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Nuclear Theory - Course 227

OBJECTIVES

At the conclusion of this course the trainee will be able
to:

227.00-1 Nuclear Structure

1. Explain and use the ZXA notation.

2. Explain the concept of binding energy.

3. Discuss the stability of nuclei in terms of their neutron
proton ratio.

4. State the basic law governing radioactive decay.

5. State the relationship between decay constant (~) and half
life (t~).

227.00-2 Neutron Reactions

1. Differentiate between elastic and inelastic collisions.

2. Explain the importance of elastic collisions to the opera
tion of CANDU reactors.

3. State each of the four types of inelastic collisions, giv
ing an example of each (zAA type example is acceptable) •

4. Differentiate between spontaneous and induced fission.

5. Write the equations for the formation of 94PU239 in our
reactors.

6. Define:

a) Prompt Neutrons

b) Delayed Neutrons

c) Delayed Neutron Precursors

d) S - Delayed Neutron fraction

e) v - Neutrons Emitted per Fission

f) Photoneutron.

g} Fast neutrons

h) 'I'hermal - 1 -neutrons
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7. Give the distribution of energy released by the fission
of U-235.

227.00-3 Neutron Cross Sections, Neutron Density and
-~~~,~,,~--~~~~.'."~''''''',_.,."~-~"----

Neutron Flux

1. Define:

a) Microscopic Neutron Cross Section and the uni t.s .

b) Macroscopic Neutron Cross Section and the uni ts .

c) Neutron Density and the uni t.S.

d) Neutron Flux and the uni ts .

2. Relate 0a' of and on,y •

3. Discuss how the microscopic cross sections of rr-238
and U-235 vary with neutron energy.

4. Write reaction rates.

5. Be able to extract data from the chart of the nuclides.

227.00-4 Thermal Reactors

1. Discuss the properties of a moderator including the
number of collisions required to thermalize a neutron,
scattering cross section, and absorption cross section.

2. Define the moderating ratio.

3. Explain the practical significance of the fact that
D20, compared to H20 has a lower scattering cross section
and requires more collisions to thermalize a neutron.

4. Discuss the effect of downgrading the moderator or
heat transport fluid.

5. Define lattice pitch.

6. Explain what "over moderated" means and why Hydro's
reactor are over moderated.

7. Explain why increasing or decreasing the lattice pitch
from its optimum value causes reactivity to change.
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227.00-5 Neutron Multiplication Constant and Reactivity

1. Define k both in words and in terms of the six factors.

2. State when the word definition is not valid.

3. Define and explain each of the six factors in k.

4. Sketch a neutron life cycle using the six factors
correctly.

5. State approximate values for each of the six factors.

6. Define:

a) Critical

b) Subcritical

c) Supercritical.

7. State and explain the significance of the four-factor
formula for k

co
•

8. Define and calculate values of reactivity and of
reactivity worths.

9. Calculate values of the six factors given a neutron life
cycle.

227.00-6 Neutron Flux Distribution

1. Discuss the functions of a reflector.

2. Discuss the effects of a reflector.

3. Explain why flux flattening is desirable.

4. Discuss the four methods of flux flattening used.

5. Sketch the flux shapes showing the effect of each of the
flux flattening methods.

6. Discuss the effect of reactor size and shape on neutron
leakage.

- 3 -
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227.00-7 Effect of Fuel Burnup

1. State and explain the units used for fuel burnup.

2. Explain why the combined reactivity worth due to U~235 and
Pu-239 initially increases then decreases with burnup.

3. Explain how and why each of the four factors of k ro changes
with fuel burnup.

4. Explain how and why the delayed neutron fraction (8) changes
with fuel burnup.

227.00-8 Changes in Reactor Power with Time

solve

Al1k
t

Q 13-L\k
IJ Po e ,

S-l1k
problems.

Given the formula, P(t) =

calculational type

Physically explain the effect of delayed neutrons on
changes in reactor power.

2.

1.

3. Explain the concept of the prompt jump.

4. Define prompt criticality and explain why it is un
desirable. Explain its dependence upon fuel composition
and fuel burn up.

227.00-9 Source Neutron Effects

1. State the sources of neutrons and their approximate
magnitudes.

2. State and use the formula S
00

3. Define and explain the significance of the subcritical
multiplication factor.

4. Calculate k in a subcritical reactor given appropriate
data.

5. State that, for a sub-critical reactor, the closer k is to
one, the longer it takes for power to stabilize after a
reactivity change.

- 4 -
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227.00-10 Power and Power Measurement

1. Explain how thermal power is measured.

2. Explain why neutron power must be calibrated to thermal
power.

3. Explain the reasons why neutron power is used for
control and protection of the reactor.

4. State the relationship between Reactor period and rate
log N. (For engineers: Prove the relationship).

5. Make an accurate sketch of the rundown of neutron power
after a trip justifying times and power levels used.

6. Discuss the rundown of thermal power after shutdown.

227.00-11 Fission Product Poisoning

1. Explain how xenon and iodine are produced in the
reactor and how they are lost from the reactor.

2. Write the differential equations for the concentration
of xenon and iodine and define each term.

3. State the magnitude of the production and loss terms
for xenon at equilibrium in our larger reactors.

4. Define Xenon Load and Iodine Load.

5. Explain what Xenon Simulation is.

6. Sketch and explain the behavior of xenOn after a trip
from full power.

7. State and explain the two conditions necessary for a
Xenon Oscillation.

8. Explain what a Xenon Oscillation is and how one may
be started.

9. Explain why samarium growth after shutdown is not a
problem.

- 5 -
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227.00-12 Reactivity Effects Due to Temperature Changes

1. Explain why a negative fuel temperature coefficient
of reactivity is desirable.

2. Give two undesirable effects of having a negative fuel
coefficient.

3. Explain why the fuel temperature coefficient is more
important than either the coolant or moderator temp
erature coefficient.

4. Explain why the fuel temperature coefficient is negative
and why its value changes from fresh to equilibrium
fuel.

5. Define the power coefficient and give a typical value.

6. Define the void coefficient.

227.00-13 Reactivity Control

1. List the various in-core reactivity worth changes, typical
magnitudes of the changes, and the time period over
which the changes occur.

2. Discuss general methods of reactivity control in terms
of their effect on the six factors of k.

3. Given a specific method of reactivity control
(eg, Moderator Level Control) discuss its advantages
and disadvantages.

4. List and discuss the advantages and disadvantages of
each of the presently used shutdown systems.

227.00-14 The Approach to Critical

1. Explain why the initial approach to criticality is
potentially hazardous.

2. Explain how inverse count rate is used to predict the
critical value of the controlling reactivity mechanism.

J. Crist
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Nuclear Theory - Course 227

NUCLEAR STRUCTURE

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 nuclc~ar species wi th a given Z and a given A is called a
nucZide. To distinguish a particular nuclide it is written in
the form ZxA where X is the chemical symbol for the element.
Nuclides wi th the same Z but different A are called isotopes.
Every element has a number of isotopes .,.. most have both stable
and unstable - some have only 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 -2 7 kg. It carries
a positive charge of 1.60210 x 10..- 19 coulombs (C), equal in
magnitude to the negative charge of the electron, and it is a
stable particle.

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
nucleus. A free neutron decays to a proton with the emission
of a S- particle and an antineutrino, a process which has a
half-life of 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
millisecond. The instabili ty of the neutron is therefore of no
consequence in reactor theory.

Nuclear Masses

The mass of atoms are conveniently expressed in unified
mass units, or u. The actual mass of a nucleus is measured
on the unified mass scale, such that the mass of the C 12 atom
is precisely 12 u, and hence 1 u = 1.660438 X 10- 27 kg.

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 con
tains 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

August 1980 - 1 -
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mixture of stable oxygen isotopes (0.204% 0 18
, 0.037% 0 17 and

the rest 0 16
). In many calculations this slight distinction

(about 3 ppm) is insignificant and the atomic mass, denoted by
A, is used rather loosely.

Equivalence of Mass and E~~9Y

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

/::"E = /::"mc 2

where /::"E is the energy change expressed in joules, Am is the
accompanying change in mass given in kilograms and c is the
velocity of light, equal to 3 x 10 8 meters per second.

A convenient and very common unit of energy in nuclear
physics 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 = 1.6021 x 10- 19 joule

1 keV = 10 3 eV

1 MeV lOG eV

Using Einstein's formula it can readily be shown that
converting 1 amu of mass yields ~93l MeV of energy.

Binding Energy

The mass of the proton is 1.00728 u, and the mass of
the neutron is 1.00867 u. The actual mass of a nuclide is
not equal to the total mass of its individual nucleons, the
difference being called the mass defect. This mass defect is
a consequence of the equivalence of mass and energy and arises
from the binding energy of the nuclide. This is the energy
required to split the nuclide into its individual component
nucleons. Experimental results (Figure 1) show that except
for a few light nuclides, the binding energy per nucleon in
the nucleus, increases rapidly as the size of the nucleus in
creases up to about A = 60, but for greater values it de
creases again gradually. This means that nuclei of inter
mediate mass are more strongly bound than the light and the
heavy nuclei. Thus energy may be released by combining two
light nuclei (fusion);

2.0147 3.0169

) 2He 4

4.0039 1.0087 masses tu)

- 2 -

Here 0.019 u is converted to 17.7 MeV.
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Or by splitting a heavy nucleus into two nuclei of intermediate
mass (fission) i

U 2 3 5
92 )

235.044 1.009 94.903 138.918 2.017 Mass
( u)

Here 0.215 11 is converted to 200.2 .MeV.
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Figure 1

Binding Energy vs Mass Number

Nuclear Forces

Between two electric charges of the same sign there is a
repulsive force which is called a Coulomb force. Since nuclei
may contain a large number of positive proto.as each repelling
the other due to Coulomb forces it is clear that there must be
other forces present which are attractive. These are short
range nuclear forces. They act between all adjacent nucleons,
whether n-p, n-n, or p-p, and drop off rapidly on separation of
the nucleons.

- 3 -
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227.00-1

The lighter stable nuclei contain equal numbers of
neutrons and protons (eg, Gel), B01~, yF 11 a 1 ). 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 0 r for heavier nuclei
to remain intact more neutr'ons are n"qui re:'; ; c: ~,upp bind
forces between all particles to overcome the struptive Coulomb
forces. As a result, the nip ratio requ for stability
gradually increases from one in light Duel to about one vi a
half in heavier nuclei. 'I.'his increase 1.11 t 1:(' ratio for
stable nuclei is shown in Figure 2.

It should be noted that t.his is a
cannot explain all the facts of nuclear s

Number of
Neutrons,

N = A - Z

Figure 2

Neutron/Proton Rati
- 4 -
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For reasons of no particular significance to us, there is
a limit to the number of excess neutrons a nucleus can live
with, and as a result the heavy nuclei are all unstable and
there are no naturally occurring elements having a value of A
greater than 238.

Nuclear Energy ._f::~vels

A nucleus is said to be in its ground state when the nu
cleons 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 excited slate and the excess of energy is called excita
tion pnergy. Th0 potential energy does not take on a continu
ous range of values, hut has discrete values which are termed
energy le,;, :;. For heavy nuclei these energy levels have a
minimum separation of aLout 0.1 MeV, for light nuclei this sep
aration is much qreater.

All the lldt:nrally occurring nuclides heavier than lead
(2 = 82) and a few lighter nuclides are unstable and are
naturall0 radioactil'. They decay by emitting either an alpha
particl (helium nucleus) or a beta particle (fast electron) .
In most cases h n resulting nucleus, or daughter, is produced
in an excited state. It then decays to its ground state by the
emission of one more gamma photons. Usually, but not always,
this occurs ins~antaneously, ie, within 10- 14 seconds of the
formation of ths daughter.

Radioactivit.y is governed by only one fundamental law,
namely that the probability of a radionuclide decaying per unit
time is constant and independent of external conditions. This
constant is called the decay constant and is denoted by \.

Thus the rate of change of single kind or radionuclide is:

dN
dt O~ -\N

where: N Number Density in ATOMS/cm 3

\ = decay constant In l/s

The solution to this simple differential equation is:

N (t) -At:::: Nae

- 5 -
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The time for the number of atom::, to be
half of its original value is called the h

rninished t.O one
f···Ufe (t~).

Thus:

- }. t,~. \

N (t) ,~'N No
I= - e

~
- At. "~

..- e

9n~ --" - ~\ t);,

" 69 :3
t~

u .
.-

The activity of a sample is simply the umhpr E disinte
grations per unit time or N. The his tor unj t ()} de t i vi
is the Curie (Ci), which is 3.7 x lOl~ disintegrations per
second (dps). The SI unit for activi is the erp[ (Bq).

1 Bq :=:; 1 dps

ASSIGNMENT

1. Calculate the mass defect and the binc'!: l1', energy for 6 C 1 3 •

2. In your own words, explain binding energy.

3. Xenon-135 has a half-life of 9.10
decay constant?

- 6 -

4. Sketch a graph of activity versus time, in half lives,
for a radionuclide assuming that:: the nrtivity is Ao a.t
time zero.

J.D. Burnham
J.E. Crist
A. Broughton
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Nuclear Theory - Course 227

NEUTRON REACTIONS

Nuclear reactions can occur as a result of collisions
between various particles or gamma photons and nuclei.
Charged nuclear particles, such as protons, deuterons
(deuterium or HZ) and alpha particles, need to have a large
amount of energy (tens of MeV) before they are abl~ to over
come 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 effective
ly, even when they have very little energy. In fact,
generally speaking, there is a greater chance of a reaction
occurring with low rather than high energy neutrons, because
the former arc in contact with the nucleus for a greater
length of time.

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
eZastic or ineZastie coZZisions, depending on whether kinetic
energy is conserved in the collision or not.

Elastic Collisions

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

Vz

o

v

Figure 1

Elastic Collision

July 1979 - 1 -



227.00-2

For example, in Figure 1 a neutron with speed VI strikes
a nucleus of mass A and bounces off at lower speed V2. The
nucleus of mass A recoils with speed v, and if kinetic energy
is to be conserved, the kinetic energy received by A has to be
equal to that lost by the neutron. After the collision the
neutron will therefore be moving at a slower ed (ie,
V2 < vd .

The fraction of its initial energy that the neutron Joses
in such a collision depends on two things:

(a) The angle at which the neutron hits,
(b) The mass A of the target nue] us.

The maximum energy loss occurs when the D0utron hits the
nucleus head-on, and the least energy is lost in a glancing
collision. The pool sharks amongst. you wU 1 De well aware of
this - the difference here is that the angle at which the neu
tron will hit the nucleus will be quite random. Consequently
the angle at which it bounces off is OJ 1 so q .t: c:mdom. That
is why we say that the neutron is scatte n the process.
The term elastic implies the conservatio of Kinetic energy
and therefore these collisions are descrihpd y the term
elastic scattering.

The lighter the target nucleus is, the greater is the
fraction of the energy that a neutron will lose in these col
lisionse Since this is the reaction with wh t1 ast neutrons
are slowed down in the moderator, we want L:i t m)de.cat_or nuc
lei (ie, Atomic Mass Number less than 16 or so) if we are
going to slow the neutrons down in as few collisions as possi
ble. Otherwise the neutrons will travel large distances be
fore they are slowed down thus making a physically large reac
tor. To emphasize this point, Table I s c; the number of
elastic collisions neutrons have to make ill various materials
to slow down from 2 MeV (the average energy with which they
are produced at fission) to thermal ene (0. 25 eV)*.

