditions in the
reactor is normally included. The reactor itself may be more or
less inherently stable. However, depending on its temperature
coefficients, if an overall power or temperature coefficient is
negative, this will help to prevent power transients. (This was
demonstrated at NRX as discussed in the earlier lesson on the
effects of temperature changes.)

In addition to the large relatively slow transient, it is
also possible to have the reactor power oscillate with a high
frequency due to various time delays in the reactor and the
regulating system. Time delays can be associated with:

(1) The response time of the regulating system and control
metl:;lOd.

(2) The time associated with flux changes, ie, there is a
small interval of time between a flux disturbance oc­
curring in one part of the core and the change in flux
being detected by ion chambers in another part of the
core.

(3) The materials in the core (such as moderator) have an
appreciable heat capacity. This results in a time lag
between a change in power and the resultant tempera­
ture change.

If the system stability is good, any changes in power which
tend to start an oscillation are quickly damped out. In this re­
spect, the delayed neutrons are important since they tend to slow
down any change in reactor power.
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Because of the time delay associated with the heat capacity
of the core material, the fuel temperature coefficient or power
coefficient may have a more important influence on the reactor
stability than the other coefficients. A reactor may have an
overall positive temperature coefficient and still be inherently
stable, provided that the fuel temperature coefficient is nega­
tive. Even though the positive moderator temperature coefficient
is greater than the negative fuel temperature coefficient, the
response time of the fuel is considerably less than that of the
moderator. Thus, when an increase takes place in the power, the
fuel temperature rises soon after the power increase but modera­
tor temperature rise will be delayed because of its large heat
capacity and moderate thermal conductivity. Hence, a transient
increase in fuel temperature will be counteracted promptly by
the effect of the negative temperature coefficient long before
the positive moderator coefficient can have an effect. The re­
actor would, therefore, be inherently stable against transient
temperature changes.

Xenon Oscillations

When xenon and samarium buildup was considered, it was as­
sumed that the poisoning and the reactivity load applied to the
reactor as a whole. No account was taken of the possibility of
localized changes in xenon poisoning which can have a very im­
portant effect on reactor stability.

Suppose, for the sake of argument, that the automatic con­
trol system is "frozen" and unable to change reactivity one way
or the other when the xenon poison has reached equilibrium con­
centration. Now suppose that a small decrease in flux occurs.
This wi~l decrease the rate of removal of xenon without appreci­
ably changing its rate of production. The xenon concentration
increases and; since the control system is unable to counteract
the xenon load, the reactor becomes subcritical. The flux de­
creases further, there is a further increase in xenon, and the
reactor "poisons out".

Many hours later, after all the iodine has gone and the
xenon has decayed, there will be enough reactivity for the reac­
tor to become critical, since the control system is still frozen.
The flux will increase and more xenon will be removed and the
reactor becomes supercritical. It will remain supercritical
until the xenon builds up sufficiently for it to become sub­
critical once more. So the flux and power will oscillate, and
the effect is known as XENON OSCILLATIONS.

The above considerations suppose that the regulating system
remains frozen whereas, normally, the regulating system counter­
acts any flux disturbance as soon as it takes place, and thereby
keeps the reactor power constant. However, a local disturbance
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can be set up in a reactor by on-power refuelling, for example.
Refuelling causes a sudden localized lowering of xenon concen­
tration which, in turn, causes the flux to increase in this lo­
cality. The above cycle is, then, initiated unless corrected
by the regulating system. However, corrective measures by the
regulating system may not be effective if the reactor is so
large that different regions in the reactor function as indepen­
dent units.

If the neutrons produced in one region of the reactor do
not cause significant fissions in another region, then the two
regions can act independently of one another. The criterion that
determines whether or not this is possible is the degree of neu­
tron leakage from the one region to the other. In a reactor such
as NPD the core is small enough to permit a disturbance started
in one region to have an effect in another region. The xenon
and flux changes would therefore affect the whole core and a
regulating system based on flux measurements in one locality can
correct the flux disturbance and prevent xenon oscillations from
being initiated.