Note that for the heavy U 238 nucleus, ve
of elastic collisions would have to occur before
would be slowed down to thermal energy_

large number
the neutron

- 2 -

*At thermal energy, the neutrons have the same energy as the
atoms or molecules with which they are colliding. At room
temperature, this is about 0.025 eV.
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TABLE I

Number of Elastic Collisions to Thermalize
Fission Neutrons in Various Materials

HI 18

H2 (deuterium) 25

H2 O (light water) 20

D20 (heavy water) 36
C 12 (graphite) 115
U2 :J 8 2172

Inelastic Collisions

Instead of bouncing off, the neutron may enter a nucleus
to briefly form what we call a co ound nucleus. In such a
reaction, kinetic energy is not conserved and it is therefore
known as an 'tnelastie c~ollision. Basically what happens is
that some of the neutron's kinetic energy is taken by the com
pound nucleus. As a resul.t it becomes unstable in the sense
that it cannot exist for very long in this state (ie, for no
longer than about 10- 14 seconds), and the reaction that then
occurs will be one of a number of alternatives described below.

1. The compound nucleus may get rid of its excess energy by
emitting a neutron and a gamma photon. An example of this

is shown in Figure 2. A neutron is shown entering a U-238 nu
cleus to form a. U-239 nucleus. This immediately emits a neu
tron (anyone) and a gamma photon to become U-238 again. The
end result is still a slowing down of the neutron because the
energy it has lost has been given to the gamma photon.

o
n

Figure 2

Inelastic Scattering

- 3 -
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This reaction is known as inelastic scattering;
"scattering" because the direction of the emitted neutron is
again quite arbitrary. One of the peculiarities of this
reaction is that it cannot occur unless the neutron has an
initial energy of at least 0.1 MeV (this figure only applies
to heavy nuclei like uranium; for lighter nuclei, around
3 MeV or more would be needed before the reaction becomes
possible. These figures are based on the possible energy
levels discussed in lesson 227.00-1.) From a reactor point
of view, we can ignore inelastic scattering everywhere except
in the fuel itself, because only there will the neutron
energies be large enough for it to happen.

2. An alternative to inelast: scatter j"J that t compound
nucleus may emit either a proton or an alpha particle,

and in this way form an entirely new element. Look at
Figure 3, which shows such a transmutation of oxygen-16.

o
n

8 016 8017 Nib

---?» @ ------~ ~ .,_._----- ~
,,

,
@

\
~
p

Figure2
Transmutation (n,p)...J:;;;.__

This reaction may be written as

, ~ 1 6
n + 80'" _. 7N + P

or you may prefer the short-hand version 0 15 (n,p)N 16
• The

N-l6 is radioactive and emits high energy gamma radiation.
It presents a radiation hazard in any region containing
oxygen-16, that has recently been exposed to high energy
neutrons. For example, oxygen-16 is present in water
(either H20 or D20), and if this water has recently flowed

- 4 -
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through the reactor, some of the oxygen-16 will have been
changed to nitrogen-16, and this will now emit high energy
gamma radiation.

Although transmutation reactions - (n,p) or (n,a) - are
relatively rare, there are two more which are of interest to
us:

B 1 0(n,a)Li 7
: Reactor instrumentation (ion chambers) for

monitoring the neutron population in a reactor
operates with this reaction. This reaction
releases 2.5 MeV of energy, which shows up as
kinetic energy of the helium and lithium nuclei.
They lose this energy by producing a large
amount of ionization in the counter, and this
can easily be detected, even in the high gamma
radiation background of a reactor environment.
Boron is also used for reactivity control.

He 3 (n,p)H 3
: Very sensitive reactor instrumentation makes

use of this reaction, because it occurs much
more readily than the one above. He-3 counters
were first used in Ontario Hydro for the first
start-up of the Pickering and Bruce reactors.

3. The most conunon neutron reaction of all is also an
inelastic type of reaction. It is called radiative

capture, because the compound nucleus has captured a neutron
and it then radiates a gamma photon. Radiative capture can
occur for practically all types of nucleus, and at all
neutron energies. Generally speaking, it is more probable
for slow neutrons than for fast neutrons.

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

o
n

H 2 H 3 8 3

--~)-~ ------->® ------->@

i
y

Figure 4

Radiative Capture (n,y)
- 5 -
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Radiative capture is important for two reasons:

(a) Non-fission neutron capture in core mater Is is, in a
sense, undesirable. However, if the non-fission capture
is with U-238 (giving U-239) there is a bonus in the
subsequent transmutation of the U-239 ~o Pu-239. Pu-239
is a fissile nuclide and thus extends fissile component
of the fuel.

(b) The product nucleus formed marc", time ttlan not is radio-
active and might present a radiation haz For example,
corrosion products circulated by the heat transport
system will be activated as they pass through the reactor
core. When they later plate out in is s tern, the whole
system becomes a radioactive hazard, 11 remain so
even if the reactor is shut down ( ~r the De tron source
is removed). The three most troublesome activation products
in our reactors are cobalt-60, manganese-~6. and copper-64,
and they are produced in this way.

4. The final
fission.
use it to
new ones.

reaction we are going to consider is called
The word is borrowed from the biologists, who
describe the breaking up of cell into two

The Fission Reaction

Production of nuclear power relies on fact that some
nuclei will fission, and that energy is released durinq
this fission process because a loss of mass occurs (~E~6mc2).
There are two types of fission; spant B and in ced.

In this reaction, a nucleus fissions entirely spontaneously,
without any external cause. It R a rare
reaction, generally only possible f nuclei with atomic
masses of around 232 amu or more. l\s the atomic mass number
increases g spontaneous fission becomes more and more probable.
One could argue that there is an intin umber of heavy
elements which do not exist, because they are not stable
against spontaneous fission cay). The table on Page 7 shows
the spontaneous fission and alpha cav rates of the U-235 and
U-238 isotopes.

- 6 -
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TABLE II

spontaneous Fission And Alpha Decay Rates of Uranium

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

2

(years) (years) (atoms/s/kg) (atoms/s/kg)

U-235 7.1 x 10 8 1.2 X 10 17 79 X 10 6 0.3

U-238 4.5 x 10 9 5.5 X 10 15 12 X 10 6 6.9

From this table you will be able to appreciate that
spontaneous fission has no significance in the production of
power. (About 10- 12 % of full power.) Nevertheless, it is
important in that it represents a small source of neutrons in
a reactor.

(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 fissioned by neutron
energies likely to be found in a reactor. In practice,
we are then dealing with neutrons ranging from 10 MeV
down to thermal energies.

Practical Fission Fuels

The only nuclei of practical importance to us are the
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 (thermaZ fissions) is
much more probable than fission with fast neutrons (fast
fissions). This is an important (and desirable) nuclear
property, and such nuclides are said to be fissiZe. 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 fissionabZe. It makes a small direct
contribution to the power produced in a reactor, (about 3%) .

Fissile describes a nucleus that can be fissioned by
thermal neutrons but such a nucleus can also be
fissioned by neutrons of any energy.
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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:

92U
238 + n -------'~ 9 2 U 2 3 9

= 24m \

\
93 Np

+ Y

'J + , y

t~ = 2~4d

+ E1 _,'(

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
fissionable it is much more likely to capture another
neutron to form fissile Pu-24l. A significant fraction of
the total power produced by fuel during its life in our
reactors is due to fission of the fissile pll1tonium isotopes.
We will deal with this in more detail later on in the course.

Fission Fragments

The fission fragments formed when spontaneous or in
duced 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.

Figure 5 (on Page 9) shows the relative frequency for
nuclides of specific mass numbers produced as fission
fragments. Such a curve is known ~s a fission yieZd curve
(since two fragments are produced per fission, the area
under the curve adds up to 200%). 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 probably. Note that symmetrical fission
(equal fragments) is quite rare.

- 8 -



227.00-2

100.-----

Fission
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130
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Figure 5

140 1~0 160

Fission Yield of U-233, U-235 and Pu-239

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 suc
cessive S-,y decays until stability is reached. A typical de
cay chain is shown in Figure 6 (on Page 10). All the members
of such chains are known as fission products.

The half-lives of fission products range from fractions of
a second to thousands of years. (It is this activi ty 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. As long as
the fission products remain in the fuel and the fuel remains
adequately shielded there is no biological risk.
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Figure 6

Fission Product Decay Chain

(a) Continued: 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 equip
ment 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.

(d) Some of the fission products have a high affinity for
neutrons and thereby poison the reactor. The two
most important poisons are Xe-l35 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 thleE~ neutrons and
some gamma photons. These are called prompt neutrons and
prompt gammas.

Figure 7 (on Page 11) shows the energy distribution of
prompt neutrons. The average energy is about 2 MeV, al
though 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
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fission product daughters. For example:

Br 87 ) 8 + 36 Kr87
3 5

t~ = 55 s

3 6 Kr 87 } 8 6 + on l
3 sKr

10-14 S

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.

w

Figure 7

Prompt Neutron Energy Spectrum

Nuclei such as Br 87 whose production in fission may
eventually lead to the emission of a delayed neutron are
known as delayed-neutron precursors. 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 precursors and their respective half-lives
are given in Table II (on Page 12). They are usually divided
into six groups according to their half-lives.
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TABLE III

Delayed-Neutron Precursors

(Uncertain Quantities are Indicated by Brackets)

Precursor Half-life and Group
(Seconds)

Br 87 54.5 Group 1.

II 37 24.4 Group 2

Br 88 16.3
II 38 6.3
Br (89) 4.4 Group 3

Rb (9 3 9~ 6
II 39 2.0

(Cs,Sb or Te) (1.6-2.4) Group 4

Br (90 92) 1.6

Kr (g 3) -1.5

(I 14O + 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 (called the delayed neutron fraction;
S) is only 0.65% of the total neutrons produced. With Pu-239,
the delayed neutron fraction is even less at 0.21%. Despite
the fact that these fractions are quite small, they have a
very important effect on the time dependent behaviour of
thermal reactors. We shall discuss this aspect of delayed
neutrons in a later lesson.

Table IV (on Page 13) gives the probability of a particu
lar number of neutrons being emitted in the thermal fission
of a U-235 nucleus. This includes both prompt and delayed
neutrons.
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TABLE IV

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 a
very important quantity in reactor physics. It is usually
denoted by the Greek letter v ("new"). For thermal fissions
of U-235, v = 2.43. (Fast fissions, ie, fissions caused by
fast neutrons, usually produce marginally more neutrons.) It
is also interesting to compare the number of neutrons
released per thermal fission of Pu-239 and Pu-24l since
both of these plutonium isotopes build up in our fuel after
a while.

TABLE V

Values of v for Thermal Fissions

Fissile Nucleus v

U -235 2.43

Pu-239 2.89

Pu-241 2.93
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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 Figure 6 on page 10:

U235 + n --73 aSr 9
5 + 5'+ Xe 1 3 9 + 2n92

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

This corresponds to almost 200 MeV. A summary of how
this energy is distributed is given in Table VI.

TABLE VI

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

a particle energy gradually released from
fission products

y ray energy gradually released from fission
products

Neutrinos (energy escapes from reactor)

100 MeV

69 MeV

5 MeV

6 MeV

7 MeV

6 MeV

11 MeV

Total 204 MeV

This is not a complete account of all the energy re
leased in the reactor. 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.
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Not all of this 200 MeV of energy from fission is useful
or desirable. The principal useful heat is due to the kinetic
energy of the fission fragments. This shows up as heating of
the fuel from which the heat is transferred to the heat trans
port fluid. Most of the neutron and about one third of the
gamma energy (~5-6% of the total) shows up as heating of the
moderator. This is essentially wase heat which must be re
jected. The energy due to decay of the fission products makes
up about 7% of the total fission energy. This has a major
effect on reactor design since this energy shows up as heat for
a long time after essentially all fissioning has ceased. Because
of this decay heat we must have a shutdown cooling system for
normal shutdown conditions and an emergency core cooling system
in the event that normal cooling is lost. As demonstrated at
3 Mile Island, even when shut down a reactor is still producing
about 1% of its full thermal power.

Reactor Power and Fuel Consumption

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 fission every second.

One Megawatt steady power requires 3.1 X 10 16 fissions
every second continous1y. 3.1 X 10 16 atoms of U-235 have a
mass of:

3.1 X 10 16
X 235

6.023 x IOn 1.21 x 10
8

kg

Therefore, to produce 1 Megawatt-day of energy from fission
requires the complete fissioning of:

1.21 X 10- 8 :~ 24 x 3600 :::: 1.0 X 10- 3 kg = LOg U-235

The first requirement for producing useful power from the
fission process is that: enough U-235 nuclei must be available
for fissioning. This requirement is met by installing suffic
ient 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 prac
tice this is not sO;-because some U-235 ('V14%) 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 MW gross electrical power). It would
therefore use about 290 kg of natural uranium a day on this
basis. Because Pu-239 (and Pu24l) is produced in the fuel
after a while, this contributes substantially to energy produc
tion, and the amount of fuel used is consequently smaller.
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Production of Photoneutrons

Prompt and delayed neutrons are produced as a result of
fission. If no further fissions occur, no more prompt or
delayed neutrons will be produced. This is not the case with
phD toneutrons.

Photoneutrons are peculiar to reactors with heavy water
moderator or heat transport fluids. They are produced when

photons with energies greater than 2.2 MeV are captured by
deuterium nuclei:

After the reactor has been operating for a while, it
will have built up in the fuel an inventory of fission products
whose gamma decay photons have an energy greater than 2.2 MeV.
Even when the reactor is shut down, this photoneutron source
will persist because the gamma rays from decaying fission
products can still produce photoneutrons in any heavy water
present in the core. Even if the moderator has been dumped,
heavy water will always be in the core as heat transport
fluid. Therefore in our heavy water cooled reactors we always
have a relatively large neutron source (compared to the
spontaneous fission source) with which to start the reactor
up again after a shutdown.

ASSIGNMENT

1. Explain why we use materials with a low atomic mass for
moderators.

2. Table!I shows the spontaneous fission rate for U-238 as
6.9 fissions/s/kg. Is this fission rate of any
signifigance? Explain your answer.

3. How long will it take delayed neutrons to come into
equilibrium after a power change?

J.U. Burnham
J.E. Crist

- 16 -



227.00-3

Nuclear Theory - Course 227

NEUTRON CROSS SECTIONS, NEUTRON DENSITY AND NEUTRON FLUX

Neutron Cross Sections

Let us have a look at the various reactions a neutron can
undergo with a U-235 nucleus:

As mentioned in lesson 227.00-2:

1. If the neutron energy is greater than 0.1 MeV,
inelastic scattering may occur. If the neutron
energy is less than this, there is no chance of
this reaction happening.

2. The neutron may just bounce off (elastic scattering),
and this can happen at all neutron energies.

3. The neutron may be captured (radiative capture).

4. The neutron may cause fission.

Radiative canture and fission are much more likely for slow
neutrons than for fast neutrons, and fission is always more
probable than radiGtiv2 capture.

Thu:3 we a ro aL.'ays comparing the chances in favour of the
various reacti,ns ing place. It is the probability of a
certain reaction occurring that is important. Some reactions
are more prabab Ie ';7i 1:.. h some nuc lei than ~!lith others or more
probable with s~me neutron energies than with others. Because
these reactions are concerned with a neutron striking a target,
namely a nucleus, the rrobability that a certain reaction will
occur is measured in terms of an area, called the Neutron CroBB
Sect1:on.

To understand this cross-3ection better, imagine the neu
trons as being bullets shot at the target in Figure I, instead of
at a nucleus. When the neutron misses the target altogether, no
reaction takes place. The areas of the various rings on the
target represent the chance of various reactions occurring.
Thus the area, d, of the complete disc, being the easiest to hit,
represents the probability of the easiest reaction occurring.
The area to the outside of the single-hatched ring, c, repre
sents the probability of the next easiest reaction occurring.
Area b represents the probability of the third easiest reaction
occurring and area a, of the bull's eye, the probability of the
most difficult reaction occurring, since the bull's eye is the
most difficult to hit. The areas of these rings can be such
that the probability of an area being hit by a bullet is equal

- 1 -
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to the probability of a reaction occurring between the neutron
and the nucleus. The area of the ring is, then, the cross
section for that particular reaction. Because these cross
sections apply specifically to individual nuclei, they are known
as microscopic cross-sections.

I

I

I

I

I,
I
'(

I
I I I

1-+ a ~l I
I I

I~ b-----?>l

I

!.( c >'
d ~

Figure 1

Needless to sar the ring areas"~re extremelY,small, being
of the order of 10- 4

, 10- 23 or lO-£! square centlmeters.
A special unit, called t~e barn, is therefore used to describe
these cross-sections.

The barn is of the same sort of size as the physical target area
(nr 2

) presented by a medium sized nucleus.

If a reaction has a large cross section, say 100 b, it will
occur much more frequently than one that has a small cross
section, say 0.1 b. In fact, it is exactly 1000 times as likely.
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As was pointed out earlier, when there are a number of
possible reactions with a given nucleus, each one would have
its own cross-section. The Greek letter 0 (sigma) is used
as the symbol for the microscopic cross-section, and so:

Of = fission cross section

°a = absorption cross section

0 = radiative capture cross sectionn,Y

°i = inelastic scattering cross section

Os = elastic scattering cross section

Oa is usually the radiative capture cross section, ie, 0n'Y'
Only in those few cases where fission is also possible, (le,
of t 0), 0a would include of and 0n'Y since a neutron is
absorbed in both cases;

ie,

since both fission and radiative capture involve a complete
absorption and loss of the neutron. So, to repeat, for
nuclides with of = 0, 0a is merely 0n,Y.

Cross sections depend very much on the neutron energy.
Generally speaking, they are a lot larger at low energies than
at high energies. For example, the fission cross-section Of for
U-235 for neutrons of thermal energy is 580 b, whereas it is
only just over 1 b at MeV. In other words, fission of U-235
is about 500 times as likely for thermal neutrons than for fast
neutrons. This very nicely illustrates what the moderator does
for us.

For your interest, Table I lists the thermal neutron cross
sections of fuel nuclei. It might be quite instructive to
have a look at these numbers and see what we can make of them.

In the table 0a is shown as of + 0n'Y' since both processes
involve a complete absorption of the neutron.
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Thermal Neutron Cross Sections of Fuel Atoms (in Barns)

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

Of °n'Y °a ~JS

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

Only 86% of the thermal neutrons absorbed by U-235 cause
fission. You can see that this is just the fraction Of/Ga. Note
also that U-233 gives the greatest percentage of fission per neutron
absorbed (of/oa = 92%) i this is a very desirable aspect of U-233,
and for this reason it may well be used in future reactors.

The values for natural uranium were obtained by using 99.3%
of the U-238 values and 0.7% of the U-235 values. Looking at
the table, you can see that for natural uranium Of = 4.18 b,
on,Y = 3.40 b and hence 0a = 7.58 b. This means that for every,
say, 758 thermal neutrons absorbed in natural uranium, 418 will
cause fission. Since these fissions can only occur in U-235,
we will get v = 2.43 new neutrons produced per fission. The 418
fissions will therefore generate 418 x 2.43 = 1016 new neutrons.
This means that for every thermal neutron absorbed in natural
uranium fuel, we will on average get back 1016/758 = 1.34 new
ones.

In our reactors this is a sufficient number because we have
relatively few neutron losses in reactor materials (in other
words, the absorption cross-sections of the reactor materials we
use are small enough). However, the u.S. reactors use a light
water moderator. Light water has an absorption cross-section
that is almost 700 times greater than that of heavy water. As a
result, the light water absorbs so many neutrons that 1.34 new
neutrons for every neutron absorbed in the fuel are not enough.
They therefore use enriched fuel, ie, the U-235 concentration is
greater than the naturally occuring one of 0.72%. You might
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like to work out for yourself (using the values given in
Table I) what difference an enrichment of 2% U-235 makes
(2% enrichment means 2% U-235 and 98% U-238).

Now that we have described what cross sections are, let
us take this discussion a little further. Imagine I cm 3

cube of a certain kind of material, and let this cube contain
n thermal neutrons. These n neutrons are all zipping around
inside the

1
, ,

\ / ;t / 1• I •
~ ..•

• I ~ ..-.
~/)-t- - - -- -

;

;'/ • X

cube with velocity v and they will make collisions with the
nuclei sitting there. We will assume that there are N nuclei
in the I cm 3 cube, and that their absorption (n,y) cross
section is 0. It turns out that the number of neutrons
interacting (ie, being absorbed) per second is given by:

R = nV.NO e ( I)

R is called the reaction rate. Intuitively you can see that
the expression for R seems reasonable, because:

( a) The larger n, the more neutrons will make
collisions

(b) The larger their velocity, the more nuclei they
will get to hit in a certain time,

(c) The larger the number of nuclei present (N)
the more will be hit, and

( d) The larger the cross-section, the greater is the
probability of getting a hit.
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This result is quite general, and if we were to use of
instead of Oa in the expression, R would be the nwnber of fis
sions per second. The quantities N and a are both character
istic of the so-called target material, and therefore they are
often combined to form the

macroscopic cross section L = No (2 )

L is the capital a, and note the spelling macroscopic instead
of miroscopic.

The units of L will be cm- I
• For example, let us work out

La for natural uranium. N is 0.048 X 10 24 nuclei/cm 3 and from
Table 1 aa is seen to be 7.58 barns.

L: a = Na

= 0.048 X 10 24

0.36 cm- I

1

cm 3
) x 7. 5 8 x I 0- 2 4 (cm 2 )

What does this mean? Well, please take my word for it that
liLa, which is a distance, is the average distance a neutron will
travel before being absorbed in the material. That is, thermal
neutrons zipping around in natural uranium will travel an average
distance of 1/0.36 - 2.8 cm before they are absorbed.

Appendix B gives the values of La for all of the elements
and for light and heavy water. The cross-sections apply to
thermal neutrons only. This table has been included for interest's
sake only, but it do~s bring out which materials have high neutron
capture cross-sections and which don't.

To return now to equation (1), we can write it as

R = nv.L (3)

n is the number of neutrons per cm 3
• We call this the neutron

density, for rather obvious reasons.
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nv is called the neutron flux. It is the total distance
travelled by all the n neutrons in 1 cm 3 in one second, since
each of them will cover a distance v. The Greek letter ¢ (phi)
is always used for neutron flux. Its units are

neutron cm
cm 3 s

It represents the total neutron track length per unit volume per
unit time. We therefore end up with

R = ¢L

To see what sort of use these ideas have, let us look at an
operating reactor that has an average thermal neutron density of
100 million, ie, n = 108 cm- 3

• This is a typical figure. The
speed of thermal neutrons is still quite high, it is in fact
2.2 km/s, that is 2.2 x 105 cm . s _l (or 5000 m.p.h., if you like
to look at it that way). Therefore, this reactor has an average
neutron flux

If the reactor uses natural uranium, the the absorption
rate per cm 3 of fuel is

¢L a = 2.2 x 10 13 x 0.36 = 7 x 10 12 S_l

If the reactor contains 10 6 cm 3 of fuel (ie, 1 m3
) then

there will be

7 X 10 12
X 10 6 = 7 X 10 18 neutron captures per second.

Going back to Table I, you can see that 4.18 in every 7.58 neu
trons captured will cause fission. We will then have

~:;~ x 7 x 10 18 = 3.8 X 10 18 fissions per second.

We saw earlier that 3.1 x 10 10 fissions per second will produce
1 watt, therefore in this case the reactor is producing

~:~ ~ i~~~ watts = 123 x 10 6 W = 123 MW (thermal)

Chart of the Nuclides

We have now covered all the material necessary to
chart of the Nuclides which is included as Appendix C.
self-studying this course, a few minutes spent studying
explanation of the chart will be time well spent.

use the
For those

the
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Variation in Cross Sections

As mentioned, neutron cross sections are highly energy
dependant. The variation in cross section is not a simple
function of neutron energy. Figure 2 shows the variation
of the absorption cross section of U-238 with energy. Of
particular interest here are the pronounced peaks between
~5 eV and ~l keV. These are called resonance absorption
peaks and the corresponding energies resonance energy. The
cross sections are so high in these regions that a large
portion of the neutrons at these energies will be absorbed.

10000

1000

I
\

100
\!

°a II \
barns 10 J \

\

\

1

0.1 10 100 1 k 10 k 100 kIM 10 M

Energy (eV)
Variation of the absorption cross section of U-238
with neutron energy.

Figure 2

a ex

All cross sections have some energy dependance. At low
energies most cross sections are inversely proportional to
the neutron velocity, ie,

1 1
or

v ;r

Variations from this normal behavior will be covered
when they have an effect on overall behavior of the reactor.
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Variation of the absorption cross section
of U-235 with neutron energy.

Figure 3

ASSIGNMENT

1. Explain what a microscopic neutron cross section is.

2. If 100 thermal neutrons were absorbed by natural uranium,
how many fast neutrons would be produced? What is the
significance of your answer?

3. Using the Chart of the Nuclides, trace the radioactive
decay of U-238 to a stable nuclide.

4. If a thermal neutron interacts with a U-235 nucleus,
calculate the probability that the interaction will be
a scattering reaction.

J.U. Burnham
J.E. Crist
A. Broughton
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Nuclear Theory - Course 227

THERMAL REACTORS (BASIC DESIGN)

When a U-235 nucleus fissions an average of 2.5 neutrons
are released in addition to the energy. This suggests that
these neutrons could be used to cause additional fissions thus
creating a chain reaction. Assume we have natural uranium
(0.72% U-235) as fuel. Let us start with some numbers of fis
sion neutrons (say 1000). These neutrons have an average
energy of about 2 MeV (see Table 4, lesson 227.00-2). Since
the fission cross-section of U-235 is about 1 barn at this
energy it seems reasonable to "slow" the neutrons to low energy
where the fission cross-section is much higher (580 barns for a
neutron energy of 0.025 eV). We can rapidly reduce the energy
of a neutron by having it undergo elastic collisions with a
light nucleus (H, He, C, etc). As a result we obtain neutrons
which are in thermal equilibrium with their surroundings and
are therefore called "thermal neutrons". At a temperature of
20°C a thermal neutron has an energy of 0.025 eV.

During the slowing down process the neutrons pass through
the resonance absorption energies of the U-238. If the fuel
and moderator were intimately mixed (homogeneously) too many of
the neutrons would suffer resonance capture and a chain reac
tion could not be sustained. If, however, we separate the fuel
into discrete locations within the moderator, ie, using fuel
channels, the neutrons can slow down away from the U-238 thus
avoiding resonance capture.

At thermal energies the neutrons diffuse around until they
are absorbed by the fuel, or leak out of the reactor, or are
absorbed by something other than the fuel (moderator, fuel
sheath, pressure tubes, etc). By careful choice of reactor
materials we can limit the non-fuel or parasitic absorption.
In addition we can reduce leakage by careful design of the size
and shape of the reactor. Of the neutrons absorbed by the fuel,
some will cause fission while others will simply undergo radia
tive capture. If enough of the neutrons cause fissions to give
us the 1000 neutrons we started out with then we have a self
sustained chain reaction. We can define a neutron multiplica
tion factor (k) for this reaction as:

_ number of neutrons in one generation *
k - number of neutrons in the preceding generation

*Note that this definition is only valid when the effects of
source neutrons (photoneutrons and spontaneous fission neu
trons) are negligible.

- I -
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For the chain reaction to be self-sustaining k ~ 1.
deal with k in more detail in the next lesson. The
of this lesson will deal with moderator properties,
neutron leakage, and spacing of the fuel channels.

We will
remainder
reducing

Moderator Properties

The primary objective of a moderator is a lot easier to
express than to achieve: the fission neutrons must be slowed
down to thermal energies without being absorbed. Let us exam
ine the latter 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 ~2 MeV (fission neu
trons) down to 0.025 eV (thermal neutrons). Absorption by
moderator atoms can obviously be minimized by choosing a mod
erator with a sufficiently low absorption cross-section, but
for fuel the argument is rather more subtle.

Recall that U-238 exhibits a number of severe absorption
peaks between 5 eV and 1 keV. It is essential to minimize
resonance capture, and one way of doing this is to ensure that,
in the slowing down process, the neutron energy loss per col
lision is as high as possible. For example, consider the mod
erators in Figure 1 (for the sake of simplicity the resonances
have been smoothed out) .

10 KeV 1 MeV

Moderator 2

Neutron energy
changes by
large amounts

,~
I

.01 eV

Moderator 1

, I , ~ h-Neutron energy

/1 1 I' II changes by
I , I II small amounts

,II ,I, r I

II II, \ I
I 1'1 i I

I II I
/1 I, I I I

!!II ' I I I

.01 eV eV lod ev 16 KeV £McV

Figure 1

Effect of Moderator on Resonance Capture
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Moderator 2 thermalizes the neutrons in far fewer collis
ions that 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. If they do collide, they
will almost certainly be captured. The conclusion is that there
will be less resonance capture in U-238 with Moderator 2 than
with Moderator 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 neutron energies are too low, and even with uranium
nuclei it is only possible down to about 100 keV. In any case,
it is relatively unimportant. Elastic scattering with fuel
nuclei may be ignored, because the energy loss per collision is
negligible) .

In an elastic collision the energy lost by a neutron de
pends on the mass of the target nucleus and the angle of colli
sion. Since the angle of collision is totally random, a mathe
matical function can account for its effect. By manipulating
equations for conservation of momentum and conservation of ki
netic energy we could prove that, the most energy is lost when
a neutron collides with a target of equal mass and that for
targets of general mass A the energy lost is a simple function
of the mass of the target.

It takes a number of collisions for a fast (2 MeV)neutron
to slow to thermal energy (0.025 eV) and the larger the mass of
the target nucleus, the larger the number of collisions re
quired. This is due to the fact that a smaller portion of the
neutron's energy is lost per collision. The mathematical func
tion used to express this is the mean logarithmic energy decre
ment ~ (xi).

N~ = Ln

Where:

and

E.
1

E f

~ = mean log energy decrement
N = number of collisions to thermalize

E. = initial neutron energy
E~ = final neutron energy

N~ = total E loss going from Ei to Ef
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Table I shows the accurate values of ~ of a number of
light materials which might be suitable as moderators.

TABLE I

Mean Logarithmic Decrements

, ;

~
Collisions to

Thermalize

HI * 1. 000 18

H2 * 0.725 25

He 4 * 0.425 43

Be 9 0.206 83

C I 2 0.158 115

H2O 0.927 20

I
D20 0.510 36

BeO 0.174 105I I

I I!

*Gases at STP

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 colli
sions actually occur. This implies that the probability of a
collision must be high, that is ~s should be large. Recall
that:

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 effectiveness of a material for slowing down
neutrons is measured by the product ~~s which is known as the
Slowing Down Power.
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Table II shows the slowing down powers of the solid and
liquid moderators. The value of the slowing down power is also
shown to demonstrate the unsuitability of a gas.