If the reactor is large, or if different regions of the
core are separated by a region of high neutron absorption,
leakage of neutrons between regions is very small. A distur­
bance started in one region has little effect in another region.
Thus, if a flux increase occurs due to the fuel change in one
region, a nonregional regulating system would compensate for
this and maintain steady power by lowering the flux in another
region to keep the average flux across the core constant. This
would set up a xenon oscillation in the second region exactly
out of phase with that in the first region. When the first re­
gion becomes supercritical the second region becomes subcritical
and when the first region becomes subcritical the second region
becomes ~upercritical.

The period of the flux and power oscillations in anyone
region is about 20 to 30 hours. Such oscillations of power are
most undesirable and so, in large reactors, different regions of
the core must have some independence of control. Neutron absor­
ber rods are better suited for such independent control. As at
Douglas Point, regional absorber rods are regulated by an inde­
pendent control mechanism fed by independent local flux detec­
tors. At the same time, moderator level control is used for
general reactor regulation.

ASSIGNMENT

1. Ca) What basic condition helps a reactor to be stable
to temperature changes?
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1. (b) What factors may cause high frequency power insta­
bilities?

(c) How can a reactor be inherently stable, even though
the condition in (a) is not satisfied, provided that
it has a negative power or fuel temperature coeffi­
cient?

2. (a) Why are xenon oscillations more likely to occur in
a large reactor than in a small one?

(b) Describe how such xenon oscillations occur in such
an inherently unstable reactor.

(c) How are such xenon osci~lations prevented?

A. Williams
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Nuclear Theory - Course 127

SAFETY CONSIDERATIONS

No combination of engineering know-how and protective de­
vices will guarantee an accident-free station. However, first
emphasis must still be placed on the prevention of accidents and
the reduction of probability of hazards arising. In the event
of failure of the measures taken to prevent accidents occurring,
further consideration must be given to measures which can be
taken to reduce the consequences of such accidents.

The description of the measures which can be taken may well
be a summary of the various topics already discussed in the
Nuclear Theory Course and therefore this final lesson may, to
some extent, summarize aspects of nuclear theory which are perti­
nent to plant safety.

Classification of Hazards

Hazards to personnel and equipment have to be considered
and these may have little or nothing to do with reactor regula­
tion or protection. For convenience, three categories of hazards
are defined as follows:

(a) Normal Hazards - These are hazards which are always
present because of the character of a nuclear-electric
generating station or because of conceivable errors in
operation. Exposure to radiation is a typical example
of tnis type of hazard.

(b) Minor Emergencies - Such emergencies are caused by mal­
functioning of controls or by unexpected failures of com­
ponents. An example of such a minor emergency is the
drift that may occur in the set point of a tripping de­
vice. Another example is that of low flow in one reactor
channel causing boiling which in turn causes a power
transient because of the void coefficient.

(c) Major Emergencies - These are produced by circumstances
beyond the control of anyone associated with the design,
construction or operation of the station. They may be
defined as a nuclear incident which could not be or was
not stopped by the regulating or protective devices.
Typical consequences of such emergencies would be the
release of fission products inside and outside the sta­
tion, or even the melting of the reactor core.
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Avoidance of Normal Hazards

The occurrence of normal hazards can be reduced or elimina­
ted by applying the following principles during the design, con­
struction or operation of the station:

(a) Shielding around radioactive sources or areas should be
such as to maintain personnel exposure to well below the
allowable levels. An exposure bank or reserve can then be
~ accumulated for maintenance or emergencies.

(b) Fixed area monitors should be installed or portable moni­
tors carried which alarm when there is an unexpected in­
crease in the radiation field.

(c) Door interlocks should be provided which prevent access to
certain areas during periods of excessive radiation levels
and which also prevent such excessive radiation levels
when access to such areas are possible.