TABLE II

Slowing Down Powers and Moderating Ratios

E,; Ls (cm- 1) (a) E,;Ls La E,;Ls/La

He(b) 0.425 2lxlO- 6 9xlO- 6 ? very small ? large

Be 0.206 0.74 0.15 1.17xlO- 3 130

C
(c)

0.158 0.38 0.06 0.38xlO- 3 160

BeO 0.174 0.69 0.12 0.68xlO- 3 180

H2 O 0.927 1.47 1.36 22xlO- 3 60

D2 0 0.510 0.35 0.18 O. 33xlO- 4 (d) 5500(d)

D2 0 0.510 0.35 0.18 0.88xlO- 4 (e) 2047(e)

D20 0.510 0.35 0.18 2.53xlO- 4 (f) 712 (f)

I

(a) LS values of epithermal neutrons
(ie, between ~l and ~1000 eV)

(b) at S.T.P.
(c) reactor-grade graphite
(d) 100% pure D20
(e) 99.75% D20
(f) 99.0% D20

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 com
pared to fission captures, and obviously the whole purpose of
moderation would be defeated if the moderator nuclei themselves
captured neutrons.

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

E,;Ls
Moderating Ratio = --La
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We are now in a position to draw some interesting conclu
sions from Table I.

H20 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 La is
too high to permit its use as a moderator for natural uranium
fuel, and enrichment is necessary.

Be, BeO and graphite have lower values of La, and can be
used with natural uranium fuel provided the fuel is in metal
form. The use of natural uranium compounds with more attrac
tive physical and chemical properties (such as U02 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 moderator with natural uranium
metal fuel (their earlier Magnox stations), and in the early
160s they changed to graphite with enriched U02 fuel (the AGR
stations) .

In the U.S., an abundance of U-235 produced for weapons
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 relatively poor moderator.

You can see from Table I 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 U02.

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

For the same reason the isotopic purity of D20 must be
kept high. The addition of 0.25% H20 to pure D20 more than
doubles the capture cross-section. Thus, the isotopic purity
of moderator D20 is kept at 99.75% by weight or better. This
is known as reactor-grade D2 0. As you might surmize from the
moderating ratio, it would be difficult if not impossible to
keep the reactor critical if the isotopic were allowed to drop
to 99%. For a more practical approach, Figure 2 shows the
change in reactivity with moderator isotopic. Downgrading of
the moderator by only 0.1% will introduce about -4 mk. (By
contrast downgrading of the heat transport fluid is less im
portant simply because the volume is much less. Thus, down
grading of the heat transport fluid to 95% isotopic will in
troduce about -5 mk.)

- 6 -
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-50

-40
Reactivity
Worth

-30
mk

-20

-10

Moderator

P.H.T. ----
99% 98%

Isotopic

Figure 2

97%

Effect of Moderator or P.H.T. Downgrading

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
ln 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 electrons in a metal,
is too complicated to include in this course, and we shall
therefore restrict ourselves to the pictorial representation in
Figure 3.
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Figure 3

Neutron Diffusion In A Moderator

A fission neutron born at A is thermalized after several
collisions and arrives at B. The average distance between A
and B in a Candu reactor is about 25 cm. After slowing down
the neutron diffuses to C where it is absorbed. The distance
BC is about 30 cm. These are known as the mean "crow-flight"
distances and are straight line displacements not total dis
tance travelled.

The crow-flight slowing down distance determines the op
timum distance between adjacent fuel channels. This spacing
is called the Lattice Pitch. Figure 4 shows the approximate
variation of k (the neutron multiplication factor), with lat
tice pitch.

Note that if the lattice pitch varies in either direction
from its optimum value, k will decrease. If the pitch is in
creased we have extra moderator and some neutrons are being
unnecessarily absorbed by the moderator before they reach the
fuel. In this case the reactor is said to be overmoderated.
If the pitch is decreased, we don't have enough moderator and
some neutrons reach the fuel while still at resonance energy
thus more are absorbed wastefully by the U-238 resonances. In
this case the reactor is undermoderated.

All of Ontario Hydro's reactors are overmoderated. The
reasons for this are physical rather than nuclear. The pres
sure tubes must have sufficient separation to allow the
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fueling machine access to the end fitting on either end of the
fuel channel and the calandria tubes must have sufficient sep
aration to allow space horizontally and vertically for control
mechanism guide tubes.

Overmoderating our reactors by a small amount has very
little effect as you can see by looking at the decrease in k
on Figure 4 for the PGSA reactors.

The behaviour of k with Lattice Pitch has an additional
benefit in that any significant accidental rearrangement of the
reactor structure makes the reactor less reactive, for example,
core disassembly in a melt down.

ASSIGNMENT

1. What is the practical significance of the fact that D2 0
is poorer at slowing down neutrons than H2 0 ?

2. Explain why changing the lattice pitch from the optimum
value causes a decrease in reactivity. Why is this a
safety feature?

J.E. Crist
A. Broughton
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Nuclear Theory - Course 227

NEUTRON MULTIPLICATION FACTOR AND REACTIVITY

In the previous lesson the neutron multiplication factor
(k) was defined as:

k = no. of neutrons in one generation
no. of neutrons in the preceeding generation

This definition is only valid if the neutron power is high
enough that the effect of source neutrons (photoneutrons and
spontaneous fission neutrons) may be ignored and if k itself
is not changing. A more precise way to define k is as the
product of six factors, each of which represents a possible
fate for a member of the neutron population. Thus:

Where:

£ (epsilon) = Fast Fission Factor. The factor by which the
fast neutrons population increases due to fast
fission.

£ =
No. of neutrons from No. of neutrons from
thermal fission + fast fission

No. of neutrons from thermal fission

A typical value is about 1.03 for natural uranium fuel

p = Resonance Escape Probability. The probability
that a neutron will not undergo resonance
capture in U-238 while slowing down.

No. of neutrons leaving
resonance energy range

p = No. of neutrons entering
the resonance energy range

July 1979
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A typical value is about 0.9 for natural uranium fuel.

n (eta) = Reproduction Factor. The number of neutrons
produced by thermal fission per neutron absorbed
by the fuel.

fuel
In = V f
I fuel

a

=
I fuel

V f
fuel

I f + L fuel
D,Y

A typical value is about 1.2 for natural uranium fuel.

f = Thermal utilization. The fraction of the thermal
neutrons absorbed by the fuel compared to neutrons
absorbed in the whole reactor.

f =
L fuel

a
L total

a
reactor

A typical value is about 0.95 for a CANDU reactor core.
Note: Fuel must be defined the same way for both n & f.

A
f

= Fast Non-leakage Probability. The probability
that a fast neutron won't leak out of the
reactor. A typical value is about 0.995.

At = Thermal Non-leakage probability. The probability
that a thermal neutron won't leak out of the
reactor. A typical value is about 0.98.

The first four factors, which depend only on the materials
of construction, are frequently grouped together and called the
multiplication factor for an infinite reactor (kro ).

This is normally referred to as the "four-factor formula".

The last two factors are leakage factors which depend on
the size and shape (ie, the geometry) of the reactor. Figure 1
shows how each of the factor relates to the neutron life cycle.

- 2 -
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A thermal neutron which is absorbed by the fuel may be
absorbed by fissile material (U-235 or Pu-239) or by non
fissile material (Fission Products, U-238, etc). If it is
absorbed by fissile material it may undergo radiative capture
or cause fission. If it causes fission, v fast neutrons will
be produced. The reproduction factor (n) accounts for all
of this. Thus for N thermal neutrons absorbed by the fuel
Nn fast neutrons are produced.

As U-238, Pu-239, and U-235 all have small but finite
fission cross-sections for fast neutrons, the fast neutrons
can cause additional fissioning to take place. This results in
an increase (~3%) in the fast neutron population. The fast
fission factor (E) accounts for this increase in the fast neutron
population. Thus for Nn fast neutrons from thermal fission we
get ENn fast neutrons from fast and thermal fission.

The two factors E and n are essentially properties of the
fuel and the magnitude of the product En fixes the tolerable
limits of the other factors which can be rAgarded as design
variables. That is the product pfhfh t ~ _l_

En.
While slowing down the fast neutrons may reach the boundary

of the reactor and leak out. To account for this reduction in
the population we have the fast non-leakage probability (hf).

The fast neutrons may also suffer resonance capture while
slowing through the resonance energy range. The resonance escape
probability (p) accounts for this. Thus for Nsn fast neutrons
starting the slowing down process Nsnphf neutrons reach thermal
energy.

A certain percentage of the thermal neutron population will
diffuse to the boundary and leak out. We use the thermal non
leakage probability (hth ) to account for this loss.

The remaining thermal neutrons will either be absorbed by
the fuel or by the core material. The thermal utilization factor
(f) accounts for this. Thus for NEpnfhfht thermal neutrons,
NEpnfhfht are absorbed by the fuel.

From Figure 1 you can see that if we divide the number pf
neutrons in the (i + l)th generation by the number in the i th

generation we have: N fA A
k = Epn f t

N = Epnfhfht

When k = 1 the reactor is said to be critical. If k is unity
and the effects of source neutrons are negligible, neutron power will
be constant in a critical reactor. It is important to realize that
a reactor may be critical at any power level and that telling some
one that a reactor is critical tells them nothing about the reactors
power output. By analogy; if I tell you that a car is not acceler
ating, do you know how fast it is going?
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If we want to increase power we must make k greater than
one by reducing the losses, with respect to fission, of neutrons.
The reactor is then said to be supercritical. Power will continue
to increase as long as k is maintained at a value greater than
one.

To reduce power we must increase the losses of neutrons
thus making k less than one. The reactor then is said to be
subcritical and power will decrease until the source neutrons
become significant. (This point will be covered in detail in
lesson 227.00-9.)

Reactivity

A reactor is critical when k = 1. The factor that
determines how subcritical or supercritical a reactor may be,
is the amount by which k differs from 1.

A quantity called reactivity, is used to describe changes
in k which are called reactivity changes. Reactivity is
defined as:

k - 1
k

For values of k close to 1 (eg, 0.98 to 1.02) which easily
encompasses our normal operating range.

Reactivity may be approximated as

6k = k-l

This is the accepted meaning of reactivity in Hydro.

The reactivity changes that are made for normal reactor
control are always quite small, and they are measured in a
unit called the milli-k or mk. (This is not strictly a unit
but is a fraction, 1 mk is the same as 0.1%, ie, 0.001).

For Example: k = 1.002

6k = k - 1

= 1.002 - 1

= 0.002 or 2 mk

A typical CANDU reactivity control system such as the liquid
control zone at Bruce and Pickering have a range of about 6 mk.

- 5 -
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ASSIGNMENT

1. Put your text and your notes away. Now, write the six
factor formula, define each of the terms, and sketch the
neutron life cycle with the terms used correctly.

2. Calculate the exact value of reactivity for k = 0.95.

3. Calculate each of the six factors for the neutron life
cycle shown below.

415
Undergo Radiative

Capture

816
Thermal Neutrons
Absorbed by the

Fuel

50
Thermal Neutrons
Absorbed by Non
Fuel Materials

33
Thermal Neutrons ~
Leak Out

899
Neutrons are
Thermalized

401
....__~-~ Cause Fission

*'

975
Fast Neutrons
From Thermal
Fission

25
Fast Neutrons
From Fast
Fission

1000
Fast Neutrons
from Fast & Ther
mal Fission

- 6 -
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Fast Neutron
Absorbed by U-238
Resonances

7
Fast Neutrons
Leak Out J.E. Crl.st
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Nuclear Theory - Course 227

NEUTRON FLUX DISTRIBUTION

From neutron diffusion theory it is possible to derive the
steady state flux distribution in a reactor. Since the flux is
not normally the same everywhere in a reactor, its distribution
or shape is obviously of importance because it will determine
the distribution of power generated in the core. Generally the
flux has a maximum at the centre of the core, and drops off to
zero outside the moderator volume because there is no thermal
neutron source there.

In a cylindrical reactor, shown below, there are two di
rections along which the flux distribution is considered.
These are the axial direction, ¢z' and the radial direction, ¢r'
from the centre of the reactor.

+----,.,
I

I
I

\
\
\
I
I
I
I

/
/

I---~z

\
\
\ ,,

o

H

Figure 1

Neutron Flux Distribution in a Cylinder

The thermal neutron flux ¢(r,z) at a point (r,z) in the
cylinder is given by:

~(r,z) = ¢m J o (2.~5r) cos (TI;)

where ¢m is the maximum flux. It occurs at the point O.
J o (2.405 r/R) gives the radial flux distribution. It is a
special function, namely a zero order Bessel function. Fortu
nately it is only marginally different from a cosine function.

Unfortunately the ratio of the
maximum flux (¢max) is only 27.5%.
the reactor depends on ¢avg.

average flux (¢avg) to the
The total power output of

July 1979
- 1 -



227.00-6

One way of increasing the average flux, hence the power,
is to increase the maximum flux, ¢max' However, ¢max is nor
mally limited by the maximum fuel heat rating, and this will
be reached first at the centre of the reactor. One way in
which the rest of the fuel can be made to contribute "its
share", is to deliberately flatten the flux distribution over
part of the reactor. For example, if the average flux can be
increased from 27.5% to 55% of the maximum, the same reactor
can supply twice the power.

The justification for flux flattening is therefore an
economic one. We will discuss flux flattening later in this
lesson but first we need to look at the loss of neutrons due
to leakage from the reactor.

Neutron Leakage

Knowing that Candu fuel is used in a reactor, let me
raise the question "Can a single fuel bundle be made critical
in a vat of heavy water?" The answer is no, because too many
of the fission neutrons escape from the fuel never to return
(ie, the non-leakage probabilities Af and Ath are too low) .

Now let us assemble more and more fuel bundles, properly
spaced, until the reactor is critical. The minimum size of
this assembly of fuel and moderator which will yield a self
sustaining chain reaction is called the critical size. For
fixed reactor materials and spacing, the critical size is
determined by:

1) the shape of the reactor

2) what happens to a neutron at the reactor boundary.

To illustrate the importance of shape, assume that eight
een fuel bundles assembled as shown below, with a D20 modera
tor and optimum lattice pitch (25.5 cm), make a critical mass.

- 2 -
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Now ask yourself "Would the same eighteen fuel bundles be crit
ical in a single tube surrounded by a D20 moderator?"

Figure 3

The answer is again no, because the leakage is far too great.

Both the effects of size and shape can be combined by ob
serving that the smaller the surface area of the core per unit
volume of the core, the smaller will be the leakage. Based on
this observation you would build a large spherical reactor (see
327.00-1).

The astute mechanical designers amongst you will recognize
that a spherical reactor would be very difficult (ie, expensive)
to construct, therefore, we use the next best shape - a cylin
der in which the height is approximately equal to the diameter.
The size of the reactor is essentially determined by how large
a turbine-generator unit the station is going to have.

All our reactors except NPD are quite large and thus have
minimal leakage (Pickering and Bruce, D ~ H ~ 6 m: NPD, D ~ H
~ 3.5 m). Neutron leakage can be further reduced by surround
ing the core with a substance which scatters or reflects neu
trons back into the core. Such a substance is known as a
refZector. An additional benefit of using a reflector is that
it produces a flatter flux distribution, and therefore better
fuel utilization.