Such
showers,
aids

(d) Contamination of personnel must be kept to a minimum.
factors as personnel monitoring, protective clothing,
and change room and laundry facilities, are important
in this direction.

(e) Contamination levels throughout the station should be kept
as low as possible. SWipe checks should be taken at regular
intervals to ensure this. Regular cleaning and decontamina­
tion is required with spills cleaned immediately. Cross con­
tamination is avoided by using a zoning system.

(f) Gaseous and liquid effluents must be carefully monitored and
controlled.

(g) Adequate facilities should be available for transportation
and disposal of spent fuel and radioactive waste.

(h) All operating and maintenance personnel should receive
thorough training in all aspects of nuclear-electric
generating station operations. Radiation Protection train­
ing should be included and all training should be slanted
so as to develop a "safety attitude" in all station per­
sonnel.

(i) It is desirable that personnel, who will eventually operate
the station, should participate in the commissioning and
testing phase and that at least some should be closely as­
sociated with the design of the station.

Reducing the Probability of Minor Emergencies

The probabilities of minor emergencies occurring are, of
course, reduced when normal engineering safety considerations
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are applied. Thus, only equipment and material should be used,
the performances of which under various operational conditions
are either accurately known or can be determined. There shoUld
obviously be strict adherence to applicable codes and regula­
tions and inspection and testing shoUld be a schedUled feature
of procurement, construction and operation. In addition, the
following principles shoUld also be applied:

(a) Reactivity control mechanisms must be such as to prevent
unsafe reactivity rates of increase or unsafe temperature
increase rates.

(b) It is desirable that the reactor has inherently safe ther­
mal nuclear characteristics, ie, the net temperature co­
efficient of reactivity is negative and the reactor at
least partially self-regUlating.

(c) Void coefficients shoUld not be excessively positive or
negative. Excessive positive coefficients cause large
transient power surges during the void formation. Exces­
sive negative coefficients cause the regulating system to
make violent corrective adjustments when the void occurs,
which resUlt in a power surge when the void collapses or
fills up.

(d) It is desirable that regulation shoUld be on two channels
to minimize the effects of instrument failures. It is an
added advantage to be able to inspect and test regUlating
equipment regularly during operation. This makes it de­
sirable to have triplicated regulating channels - adequate
regulation being achieved on any two of the three channels.

(e) All operations of a reactor should be carried out according
to a prearranged sequence. Interlock circuits are required
to ensure that such a sequence is followed and that an im­
proper sequence cannot be followed.

No operating sequence should be initiated unless sufficient
indication is always available of the condition of the re­
actor. If necessary, additional instrumentation must be
incorporated for the initial approach to critical.

(f) Audible annunciations and visual indications are necessary
to show that unsatisfactory conditions exist or are de­
veloping.

(g) A protective system is required to trip the reactor when
certain critical variables exceed or become less than a
predetermined limit. Such variables (eg, neutron power,
reactor period, high temperature, low pressure, etc) may
exceed or become less than the predetermined level because
of failure of the regulating system, lack of inherent safe
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characteristics or failure of components in any other sys­
tem. The protective system should cause a rapid decrease
in reactivity when such a variable causes a trip.

(h) Such a protective system should fail safe, ie, if an in-.
strument or component in the system should fail, a reactor
trip should be initiated. In order to prevent a single
component failure from causing a reactor trip, and in
order to enable regular testing to be carried out, three
protective channels are an advantage, adequate protection
being obtained when two out of three protective channels
initiate a trip.

(i) Audible annunciation and visual indicators should show
which variable caused a trip so that adequate investiga­
tion can be carried out following a trip.

Reducing the Consequences of Major Emergencies

The types of accidents which are likely to cause a major
emergency are:

(a) Loss of coolant which might result from a failure or break
in the heat transport system with a consequent appreciable
leak of coolant. This would likely set up voids in the
core with a resulting increase in reactivity and, if the
loss is severe, the fuel elements and coolant channels
would no longer be cooled and might melt.