The Function of the Reflector

Figure 4 on the next page shows the function of a reflec
tor diagrammatically. Figure 4(a) shows a "bare" core with
many neutrons escaping. In Figure 4(b) a substance has been
placed around the core to reflect most of the neutrons back
into the core.
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(a) (b)

Figure 4

The Function of the Reflector

It is evident that, with the reflector, more neutrons are
available for fission because the leakage is smaller. There
fore, the core size does not have to be increased 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.

Reflector Properties

Neutrons are reflected back into the core as a result of
scatterings with reflector nuclei; hence, a material with a
high scattering cross-section is desirable. It is equally
desirable that the reflector not absorb too many neutrons (low
absorption cross-section). These are the same things that we
desire from a moderator.

For this reason, the reflector usually is just an exten
sion of the moderator (approximately 70 cm for our large reac
tors). This has the advantage of (a) simplifying the design
of the reactor vessel and (b) obviating the need for a sep
arate reflector system.
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The Effects of Adding a Reflector

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

1. The thermal flux is "flattened" radially, ie, the ratio of
average flux to maximum flux is increased. This is illus
trated in Figure 5. The hump in the curve is due to the
fact that fast neutrons escape into the reflector and are
thermalized there. They are not as likely to be absorbed
there as they are in the core.

Core

Flux without
Reflector

Reflector

Flux with

,\:eflector

~

Figure 5

The Effect of a Reflector on the Thermal Flux Distribution

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 avail
able 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 available for fuel burnup.

Flux Flattening

For maximum power output from a given reactor, it is de
sirable that each fuel bundle contribute equally to the total
power output. As we have shown, in an unreflected (bare) reac
tor the average flux (¢avg) is only 27.5% of the maximum flux
(¢max). Thus the average fuel bundle is producing only one
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quarter of the power it could safely produce (assuming the
bundle which is exposed to the peak flux is producing the max
imum power it can safely produce) .

To improve this situation we attempt to flatten the flux,
ie, reduce the peak to average flux ratio:

For our reactors four methods of flux flattening are used:

1) Reflector (previously discussed)

2) Bi-directional refuelling

3) Adjuster rods

4) Differential burnup.

Bi-directional Refuelling

If adjacent fuel channels are fuelled in opposite direc
tions, as they are in our reactors, an automatic flux flatten
ing arises in the axial direction. The effect is illustrated
in Figure 6.

[

<P in
\ from

-
channel fuelled
left to right

Average <P

¢ in channel fuelled
from right to left

o Axial position

Figure 6

L

Effect of Bi-Directional Refueling

The effect is due to the fact that the newer fuel (at the
input end of the channel) will generate a higher flux than the
highly burned up fuel at the exit end. How much flattening is
obtained in this way actually depends on how many bundles are
replaced during refueling. From the point of flux flattening,
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the fewer the better; however, other considerations (discussed
in Reactor, Boilers & Auxiliaries, 133.60-2) largely determine
the number of bundles replaced. Even with the present refuel
ing schemes (8 or 10 out of 12 bundles at Pickering and 8 or 10
out of 13 at Bruce) some flux flattening is obtained. Addi
tionally, bi-directional refueling prevents the development of
the undesirable flux distribution which would result from uni
directional, partial channel, refueling (shown in Figure 7) .

¢ with uni-directional
refueling

¢ with bi-directional
refueling

o

Adjuster Rods

L

Figure 7

Effect of Unidirectional Fueling

Adjusters are rods of a neutron absorbing material which
are inserted into the central regions of the reactor to suppress
the flux peak which normally occurs there. The name adjusters
comes from their function (ie, adjusting flux) and they should
not be confused with control absorbers. Adjusters affect both
the radial and axial flux. Figure 8 shows the radial flux dis
tribution in a reactor with adjusters and one without. Note
that both flux curves are drawn with the same maximum flux;
thus, the reactor with adjusters gives a higher power output
for the same maximum flux.

The Pickering-A reactors use 18 adjuster rods (shown in
Figure 9) constructed of Cobalt. When Cobalt absorbs a neutron
it becomes Co-60 (27C059 + on I ~ 27C060 + y). The adjusters
are replaced periodically and the Co-60 is processed and mark
eted by AECL. The designs of Bruce-B, Pickering-H, and
Darlington include the use of 21 stainless steel adjuster rods.

Inasmuch as adjuster rods are normally inserted in the
reactor at full power, they represent a negative reactivity
contribution. To overcome this we must reduce the fuel burnup
by approximately 10%. This is reflected in slightly higher
fuel costs.

- 7 -
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~ Flux with adjuster
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R
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Effect of Adjuster Rods

In addition to flattening the flux, adjuster rods are
withdrawn to add positive reactivity for Xenon override.

Differential Burnup

Differential burnup is a method of flux flattening used
at Douglas Point and Bruce-A which avoids incurring the fuel
burnup loss experienced due to adjusters. For this purpose
the reactor is divided into two regions radially as shown in
Figure 9.

The fuel in Zone I is allowed to burnout approximately
1.5 times as much as the fuel in Zone II. With more highly
burned out fuel in the centre of the core there is less fis
sioning taking place, hence lower flux. The effect is shown
in Figure 10. Note that differential fueling gives flux flat
tening only in the radial direction.

Table I lists the present Ontario Hydro Reactors, the
methods of flux flattening used and the resultant peak to
average flux ratios.
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TABLE I

Reflector
Bi-Directional

Adjusters
Differential ¢avg

Fuelling Burnup ¢max

NPD axial & I 42%
radial

Douglas radial I I 50%
Point

Pickering-A radial I I 57%

Pickering-B radial I I 60%

Bruce-A radial I rv59%

Bruce-B radial I I rv60%

Darlington radial I I I rv60%

The expression:

p = cp.M

relates the total power output P (in MW thermal) to the total
mass of uranium fuel M (in Mg U) for an average thermal flux cp.
You will appreciate that increasing cp without increasing the
maximum flux ¢m has enormous economic benefits. For instance,
the first four Pickering units cost 765 million dollars.
Without any flux flattening at all, ¢/¢m would have been
around 27%, ie, for roughly the same investment* we would have
got less than half the installed capacity.

*You wouldn't have had to pay for the D20 reflector and the
adjuster rods, and any loss in fuel burnup not off-set by
cobalt-60 production.

- 10 -
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ASSIGNMENT

1. Using sketches explain why a reflector is more important
at NPD than it is at Pickering.

2. Why do we flatten the flux ln Ontario Hydro's reactors?

3. Explain how each of the methods of flux flattening works.

J.E. Crist

- 11 -
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Nuclear Theory - Course 227

EFFECT OF FUEL BURNUP

The changes in the composition of the fuel as it is
depleted give rise to a number of effects which may be
described under the following headings:

1) Long Term Reactivity Effects
2) Reactor Kinetics Effects
3) Neutron Flux Distribution Effects

Burnup Units

Before discussing the effects of fuel burnup we must
first look at the commonly used units. Burnup is expressed
either in terms of:

(a) the total heat energy extracted per unit weight
of fuel, preferably expressed in MWh/kgU.
(Note: MWh is thermal energy not electrical energy.)

(b) the total neutron exposure (flux x time), of the
fuel, normally expressed in neutrons/kilobarn
(n/kb). This is a convenient but illogically named
unit arrived at by multiplying flux (neutron· em)

cm 3 • s

by time (s) and getting units of neutrons/cm2
•

Therefore:

1 n/kb ;=
1 neutron ;= 10 21 neutrons

10 3 x 10-24 cm 2 cm 2

Th O °1 d 10 21 neutron em ,
~s ~s more proper y expresse as cm 3

the total neutron track length per unit volume.

Long Term Reactivity Effects

The composition of the fuel will change quite significantly
during its life in the reactor. There are two predominant
effects: the burnup of fissile U-235 and the conversion of
non-fissile U-238 into fissile plutonium.

The rate at which these occur depends on the neutron flux,

dN
because the rate dt of neutron capture by nuclides

JUly 1979 - 1 -
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per unit volume, is given by

Where N is the number of nuclides/unit volume.
0a is the absorption cross-section per nuclide.

¢ is the neutron flux.

F U 235 d t · 1 fl f 10 14 neutron·cmor - expose to a yp1ca ux 0 3
cm ·s

it takes about four months to burnout half of the U-235 initially
present. Fortunately the burnout of U-235 is offset by the con
version of U-238 to fissile Pu-239 by the following scheme:

Np 239 > y + Q + 9"PU 239
93 t~ - 56 h ~ ~

The Pu-239 that is produced will eventually build up to
equilibrium when its rate of production will be equal to its
rate of removal (Of = 742b, 0n'Y = 27Ib). This will be at an
irradiation of about 3 n/kb. The Pu-240 formed by neutron
capture has properties very similar to U-238, but if it captures
another neutron it will form fissile Pu-241 (Of = l007b,
anY = 368b).

Therefore after a long period of reactor operation, power
will be produced from fission of U-235, Pu-239 and Pu-241.

Figure I shows the concentration of these nuclides as a
function of total flux exposure. Table I presents the same
data using both burnup units. Note that flux exposure and
energy extracted are not linearly related due to the variation
in the fission cross section of the fuel.

Of equal significance to overall long term reactivity is
the buildup of Pu-240 and neutron absorbing fission products
(other than Xenon which will be considered separately).
Figure 2 shows the approximate reactivity variation due to
the major factors just discussed.
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TABLE 1

Burnup Data*

n/kb MWh/kgU U-235 Pu-239 Pu-241
(g/kgU) (g/kgU) (g/kgU)

0 0 7.20 0 0

0.2 19 6.37 0.60 0.002

0.4 39 5.62 1.10 0.009

0.6 59 4.90 1. 48 0.025

0.8 79 4.30 1. 77 0.049

1.0 100 3.76 1.98 0.078

1.2 120 3.32 2.14 0.107

1.4 140 2.90 2.25 0.145

1.6 159 2.56 2.33 0.177

1.8 179 2.26 2.39 0.211

2.0 198 1. 98 2.43 0.245

2.2 216 1. 74 2.46 0.278

2.4 235 1.54 2.48 0.309

2.6 253 1. 35 2.49 0.338

2.8 271 1.18 2.50 0.366

3.0 289 1. 03 2.50 0.393

* The values shown in this table strictly speaking apply only
to the Pickering reactors, but they will be correct to
within a percent or so for all natural uranium, DzO
moderated reactors.

- 4 -



o
0.5

l.O

l.5

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

tv 1
tv 1-J.

2.0
0 1
0
I 1
-J

1

1

1

1



- 6 -

227.00-7

Initially the burnup of U-235 and its replacement by a
smaller number of Pu-239 nuclei ( 8 Pu-239 atoms created for
each 10 U-235 atoms burned up) leads to an increase in
reartivity. This is due to the higher fission cross section
of Pu-239. (of (Pu-239) = 742b; Of (U-235) = 580b).

At higher irradiations the U-235 is still being removed,
but the buildup of Pu-239 becomes less rapid as it approaches
its equilibrium level when the production of Pu-239 will equal
the removal due to absorption. Consequently at high irradiations
the reduction in the number of fissile nuclei causes a reduction
in reactivity.

The build up of Pu-240 produces a large negative reactivity
contribution due to significant neutron absorption ( 0a = 280 b).
This is partially offset by the buildup of fissile Pu-24l.
There is an initial rapid decrease of fission product reactivity
due mainly to Sm-149 ( 0a = 41,800 b) which reaches an equili
brium after about 300 hours of operation. This rapid decrease
is followed by a nearly linear decrease due to the continuing
creation of mildly neutron absorbing fission products.

It is also useful to examine how the four factors of the
infinite multiplication factor k oo vary with burnup.

Figure 3 is a graph of the predicted variation of k oo and
the four factors taken from the Bruce Design Manual. First
note that neither the fast fission factor (E) nor the reson
ance escape probability (p) show any significant variation and
can be assumed to be constant with respect to fuel burnup.
This is due to the fact that most fast fission and resonance
capture takes place in U-238 which constitutes -99% of the fuel
whether it is fresh or equilibrium fuel.
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The most important variation is in the reproduction factor
(n). Recall from lesson 227.00-5 that:

fuel
~ fn = ~

fuel
~ a

While all of the parameters in n change with irradiation,
the most important variations are:

1. Initial decrease due to Sm-149

2. Increase (to about 0.5 n/kb) - due to the buildup of Pu-239

3. Continuing decrease after 0.5 n/kb -due to burnout of
U-235 and the buildup of Pu-240 and fission products.

The thermal utilization (f) increases slightly due to
increasing absorption in the fuel relative to the core structural
materials. (Note that the buildup of Pu-239, Pu-240, Pu-241,
and fissions products all lead to increased absorption by the
fuel.)

Clearly at some point in time the value of k will go below
one and we no longer have a useful reactor. Normally we target
our reactors to operate at full power with small amounts of
positive reactivity (typically ~5 mk) available in addition
to the Xenon override capability. Figure 4 is a plot of the
actual excess reactivity at Pickering unit #1 for the initial
fuel charge.

After ~180 full power days daily onpower refueling
was started to maintain the target reactivity. At
this point in time the reactor is said to be at an equilibrium
fuel condition. From this point onward refuelling takes place
on a daily basis at a rate equal to the burnout rate; somewhere
between 8 and 18 bundles per day. Prior to this the reactor
is said to be in the fresh fuel condition. (Note: When speaking
of the entire reactor we refer to fresh or equilibrium fuel,
when refering to an individual fuel bundle it is either fresh
or irradiated.

- 8 -
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Reactor Kinetics Effects

The main effect on reactor kinetics is the change in the
delayed neutron fraction CB} with fuel burnup. Recall from
lesson 227.00-2 that BCU-235} = 0.65% and SCPu-239) = 0.21%.
The importance of this change will become apparent in the
lesson on Reactor Kinetics.

Neutron Flux Distribution Effects

As discussed in the previous lesson both bidirectional
refuelling and differential fuelling are useful for flux
flattening due to the different characteristics of fresh and
irradiated fuel.

Fuel Management Calculations

The Fuel Engineer on the station is responsible for ensur
ing that as far as possible, the optimum fuel cycle is used.

In other words, that maximum reactor power be maintained
with minimum fuel cost.

Various computer programs exist which are capable of fol
lowing the histories of the bundles in the core. For example,
such programs calculate the expected axial and radial power
distributions, the burnup of each bundle in the core and the
excess reactivity available. The validity of these calculations
can be checked by comparing the power distributions put
out by the program with those obtained from the flow rates and
temperature increases (~T) in the various channels. If there
are large discrepancies, the physics data of the program is
modified by intelligent guesses until eventually the agreement
between theory and practice is close enough.

The Fuel Engineer uses the output of such a program
(typically this might be run monthly) to help him decide which
channels to fuel when. Since the core is usually divided into a
number of annular zones of roughly equal ratings, (eg, there
are 8 such zones at Pickering), the fuelling rates per zone can
easily be derived. Even so, no rigid fuelling pattern is used;
the following criteria would have to be considered.

(I) Discharge of highest burnup fuel (this information is
obtained from the program) .

(2) High reactivity gain per channel fuelling (mainly
intuitive) .

- 10 -
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(3) No fuelling in high temperature areas if derating is
likely to be necessary (the reactor control computer
will print out a temperature matrix) •

(4) Symmetry

(5) Equal numbers fuelled per reactor quadrant (Douglas
Point) or per liquid control zone (Pickering & Bruce) .

(6) Alternate East and West fuelling.

(7) Effect on neighbouring channels.

(8) Experimental bundles.

(9) Priority must be given to channels known to contain
failed fuel.