(b) Loss of control on startup or on-power, due to the failure
of the regulating system to operate in such a manner as to
prevent a power excursion, and in addition the protective
system fails to trip the reactor. It is likely that,
under such circumstances, the coolant would boil causing
steam-blanketing of the fuel. This in turn leads to sheath
failure followed by melting or disintegration of fuel ele­
ments. If the fuel and coolant enter the moderator, enough
heat might be provided to boil the moderator sufficiently
to rupture the moderator system.
Such a loss of control can also occur from the shutdown
state as distinct from during a startup. A reactor is in
its most dangerous condition when it is shut down for the
reasons listed in a previous lesson.

(c) Loss of cooling which does not involve the immediate dis­
appearance of fluid from the heat transport system. It
merely indicates a decrease or cessation of normal heat
transport flow through any or all of the fuel channels,
due to pump failure, channel constriction or inadvertent
closure of isolating valves. Such a loss of cooling would
tend to result in the formation of a vapour blanket over
the fuel which, in turn, would cause excessive fuel tem­
peratures.
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(d) Loss ,of boiler water resulting from a break in the steam
main or from feedwater pump failure. Such an incident
would result in an immediate large drop in steam pressure.
This would in turn cause a demand for increased reactor
power, which should result in an overpower trip. If the
trip fails to operate, coolant boiling would probably re­
sult which would again cause excessive fuel temperatures.

Measures which are taken to reduce the consequences of a
major emergency include those already taken during the design
and construction of the station and those which will be taken if
and when the emergency arises. Possible measures which may be
taken are, briefly, as follows:

(a) Use of Containment Systems

Containment starts at the fuel itself. Uranium oxide is
able to contain a high percentage of the fission products
formed in it because of slow diffusion rates through the
high density oxide. The fuel is also sheathed and the
sheath acts as a fission product container. On sheath
failure, fission products are released into the heat trans­
port system and the heat transport system acts as a con­
tainment system and should be leak-tight.

However, if a failure or break occurs in the heat transport
system, additional containment may be required to prevent
the spread of fission products, especially if the fuel
melts or disintegrates as a result of loss of cooling. The
reactor and heat transport system are located within a
sealed containment shell designed to withstand any pressure
buildup which may occur as a result of the accident. Since
suc~ a shell has to house the reactor boiler plant and the
associated shielding and material-handling facilities, it
would of necessity be very large.

The shell would have to be thick enough to withstand pres­
sure increases of the order of ~O psia or more, and also to
withstand the thermal stresses resulting from the heat re­
leased. It would be impossible to reduce leakage from such
a vessel to zero under such pressures and therefore the
station would still have to be located in an exclusion area
large enough to allow radioactive fallout within this area.
In general, the erection of such a vessel increases the
plant cost by 3% to 5%.

(b) Use of Pressure Relief Systems

In this type of system the building itself may be used to
contain the radioactive materials. However, to avoid the
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effect of the initial pressure increase on the structure,
the initial blast resulting from the explosion is allowed
to escape through a relief duct into the atmosphere.

Fig. 2

Turbine Building
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a relief duct, as used in NPD, is shown in Fig. 1.
relief of pressure reduces the pressure buildup from

the explosion and the struc­
tural thicknesses required
to withstand such a pres­
sure. It is assumed that
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ann air only contains tri­
hum, since f',JeJ failure
will only occur subse~uent
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Pressure relief may be used,
as in Pickering G.S., as a

means of reducing the pressure buildup even though a con­
tainment shell is used. Such a pressure relief would re­
duce the thickness of the containment shell required. The
type of arrangement
proposed is as
shown in Fig. 2.
Each reactor and
associated heat
transport system
will be housed in
a 4-ft thick cyl­
indrical concrete
containment build­
ing. The reactor
buildings will
connect, through
ducts, to a re­
lief vessel. This
pressure relief
vessel will be
kept under a continuous vacuum. Any pressure increase in a
reactor bUilding will thus be relieved continuously into the
relief vessel.

Such
This

(c) Use of Pressure Suppression

Since most of the accidents that can be contemplated result
in a violent release of steam containing radioactive material,
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Fig. 3

Reactor :­
Vessel ~~~~~

Water

containment of the radioactive material is effected if all
the steam can be condensed. Such pressure suppression can
be obtained by allowing the pressure buildup to initiate a
dousing system which spray-cools the steam. The dousing
system may have to be used with a pressure relief system or
a containment shell. However, the shell would be thinner
and less expensive. It was estimated that, without dousing,
a containment system for NPD would have to withstand a ~O­
psia increase in pressure with 106 Btu of heat released.
In one Pickering unit, around 2.4 x 108 Btu of heat would
have to be dissipated during the type of accident envisaged;
yet at Douglas Point, with dousing but no pressure relief,
the maximum internal pressure estimated in the containment
vessel is only 6 psi. Consequently, the containment vessel
walls can be made of 4-ft thick concrete with a correspond­
ing thickness of steel in the dome. The leakage rate out
of this enclosure can be kept down to 0.1% of the total
volume per hour.

An alternative arrange­
ment is that shown in
Fig. 3. The reactor and
heat transport system
are contained in a dry
well filled with air or
carbon dioxide. The
dry well vents to a
water pool enclosed in
a vapour-tight con­
tainer. As pressure
increases in the dry
well, air and steam
vent into the pool,
where the steam is
condensed.

(d) Use of Injection Systems

Fuel failure and resulting fission product release inevi­
tably results from lack of heat removal. If the fuel can
be prevented from rupturing or melting, then the core re­
mains intact and the fission products are contained in the
fuel. A system can therefore be designed so that additional
fluid can be pumped into the system in the event of exces­
sive leakage. In D20 systems the initial injection would be
of D20 but should this be used up then to save the core, an
auxiliary H20 supply would be available as an additional
measure.

- 7 -
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(e) Use of Suitable Procedures

Despite the measures described above for reducing the con­
sequences of a major emergency, it is still very necessary
to establish a formal guide to cover the procedures that
should be followed in the event of such an emergency. Such
a gUide, in the form of an operating manual known as
Radiation Incidents and Emergencies, would indicate the
general method of handling such situations and serve as a
basis for training the station personnel and for carrying
out emergency drills. Such a manual would:

(1) Ensure adequate local arrangements and make provi­
sions for outside assistance.

(2) Indicate how to deal with the public and what post­
incident evaluations are required.

(3) Give guidance on the classification of the emergency.

(~) Give guidance on the assumption of command, the
setting up of co~~and points, the setting up of sec­
tors and the arrangements for surveying such sectors,
the general action to be taken and the method of as­
sembly of personnel.

Such a guide is discussed fully under Radiation Protection
Procedures.

ASS IGNHENT

1. Briefly define the three categories of hazards.

2. As briefly as possible, list three factors, incorporated
into the design of a station, which help to avoid normal
hazards.

3. What three operational measures can be taken to minimize
normal hazards?

It. List three "built-in" characteristics of a reactor or its
associated regulating system that help to reduce the proba­
bility of minor emergencies occurring.

5. Why is it desirable to have triplicated regulating and pro­
tective systems?

6. (a) What basic principles should be followed, in reactor
operation, to reduce the probability of a minor emer­
gency?

- 8 -



127.20-10

6. (b) How is it possible to ensure that such principles
are followed?

7. List the four likely causes of a major emergency.

8. (a) What are the various stages of containment of fission
products that are usually present in a nuclear-electric
generating station?

(b) What additional method of containment could be used
and what specifications would such a containment sys­
tem have to meet?

9. Briefly describe three other design measures that could be
used to reduce the consequences of a major emergency.

A. Williams
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