After a channel has been fuelled, the corresponding
changes in bundle positions will have to be input for the next
run of the computer program. If the axial flux distribution
in the reactor is fairly flat, it might well be expedient
to fuel in so-called 8 or 10 bundle shifts. Figure 5 shows
the changes in bundle positions for an 8 bundle shift at
Pickering.

1\
f

8 Bundle Shift Positions
Flow----....~

k '\
//1 \

! ,./ I \
i/ I \

/ /~ \
, ,/ I I \

I /' I \
~ 14 i 5 [ 6lUJ~~~1:-:-1--r1---:-12=-\~

I

Pickering Axial Flux Profile
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At Pickering for example, the adequacy of the fuelling
program is assessed with the following guidelines:

(1) Reactivity variations within normal range liquid
zone level control.

(2) Maximum channel outlet temperature well below first
temperature alarm, and a minimum number of channels
above a specified power level.

(3) Minimum flux tilt, ie, zone levels similar.

(4) Channel burnup evenly distributed within each annular
zone - no significant over-irradiation of fuel.

We have control over items 2, 3 and 4 but for item 1 we are at
the mercy of fuelling machine performance.

- 12 -
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ASSIGNMENT

1. Explain (using appropriate formulas) the formation of
Pu-239 & Pu-241 in a CANDU reactor.

2. Explain how and why the reproduction factor (n) changes
from fresh to equilibrium fuel in a CANDU reactor.

3. Could the state of the fuel (ie, fresh or equilibrium)
make any difference in the ability to override Xenon?
Explain your answer.

4. Using Figure I calculate the total fissile content of
the fuel at exit from a Pickering reactor as a percentage
of the initial fissile content. Inasmuch as the
percentage you have calculated is rather high, explain
why the fuel isn't left in the reactor longer.

J.E. Crist

- 13 -



227.00-8

Nuclear Theory - Course 227

CHANGES IN REACTOR POWER WITH TIME

Reactor kinetics is the study of how neutron power changes
with time. As a preface to this discussion it must be recog
nized that neutron density (n), neutron flux (¢), and neutron
power (P) are all related by physical or design constants such
that they all behave in a similar manner. Their relationships
are:

P = EVL: f¢
¢ = nv

where:

P =
E =

Lf =
<P =
V =
n =
v =

neutron power
energy released per fission
the macroscopic fission cross section
neutron flux
volume of the reactor
neutron density
average neutron velocity

Prompt Kinetics

First we shall examine the behaviour of a reactor without
delayed neutrons. The change of the neutron density in one
generation is:

6n = kn - n

where:

kn =
n =
k =

the neutrons in one generation
the neutrons in the preceding generation
neutron multiplication factor

The time period over which this takes place (6t) is one
neutron lifetime (£).

Thus:

6n kn - n=6t £

or:

dn =dt

July 1979

kn - n n k
£ = r (k - 1) x k

- 1 -
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dn nk k - 1=dt R, k

Recall that:

k - 1 = Llk
k

Normally k is very close to one so that:

R,

k

We can now rewrite the equation as:

dn
dt = n .6.k

I

=n(t)

The solution to this equation is:

.6.kt
-R,-

where:

no = original neutron density

Since both neutron flux and neutron power behave in a
similar manner we can write:

P (t) = (1 )

Equation (1) shows that power changes exponentially with
time and that the rate of change of power depends on the
reactivity (.6.k) and the neutron lifetime (R,).

Reactor Period

In operating reactors it is convenient to have an indication
of how long it takes for power to change by a given amount (e.g.
how long it takes for power to double or increase by a certain
percentage). The most common measure in Candu reactor is how
long it takes power to increase by a factor of e*. This time
interval is called the reactor period T (tau).

* e is the base for natural logarithms and is
used simply for mathematical convenience.
e = 2.7183

- 2 -



227.00-8

To illustrate what the reactor period is, consider the
reactor power after one reactor period (ie, t = TJ .

P(T) = ePo
(ie, power has increased by
a factor of e)

Also:

P (T)

flk T
R,

= Poe

Therefore:

Clearly:

e = e

flk T
T

and:

R,
T = 1£

(reactor period for a reactor
with only prompt neutrons)

Thus we can rewrite equation (1) as:

t
Tp(t) = Poe ( 2)

Equation (2) is a valid expression for power as a function
of time considering that we have only prompt neutrons.

To gain a feel for what this means, consider such a reac
tor with 6k = 0.5 rnk;

T = 0.001 s = 2
0.0005 s

This means that, with the reactor only slightly super
critical (k = 1.0005), power is increasing by a factor of e
(~ 270%) every 2 seconds. That is about 176% per second*.

*Do not confuse this with rate log N
which would be 50%/s for this example.

- 3 -
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This is an unacceptable rate of power change because it
would be mechanically impossible to build a regulating system
which could respond to such changes rapidly enough to safely
control the reactor. Fortunately the fission process produces
delayed neutrons which radically alter the time response from
that of prompt neutrons alone.

Effect of Delayed Neutrons

In Level 3 Nuclear Theory we simply assumed that the de
layed neutrons increased the average neutron lifetime. This
simple treatment is not only calculationally inaccurate but
it also fails to predict the physical way in which delayed
neutrons affect the reactor. A more complex treatment is
required for deeper understanding.

Again we will look at the time rate of change of the

t d 't dn h' h b 'neu ron enSl y dt' w lC can e wrltten as:

dn
dt = kn (1 - s) +

~

n

'-4-'

where:

Term 1 Term 2 Term 3

- 4 -

Term 1 represents the production of prompt neutron
in the present generation

Term 2 represents the production of delayed neutrons
in the present generation

Term 3 represents the total neutrons in the preceding
generation

A = delayed neutron precursor decay constant

C = delayed neutron precursor concentration

with some mathematical manipulation:

dn n
(k(l s) - 1)dt = + AC9-

kn (k - k S- 1) + !l.C= T k

= kn (k ~ 1 - S) + !l.C9-
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Finally:

~~ = k; (6k - S) + AC ( 3)

Equation (3) partially describes how In' is changing; how
ever, AC is not a constant. We continually create delayed neu
tron precursors while other precursors, created earlier, decay
to give us delayed neutrons. So we must describe how the pre
cursor concentration changes:

precursor
creation
rate

precursor
decay
rate

Recalling that there are six groups of precursors you can
see that we would have seven simultaneous differential equa
tions to solve.

For a calculationally accurate prediction of power changes,
these equations are solved on a computer. For the purpose of
understanding; however, we assume an average behaviour of the
delayed neutrons which reduces the problem to solving two
equations with a solution of the form:

If we assume:

a) 6k < S

b) a step change in 6k occurs at time zero

c) neutron density was constant prior to the insertion of
reactivity.

The solution (with certain approximations) is:

p (t)

A6k
S - 6k t

e

1st Term

L'lk
S - L'lk e

2nd Term

S - 6k
9-

(4)

A mathematical and graphical solution for a typical set of
conditions is shown on the next page.

- 5 -
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Assume typical values

This

f3 = 0.0065
6k = 0.001 (1 mk)
A = 0.1 S_l (average for all precursor groups)
9, = 0.001 s

P(t) = [1.18 e 0.0182 t _ 0.18 e -5.5 t]
Po

solution is plotted as figure (1).
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From this example you can see that the second term
of equation (4) dies away rapidly and can usually be ignored.

If we do neglect the second term we have:

Ailk
S - ilk t

P (t) = S
S - ilk

(5 )

Graphically this simplified equation is:

P(t)
-P--

o
1

Prompt Jump

time (s)

~Stable Period

- 7 -
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This behaviour is called a "prompt jump" followed by a
"stable period" where the stable period (T) = 13 - L1k •

AL1k

Physical Effect of Delayed Neutrons

To understand what is physically happening we will look
at a simple numerical example using a greatly exaggerated value
for 13. This is done only for numerical simplicity and in no
way alters the qualitative results.

Assume:

13 =
L1k =
no =

.1

.05
1000

Prior to the reactivity insertion:

Precursor
Bank

~__~_100 delayed

--------"..,..900 prompt1000

1 0
Precursors

One Neutron ---.FO
-------:-,-...;.,.;.,.- 1 S S lOn
Generatlon ~ ~

} 1000

The chain reaction is being maintained at a level of 1000
neutrons per generation. Now insert 50 mk of reactivity such
that k = 1.05:

- 8 -
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Even though we create 105 precursors we get only 100
delayed neutrons from the precursor bank since it contains
precursors produced earlier.

This chain proceeds as follows:

r--
110

0 KJion 100
100 j. 10881045 --7- fission .,.. 988 > >= 1028

0 0

If we assume the output of the precursor bank does not
change for a second, we have time for one thousand prompt
generations in which time the series will converge to:

L-_"'-~ 100 delayed
r

______....,,.. 1900 prompt
2000

Jo
PC5sors

_O~n;.;.e.;;....;N;,;.e_u~t,:""r..,o_n-..::::...=--,,F . .,. ,-- l.SS1.on
Generat1.on 0

-, Precursor
Bank

} 2000

Thus in a very short time period we get a jump in the
prompt neutron level but power can not increase beyond a certain
point until more precursors start to decay. Therefore, after
the prompt jump, the rate of power increase is determined by
the decay rate of the delayed neutron precursors. Calculating
the magnitude of the prompt jump for this problem using
equation (5).
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P = s-~ ~k Po = .1 ~1.05 1000 = 2000

Approximate Numerical Effect of Delayed Neutrons

Going back to the problem we solved without delayed neutrons
we shall now see what the effect of delayed neutrons really
is.

Consider a reactor with U-235 as the fuel then:

B = 0.0065
A ::: 0.1 S-1

The reactor period with ~k = 0.5 mk is:

T = B - ~k
A~k-

= 0.0065 - 0.0005
(0.1) (0.0005)

=

= 120 s

and the overall power function is:
t

B T
P(t) = Po B _ ~k e

t
120

1. 08 e

After the initial prompt jump to 108% of Po power increases
with a period of 120 s.

Figure 2 shows the power rise for a step insertion of
reactivity. As you can see the average lifetime approximation
(from Level 3) fails to predict the rapid initial rise in
power caused by the multiplication of prompt neutrons. This
rapid rise in power is an important consideration in the design
of all reactivity mechanisms. In order to limit any rapid
increase in power all reactivity mechanisms are designed to
limit the rate of reactivity addition.

Prompt Criticality

It may have occurred to you to ask why we restricted ~k

to being less than B. For one thing the equations we derived
are no longer valid but more importantly the increa~e in power
is no longer dependent on delayed neutrons if 6k > B. Return
to our numerical example with a value of 6k =.15 with B = .1.

- 10 -
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As you see power is increasing without having to "wait"
for the delayed neutrons. This shortens the reactor response
time.

When ~k = 8 the reactor is critical on prompt neutrons
alone, hence the name "prompt critical".

Figure 3 shows reactor period versus ~k for a reactor with
a prompt lifetime of .001 seconds (i.e. the Candu reactors).

~promPt Only (~ = 0.001 s)

100010010

~ SDS2 Trip

, l~ SDSI Trip
I,

1

~ U-235 (Prompt and Delayed)

.1.01

Reactivity

rnk
7 -

- -
U-235

6

t
5 -

Prompt
Cri tical

4 -
3 - t

Pu-239
2 - - - - - - -

1 -

Reactor Period, s.
Figure 3

Reactivity v Period
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As you can see nothing radically happens when the reactor
approaches prompt criticality, the chain reaction is simply be
coming less dependent on the delayed neutrons, hence power is
changing more rapidly. In this regard we use the avoidance of
prompt criticality as a design limit. (SDSI trips the reactor
at a period of 10 sand SDS2 trips the reactor at a period of
4 s. Both of these are below prompt criticality, T ~ 1 s).

Also included on figure (3) is the plot of period versus
reactivity for a reactor with only Pu-239 (6 = 0.0021) as a
fuel. You will note that SDSl and SDS2 trip set points provide
adequate protection even in this situation. As we approach
equilibrium fuel in our reactors we get closer to this situation.
At equilibrium fuel prompt criticality occurs at 6k ~ O.UUJ~. The
practical consequence of this is that the reactor regulating
and protection system design must be based on the worst case
which is equilibrium fuel.

Large Negative Reactivities (Reactor Trips)

The equations developed for the prompt jump are equally
valid for any insertion of negative reactivity except that
you have a prompt drop followed by a stable negative period.
Recalling that:

T = 6 - ~k
A~k

if:

!~kl»161

T ~
1
A

Thus the stable reactor period will be determined by the
decay constant of the delayed neutron precursors. In fact
it will be determined by the longest lived group of precursors,
thus, the shortest reactor period possible after the prompt drop
will be -80 s. In our reactors we have a very significant
production of neutrons from the photoneutron reaction with
deuterium thus the actual period will be somewhat longer.

ASSIGNMENT

1. Define reactor period (T).

2. Write the expression for reactor period considering both
prompt and delayed neutrons.

3. Explain physically the way in which delayed neutrons
effect the time response of neutron power.

- 13



- 14 -

227.00-8

4. Calculate reactor power 10 seconds after a step insertion
of +2 mk of reactivity for fresh fuel (S = 0.0065) and for
equilibrium fuel (S = 0.0035). Po = 50% and A = 0.1 S-l.

5. What do we measure on our reactors that is related to
reactor period? What is the relationship?

J.E. Crist
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Nuclear Theory - Course 227

SOURCE NEUTRON EFFECTS

The source neutrons available in CANDU reactors are
those from spontaneous fission and those from the photoneutron
reaction with deuterium. As mentioned in lesson 227.00-2,
spontaneous fission produces a neutron flux which is approx
imately 10- 12 % of the full power flux. The strength of the
photoneutron source depends on the number and energy of
the photons present. At significant power levels (>10%)
the gamma flux is directly proportional to the power level;
thus, the photoneutron reaction produces a photoneutron flux
which is proportional to the total neutron flux present. At
low power levels and particularly when shutdown, the strength
of the photoneutron source depends on the inventory of fission
products which produce the high energy (>2.2 MeV) gammas
required for the photoneutron reaction. The longest lived
relevant fission product decay chain has a half life of
about 15 days; thus the photoneutron source persists for
several weeks after shutdown, decreasing essentially exponen
tially from approximately 10- 5 % of full power one day after
shutdown. As we shall see shortly the values given for the
actual neutron fluxes in the reactor due to the photoneutron
source do not include any fission multiplication of this source.

The Effect of Neutron Sources on the Total Neutron Population

In a critical reactor with no neutron sources other than
induced fission, the neutron population in the reactor remains
constant from one generation to the next. In other words,
neutron losses due to absorption and leakage exactly take
care of the excess neutrons generated by fission that are not
required to keep the chain reaction going.

Now imagine a neutron source emitting So neutrons in each
neutron generation time to be inserted into the reactor, and
let this reactor be subcritical with a value of k just less
than 1.

The number of neutrons present at the end of the first
generation will be So, because that is how many are emitted
in that time. At the end of the second generation, these So
will have become Sok neutrons, and another So neutrons will
have been added by the source, giving us a total of So + Sok.
At the end of the third generation these So + Sok neutrons
will have become (So + Sok)k neutrons, and again another
So neutrons will have been added by the source to give us a
grand total of So + Sok + S ok 2

•

- 1 -

August 1980



If you pursue this sort of argument indefinitely, you will
appreciate that we are going to end up with a final neutron
population, 8

00
' given by

= 80 (1 + k + k 2 + k 3 + k 4 + - - - - )

With k less than one, the sum

We can therefore say that

80=
l-k

- - - - ) = 1

l-k

(1)

You can see that expression seems to be quite a reasonable
one, because you can say if 5 is our final population, it will

00

become 8 00k after one more generation. If k is less than 1,
this means that 8 00 - 8 00k neutrons have been removed and these
are made up by 80 new ones emitted.

, neutronsFor example ~f 5 00 = 5000 t' and k = .8, thesegenera ~on

5000 neutrons will become k800 or 4000 neutrons in the next
generation and the source 8 0 neutrons per generation time will
make up the cycle losses (8 00 - k800) of 1000 neutrons Thus;

generation

or =~
l-k

(1)

By observing that;

1 - k = -11k

we can rewrite equation (1) as;

8 = - ~00

11k
(2)

Equation (1) and (2) are equivalent and you may use whichever one
is convenient.

- 2 -
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While we have developed equations (1) and (2) in terms
of Soo and So in neutrons per generation, the equations are
equally valid in terms of power in watts or percent of
full power as was shown in lesson 227.00-8.

Subcritical Multiplication

It is important to realize that even in a reactor that
is well below critical (eg, -40 mk, typical of a reactor
trip) the equilibrium source level (Soo) is 25 times greater
than the actual photoneutron source.

1 - .96 .04

So = So = 25 So

The factor (l=k) can be called the suberitieal multiplication

factor. In the example above, the subcritical multiplication
factor is 25. Thus, the indicated source level (Soo) is 25
times the actual source level (So). This means that fission
is producing 25 times as many neutrons as the source. The
amount of subcritical multiplication depends only on the
value of k. For example, if we used only half of the shutoff
rods used in the previous example, such that we had -20 mk:

500 = 1

1 - . <) 8
So = 50 So

Now the subcritical multiplication factor is 50.

In a subcritical reactor without a neutron source the
neutron population would totally collapse; however, when a
source is present it is not the major constituent of the
neutron population (provided k>O.5).

Calculation of k in a Subcritical Reactor

Suppose a reactor is shutdown with a constant indicated
power of 2 x 10- 5 %. The operator inserts +1 mk by with
drawing an adjuster and power stabilizes at 3 x 10- 5 %. Find
the original value of k.

- 3 -
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For the first case before the reactivity addition;

Poe

Po

l-ki

After the reactivity addition;

P a

1 - (ki + .001)

Since Pa can be assumed to be the same in both cases,
the equations may be solved for ki.

Po = (1 - ki) x 2 x 10- 5 %

Po = [1 - (ki + .001)] x 3 x 10- 5 %

2 x 10- 5 %(1 - ki} = 3 x 10- 5 %(.999 - ki}

2 - 2 ki = 2.997 -3 k i

ki = .997

You can always find the value of k in a shutdown reactor
by changing reactivity, noting the power before and after a
change and doing a simple calculation.

Time Considerations

In a subcritical reactor the power will increase to a new
equilibrium value each time positive reactivity is added. The
magnitude of the increase and the time it takes for power to
stabilize will depend on the value of k. The closer k is to
one the larger the power increase for a given reactivity increase,
and the longer the time for power to stabilize. This is de
monstrated in Figure 1 where we start with Pro = 1 x 10- 5 % and
k = 0.90 and add reactivity in +10 mk steps allowing Poe to
stabilize after each reactivity addition.

- 4 -
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Justification for relative magnitudes of the power in
creases can be done in a straightforward manner using equation
(1) or (2) and is left to the student. The time consideration
is somewhat more obscure. Assume we start with a source

So = 1000 neutron~ at time zero and ask the question, "How
generatlon

long will it take to reach equilibrium (Soo)? Equilibrium
will be obtained when the effect of the first group of So
neutrons has totally disappeared (ie, SokN = a or kN = 0,
where N is the number of neutron generations). For example,
we will compare the number of generations required for the
first group of source neutron to disappear with k = 0.8, 0.9,
and 0.95. The tabulated values are SokN.

~ 1 2 3 30 62 127
A A A A

v v v

0.80 800 640 512 1 - -

0.90 900 810 729 42 1 -

0.95 950 903 857 215 42 1

As you see, with k = 0.8 it would take about 30 generations
to reach equilibrium, with k = 0.9 about 62 generations, and
with k = 0.95 about 127 generations. (Strictly of course it
takes an infinite time, this example gets to within 0.1%.)

Effect of Sources when k>l

When the reactor is critical, equations (1) and (2) don't
apply because they are based on the assumption that the series
1 + k + k 2 + k 3 + k 4

----) has a finite sum. When constant,
and So new ones will be added every generation, so that the
neutron population will then merely increase indefinitely and
at a constant rate of So neutrons for every generation.

This rate of increase is insignificant if the reactor power
is greater than -10- 2 % and would generally be obscured by the
automatic regulation of the reactor. In a supercritical reactor
any effects of the sources may be ignored.

- 6 -
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ASSIGNMENT

Explain why the total neutron population in a subcritical
reactor is significantly higher than the source level.

Define the subcritical multiplication factor.

Explain why it is possible to have a constant fission rate
in a subcritical reactor.

neutronsAssuming So = 1000 and the average neutron
generation

lifetime is 0.1 seconds, how long will it take to reach
equilibrium when k = 0.999? (You need a calculator for
this problem.)

J.E. Crist
A. Broughton

- 7 -
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Nuclear Theory - Course 227

POWER AND POWER MEASUREMENT

We tend to use the term "power" rather loosely and we need
to have clear understanding of what "power" we are talking
about. The power we have referred to most frequently in this
course is neutron power which is equivalent to the fission rate.
However, the actual output of the reactor is in the form of
heat energy and we call the heat output reactor thermal power.
Normally we calibrate our instruments such that 100% neutron
power corresponds to 100% of the thermal power required from
the reactor to provide the design heat input to the turbine
cycle.*

The "power" we normally rate the overall unit by is the
gross electrical power output of the generator. By way of ex
ample, Pickering-A reactors produce 540 MW(e) , gross generator
output, for a thermal power from the reactor of 1652 MW(th)
which corresponds to an average thermal neutron flux of
5.3 x 10 13 neutron.cm

cm 3. S

Thermal Power and Neutron Power

Thermal power is generally.measured by measuring the pri
mary heat transport flow rate (m) and temperature change (LIT)
in selected coolant channels (called fully instrumented chan
nels). Recall from Thermodynamics (325) that:

.
Q = mClIT

Where: Q = thermal power (watts [thermal] )

m = flow rate (k9/ S )

Specific JC Heat (k gOC)

LIT = (Tout - Tin) for the channel ( °C)

*At some stations the DCC automatically calibrates neutron
power to be equal to thermal power above ~10% full power.

- 1 -
August 1980
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Neutron Power is measured either by ion chambers located
external to the calandria or by in-core flux detectors.

Thermal power has the advantage of being the actual,
useful power output of the reactor. The measurements have
the disadvantages of having an excessive time lag between
neutron power changes and detected thermal power changes
(around 25s, see 330.3 Lesson 34-2) and a non-linear relation
ship with neutron power especially at low power levels.
The importance of the time lag may be seen by calculating
the neutron power change that would occur in the time before
there is any detected change in the channel ~T (assume this
to be about 5s). With an inserting of + lmk of reactivity
at equilibrium fuel: using equation (5) from lesson 227.00-8,

Mk
P _ S S-~k t
Po - S-~k e

= .0035 e.0035-.001

(.d (ood
5

- 2 -

• 2
= 1.4 e

= 1.7

Neutron Power would increase by a factor of 1.7 before
detected thermal power even started to change. It should be
clear that thermal power measurement is incapable of protect
ing the reactor from a rapid increase of reactivity, in
fact it is rather slow even for normal control.

The non-linearity between thermal power and neutron
power is due principally to fission product decay heat.
Approximately 7% of the total reactor thermal power is
produced by the S,y decay of the fission products. Thus in
a reactor operating at 100% of rated thermal output, 7%
of the thermal power is due to decay heat. Even if it were
possible to instantaneously stop all fissioning (neutron
power ~ 0%), the thermal output would still be 7% of full
power and would decay over a long period of time. Figure 1
is a graph of a typical rundown of neutron power and thermal
power after a reactor trip. Note that after a minute the
neutron power makes very little contribution to the thermal
power.
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A second source of non-linearity is the heat lost from
the coolant channels to the moderator (eg, ~4 MW[th] at
BNGS-A). The amount of heat lost is a function of the tem
perature difference between the coolant and the moderator and
is, therefore, relatively independent of the power.

A third source of non-linearity is the heat generated by
fluid friction. About two-thirds of the pressure drop in the
heat transport system occurs in the coolant channels. This
means that about two-thirds of the heat input of the heat
transport pumps shows up in the coolant ch~nnels (eg, ~13 MW[th]
at BNGS-A). This depends only on coolant flow rate and is
independent of reactor power level.

Because of these non-linearities we must recalibrate neu
tron power to thermal power if the power level is changed.

Power Monitoring when Shu~~own

As you might surmize from Figure 1, thermal power and
neutron power are not proportional when power is <10%. To
protect the reactor against criticality accidents we must
therefore monitor neutron power, especially at low power
levels.

Assume for a moment that we built a protective system
which used thermal power as the control variable. The reactor
is slightly subcritical (k = 0.999) and the neutron power is
10- 5 %. Since the response time of the 6T detector is about 25
seconds, we would expect thermal power to lag neutron power
such that, about 25 seconds after neutron power reacted, 1%
thermal power would indicate 1%. Now assume the reactor is
inadvertantly made supercritical (k = 1.003). For equilib
rium fuel, +3 mk gives a reactor period of ~2 seconds. Thus
22 seconds after the reactivity addition, neutron power will
reach 1%, ~25 seconds after that, thermal power will reach 1%
and begin to show a rapid rate of change. In those inter
vening 25 seconds neutron power will reach 27,000%.

If this reactor had been monitored for neutron power and
rate of change of neutron power, the excursion could have been
terminated long before power reached 1%. (Typically SDS 1
trips at a reactor period of las and SDS 2 trips at a period
of 4 s.)

Uses of Power Measurements

1. Thermal Power is used for calibration of total neutron
power and as a continuous checking function for zone
power.

- 4 -
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2. Neutron Power is used in two ways:

a) Linear Neutron Power (linear N) may be used for
indication, protection (high power trip) and/or
control in the range of 15% to 120% neutron
power.

b) The logarithm of Neutron Power (log N) is normally
used for indication and control in the range of
10- 5 % to 15% neutron power (although the meter
goes to 100% and controls to 100% if linear N
fails) .

3. Rate of change of neutron power may again be used in two
different manners:

a) Linear Rate is the rate of change of linear neu
tron power displayed as percentage change of
full power per second (%FP/s). (Not always used.)

b) Rate Log is the rate of change of the logarithm
of neutron power in percent of present power per
second (%/s). Rate Log is normally used for
protection against excessive rates of change of
power and is the inverse of reactor period.
Recall that in its simplest form power may be
expressed as:

P = PetiTa

Then the natural logarithm of power is:

Ln P t= Ln Po + T Ln e

or t
Ln P = Ln Po + T

The rate of change of the log of power is the
derivative with respect to time, thus;

d (Ln p)

dt
= d (Ln Po) + ~(t/T)

dt dt

d (Ln p) 1
dt = T
~
Rate Log

A typical trip setpoint (SDS-l) is a Rate log of
10%/s which corresponds to a reactor period of
lOs.

- 5 -
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Behaviour of Power After a Trip

Assume a Candu reactor is running at 100% full power,with
equilibrium fuel, and a reactor trip inserts -40 mk
of reactivity. Figure 2 shows the theoretical behaviour of
neutron power and thermal power. The remainder of this sec
tion will explain why the powers behave in this manner.

Neutron Power Rundown

We will divide the power rundown into three regions. In
region I the prompt neutron population is rapidly collapsing.
With K = 0.96 (ie, with typical shutdown reactivity of -40 mk)
the original prompt neutron population would decrease by a
factor of 0.96 each generation. In 100 generations it would
be less than 2%* of its original value.

With a prompt neutron lifetime of 0.001 s, this decrease
would take 0.1 s. Because of the delayed and photoneutrons,
the actual neutron power will, however, not drop quite this
fast nor will it drop this far.

Just before the reactivity insertion, delayed neutrons
made up 0.35%** of the neutron population (ie, 99.65% of the
fissions were caused by prompt neutrons, 0.35% were caused by
delayed neutrons). Immediately after the insertion, if we
assume the prompt neutrons disappear we have a source of neu
tron (0.35% of full power) in a subcritical reactor; thus we
can use the equation for neutron power in a subcritical reac
tor:

= (0.96) 100 0.017

p
00

P
00

0.35%
== - -0.040

8.75% of full power.

**The delayed neutron fraction (6) for equilibrium fuel is
0.0035.

- 6 -
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Therefore, the delayed neutrons present at the time of
the trip will not let the neutron power drop initially below
~9% as shown in Figure 2. (Remember the actual drop is deter
mined by the value of 6k inserted and the value of S.)

A second way to reach this conclusion is to recall from
Lesson 227.00-8 that neutron power may be approximately calcu
lated using:

A6k t
P (t) = Po

S 8-6ke
S - 6k

where:
S

B - 6k

is the power after the prompt drop, which in this case gives;

P(o) = 0.0035 x 100% = 8.05%
0.0035 + 0.040

which is nearly the same answer we got before. Either method
is an acceptable approximation.

As the reactor is subcritical, the equation for power in a
subcritical reactor applies throughout regions II and III. In
region II the source of neutrons is the decay of the delayed
neutron precursors which were present prior to shutdown. This
source decreases rapidly at first as the short-lived precursors
decay and slows down until the longest-lived group (t~ = 55 s)
controls the rate of power decrease.

As was pointed out in Lesson 227.00-8, the reactor period
after a large insertion of negative reactivity may be approxi
mated as:

T :::: 1
A

where, A is the decay constant for the delayed neutron pre
cursors.

The division between regions II and III is somewhat arbi
trary. As the longer-lived delayed neutron precursors decay
away, the photoneutrons are now the only important source of
neutrons. Somewhere around 20 minutes after shutdown, the photo
neutrons become the controlling source. From then on the power
decreases at a rate determined by the decay of the fission
fragments producing the 2.2 MeV photons required for the photo
neutron reaction. As the longest-lived photoneutron producing
fission fragments have half-lives of ~15 days, this source takes
about 3 months to reduce to 10- 5 % full power.

- 8 -



227.00-10

Thermal Power Rundown

At full power ~7% of the total thermal power is produced
by the decay heat of the fission products (see Lesson 227.00-2).
Although the fission rate can decrease very rapidly, the heat
produced by decay of fission products (called decay heat) will
only decrease at the decay rate of the fission products. Fis
sion products have half-lives ranging from fractions of a sec
ond to thousands of years. Thus we expect a very slow decrease
in thermal power. Typically thermal power will take about a
day to decrease to 1% of full power. (For a Bruce reactor this
is ~29 MW [thJ ) .

The actual thermal power rundown will depend on the fis
sion product inventory. A reactor at equilibrium fuel will
have more fission products than one with relatively fresh fuel.
therefore, it would produce a greater decay heat. This differ
ence in production of decay heat will become more pronounced as
time passes and the longer-lived fission products become more
significant.

ASSIGNMENT

1. Discuss the advantages and disadvantages of neutron power
and thermal power for controlling a reactor when:

a) At significant power levels (>10%)

b) When shutdown.

2. A reactor has been operating at 100% thermal and neutron
power for a long time. Neutron power is reduced to 50%.
Will thermal power be higher than, lower than, or equal to
50%? Explain your answer. (Assume calibration is done
only at 100%.)

3. A reactor is operating at 15% thermal and neutron power.
Neutron power is raised to 50%. Will thermal power be
equal to, greater than, or less than 50%? Explain your
answer. (Assume calibration is done only at 15%.)

- 9 -
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4. A reactor is being started up by removing Boron from the
moderator. Assume the ion exchangers (IX) remove the
Boron at a constant rate. The power at one time on the
He-3 counter is 10- 6 %. After one hour of IX removal,
power stabilizes at 1.2 x 10- 6 %. How much longer will ion
exchange be required before the reactor is critical?

5. Calculate the power after the initial drop in power if a
trip inserts -30 mk in a reactor with fresh fuel (S = 0.0065).
Use two methods.

6. Explain why, for a given reactor, the decay heat rate should
be higher when it has reached equilibrium fuel than when it
was running on fresh fuel.

J.E. Crist
A. Broughton
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Nuclear Theory - Course 227

FISSION PRODUCT POISONING

All Fission products can be classified as reactor poisons
because they all absorb neutrons to some extent. Most simply
buildup slowly as the fuel burns up and are accounted for as
a long term reactivity effect (as we did in lesson 227.00-7).
However, two of the fission products, Xe-135 and Sm-149, are
significant by themselves due to their absorption cross
section and high production as fission products or fission
product daughters. Xenon-135 has a microscopic absorption
cross section of 3.5 x 10 6 barns and a total fission product
yield of 6.6%. Samarium-149 has an absorption cross section
of 42,000 barns and a total fission product yield of 1.4%.
Xenon-135 is the more important of the two and will be dealt
with in more detail.

Xenon-135

Xenon-135 (often carelessly referred to just as xenon) is
produced in the fuel in two ways:

a) Directly from fission. About 0.3% of all fission products
are Xe-135.

b) Indirectly from the decay of iodine-135, which is either
produced as a fission product or from the decay of the
fission product tellurium-135 via the following decay
chain:

Te135 _ S,y ) 1135
52 t~ = 30s 53

Te-135 and 1-135 together constitute about 6.3% of all
fission products. Due to the short half-life of Te-135
we normally consider the whole 6.3% to be produced as
1-135. The rate of production of xenon and iodine from
fission depends on the fission rate. Thus:

Rate of production
of Xe-135 from fission =

July 1979 - 1 -
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Rate of production
YIL f ¢=of I -135 from fission

where: Yxe = Fission product yield of Xe

YI = Fission product yield of I

Lf = Microscopic fission cross section

¢ = Average thermal neutron flux

The rate of production of xenon from iodine depends only on
the decay of the iodine, thus:

Rate of production
= AIN Iof Xe -135 from I -135

where: AI = decay constant for I -135(8- 1
)

N
I

= concentration of I -135 (atoms)
cm 3

Xenon-135 is removed (or changed) by two processes:

a) Radioactive decay as follows:

5" Xe 1 35 S Y
t~ = 9. 2h )

b) Neutron absorption (burnout)

5 "Xe 1 3 5 + anI -----~ 5 "Xe 1
3 6 + Y

Niether Cs -135 nor Xe -136 are significant neutron absorbers.
The removal rates are as follows:

Rate of change of_
Xe -135 by decay - AxeNxe

Rate of change of =
Xe -135 by burnout

where: AXe = decay constant for Xe -135

Nxe = Concentration of Xe -135

Xe microscopic absorption section
°a = cross

¢ = thermal neutron flux

- 2 -
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Now we can set up two equations, one which describes the
behaviour of xenon and one which describes the behaviour
of iodine. The time rate of change of the iodine (~Nr) is:

dt

= '{rLf¢
'---..,r-'

Production
from fission

- ArNr
'---v-"

Loss due
to decay

(1)

d
The time rate of changes of the xenon (dt Nxe ) is:

+ ( 2)Xe
(Ja Nxeep

~.

Loss due
to burnup

Loss due
to decay

Production
from the
decay of
Iodine

y ~l!

J Xe f'

'---,,- .

Production
from fission

We would like to examine the buildup of xenon in the
reactor; however, since much of the xenon comes from iodine
we must examine the behaviour of iodine first.

Examining equation (1) you can see that if we startup
a reactor with no iodine present we will initially have a
production term (Y1=fm) but no loss term since Nr is zero.

As iodine is created the loss term grows (Nr is increasing)

while production term remains constant (for constant power) .
Eventually the loss will equal the production and the iodine
level will remain constant. Mathematically:

=Nr
~-I

Equili
brium
iodine
concentration.

- 3 -
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This is a simple exponential buildup which can be considered
to reach equilibrium after about five half-lives or 30 hours
(within 3%). The buildup is shown in Figure 1.

- -Nr (eq)- --- --- -.-.-

o 10 20 30 40 50

time (hrs)

Figure 1

Now we are able to examine the behaviour of xenon.
The buildup of xenon is somewhat more complex than the build
up of iodine. Again at equilibrium, ~ N = 0 and

dt Xe '
production equals loss. Also iodine must be in equilibrium
so YrZf~ = ArNr . Thus we can write:

(3)

Rearranging:

= (Yxe + Yr ) Zf~

AXe + 0axe~

N
~

Equili
brium
Xe concen
tration

- 4 -
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The buildup is shown graphically in Figure 2.

- - --N (eq)- - -- ----
Xe .

o 10 20 30

time (hrs)

Figure 2

40 50

It again takes about 5 half-lives to reach equilibrium and
for xenon this is about 50 hours.

It is useful to know the relative importance of the
production and loss terms for xenon at equilibrium. Examining
equation (3) we see the relative importance of the production
terms depend only on their respective fission product yields.
Thus direct production of Xe-135 from fission is about 5% of
the total production at equilibrium while indirect production
from the decay of 1-135 is 95% of the total production.

In examining the loss terms, note that the loss due to
decay depends only on the decay constant (Axe). The loss
due to burnout depends on the cross section (cr xe) and
the neutron flux. Therefore, the relative impor~ance of the
loss terms varies from reactor to reactor depending on the
normal flux levels. For a given reactor the relative impor
tance varies with power level. For our larger reactors
(Bruce and Pickering) full power flux is 7 x 10 13 n-cm

cm 3 s

- 5 -
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Thus;

- 6 -

a Xe = 24.5 x 10- 5 S-l
a

Therefore, burnout constitutes more than 90% of the loss at
full power.

Reactivity

The reactivity worth of xenon (called Xenon Load) is a
function of the concentration of xenon. As it is the react
ivity due to xenon that we are concerned about, it is normal
to express Xenon Load in reactivity units (6kx~). As shown in
Figure 3, the equilibrium Xenon Load for 100% lS about -28 mk.

It is also cornmon practice to express the concentration
of iodine as Iodine Load in mk. It is important to realize
that iodine is not itself a poison hence there is no actual
reactivity associated with it. Iodine Load is by definition
the reactivity if all the iodine present were instantaneously
changed to xenon. I repeat it is not an actual reactivity.

By examining the equations for equilibrium xenon and iodine
it can be deduced that equilibrium Iodine Load is a direct
function of power (eg, doubling the power doubles the Iodine
Load) whereas equilibrium Xenon Load does not have such a
straightforward relationship with power. Figure 3 shows the
approximate variation of equilibrium Xenon Load with power
for Bruce or Pickering. The significant point is that
equilibrium Xenon Load doesn't change much over the normal
operating range.
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The reactivity due to Equilibrium Xenon is easily
compensated for by designing the reactor to have sufficient
excess positive reactivity to overcome the negative reactivity
due to the xenon. Now the regulating system must be capable
of controlling the excess positive reactivity when there is
no xenon present (eg, startup after a long shutdown). This
is most commonly done by dissolving a poison (boron or gadolinium)
in the moderator and removing it as the xenon builds up. This
addition of poison to the moderator on startup is called
Xenon Simulation.

As you may suspect, the buildup to and presence of
Equilibrium Xenon does not present a significant problem in
the operation of our reactors. However, the transient
behaviour of xenon creates a major obstacle to operation.

Transient Xenon Behaviour

Assume a reactor has been operating at 100% power long
enough for xenon to have reached equilibrium. If power is
rapidly reduced to essentially 0%, what happens to the
xenon concentration? To answer this question we shall examine
the differential equation which describes the time behaviour
of xenon.

- 7 -
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The percentages shown are the relative magnitudes of the
production and loss terms prior to the decrease in power.
When power is reduced to 0%, the small production term
(YxeL f ¢ - direct fission production) and the large loss term

(OaxeNxe¢ - burnup) both cease. Since the major production

term (ArNr - decay of iodine) continues the concentration

of xenon starts to increase. The increase can't go on
forever since there is a limited supply of iodine, thus
the xenon peaks and eventually decays away. This is shown
graphically in Figure 4.
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removal by neutron capture will also decrease by 40%
from its full power value, but because xenon is still
being removed the transient will not reach its shut
down peak. Looking at the figure, you will see that
for a 40% reduction the available excess reactivity
of ~10 mk is just sufficient to override the tran
sient altogether. Ultimately equilibrium will be
restored and the xenon load will then be that corres
ponding to 60% of the full power flux. The figure
also shows that the rate of xenon build-up is less
for a 60% reduction than for a 100% reduction, and
that the poison override time would therefore be
longer.

Fig. 6 - shows that this is true, namely that for a fixed
amount of excess reactivity the poison override time
depends on the size of the power reduction. For exam
ple, the curve shows that for a reduction of 120 MWe
this time will be 1 hour, but it will be twice that
for a reduction of 100 MWe.

Fig. 7 - shows the maximum xenon loads reached during the tran
sient following step reductions from various initial
power levels. For example, if the reactor is opera
ting at 160 MWe and is then taken down to 100 MWe, the
xenon load will increase from 27.2 mk to 35.1 mk.
With 10 mk excess reactivity there should be no
problem, but without looking at curves like this you
wouldn't know whether there would be.

The converse to these curves also applies. For example,
if the reactor is running at 140 MWe (at equilibrium) and it
is taken to 200 MWe, the immediate effect will be a gain in
reactivity due to increased burnup of xenon. At the same time
more iodine will be produced which will not show up as extra

-xenon production until later on. As a result, the curve will
run through a minimum, and than the xenon production will increase
because of the increasing amount of iodine that is decaying.
Eventually, the xenon concentration will attain the new
equilibrium value corresponding to operation at 200 MW. The
whole process is shown schematically in Fig. 8, and it does
not normally present any operational problems.

Xenon Oscillations

So far, we have assumed that the xenon poisoning and reacti
vity loads apply to the reactor as a whole. No mention has been
made of the possibility of localized changes in xenon poisoning
which can have a very important effect on reactor stability.

- 14 -
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For example, let us consider a reactor that has been
operated at power J.on enough for the iodine and xenon concentra
tions in the fuel t.~) nave reached equilibrium.

Suppose now t.hat without changing the total power of the
reactor, the flux s !ncreased in one region of the reactor
and simultaneously decreased in another region. This change
from the desired normal distribution is called a f~ux ti~t.

This may happen, for example, if control rods or similar
mechanisms are inserte to one region and at the same time
withdrawn from ana cr. In the region of increased flux,
the xenon now burns O~ more rapidly than it did prior to the
change, and its concentration decreases. This decrease in
xenon concentration leads to a higher reactivity in this
region, which, in t rD, leads to an increased flux. This
again leads to increased local xenon burnup, increased local
reactivity, increased flux, and so on.

Meanwhile, in tn,,,: region 0 f decreased flux, the xenon
concentration increases due to its reduced burnup and to the
continued decay of t~he existing iodine which was produced in the
original, higher flux. This increased xenon concentration
decreases the reactivi in this region, which reduces the flux,
in turn, increasing the xenon concentration, and so on. The
thermal flux, and hence the power density, thus decreases in
this region while 1.t l :"eases in the other, the total power
of the reactor remaini I constant..

- 15 -
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These local power excursions do not continue forever.
In the region of increased flux, the production of xenon from
the decay of iodine, which is now being formed more rapidly
in this region, ultimately reduces the reactivity there and
the flux and power eventually decrease. Likewise, in the region
of reduced flux, the accumulated xenon eventually decays,
increasing the local reactivity and reversing the flux and
power transient in that region.

In this way, the flux and power of a reactor may oscillate
between different regions (end to end or side to side) unless
action is taken to control them. Calculations, fortunately
too lengthy to be spewed out here, show that these xenon
osciZZations have a period of from about 15 to 30 hours.

Xenon oscillations can only occur in large reactors. The
argument to show this is as follows:

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 neutron 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 measuremen,
in one locality can correct the flux disturbance and prevent
xenon oscillations from being initiated.

If the reactor is large, leakage of neutrons between re
gions is very small. A disturbance started in one region has
little effect in another region. Thus, if a flux increase
occurs due to a fuel change in one region, for example, a non
regional regulating system would compensate for this and main
tain 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.

Furthermore, it is obvious that xenon oscillations can
only occur if the flux is high enough for xenon burnup to be
as pronounced as xenon decay.

These two conditions for the presence of xenon oscilla
tions (ie, large reactor size and high flux) are satisfied for
most power reactors. Since xenon oscillations can occur at
constant power they may go unnoticed unless the flux and/or
power density distributions are monitored at several points in
the reactor. This must be done in order to prevent such oscil
lations, since they represent something of a hazard to the
safe operation of a reactor. Conceivably, they may lead to
dangerously high local temperatures and even to fuel meltdown.
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In any event, these oscillations, if permitted to continue,
burden the core materials with unnecessary temperature cycling
which may result in premature materials failure.

One of the purposes of the regional absorber rods at
Douglas Point, and of the regional liquid zone control systems
at Pickering and Bruce, is to prevent such xenon oscillations.
For example, at Pickering the reactors are subdivided into
14 regions (called zones), and each region has flux detectors
whose output is used to adjust the amount of light water
absorber in the zone control compartments.

Samarium-149

Sm-149 is the most important of the stable fission products.
It is formecl in the fuel by the decay of fission product
neodymium-149 and promethium-149:

Pm 149

Since Sm-149 is stable, the only removal process for it is
neutron capture. The Sm-lSO formed has a low absorption and
is therefore insiqnificant. Sm-149 has a much lower cross
section (4.2 x lO~b) than Xe-13S, it will take correspondingly
longer for equilibrium to be reached. The half-life of
neodymium is so short compared to promethium that we lump
its fission product yield with promethium. Note that there
is no direct production of samarium from fission. As with
xenon we need two equations to describe the behaviour:

= " fi,'( Pm l f '!-

d
dt NSm =

Production
from fission

Product.ion
from decay
fo Pm

Loss due
to decay

o S~s epa m

Loss due
to burnup
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where: Ypm = Fission Product Yield of Promethium

L: f = Fission Cross Section of the Fuel

<P = Average Neutron Flux

Apm = Decay Constant of Promethium

Npm = Number Density of Promethium

NSm = Number Density of Samarium

a Sm Cross Section of Samarium=a

The equilibrium Pm-149 concentration is:

N = YPmLf<P
Pm

Apm

Just as with iodine-135, the equilibrium concentration of Pm-149
is a direction function of the power level.

The equilibrium concentration of Sm-149 is:

N = YpmL fSm
a sm

Note that equilibrium samarium is independent of the flux
level. Equilibrium Samarium Load is around -5.5 mk and it takes
about 300 hours of operation to reach equilibrium for our
reactors (time to reach equilibrium is a function of the flux
level) .

Samarium Growth After Shutdown

After a shutdown the samarium concentration will increase
since none is being burned out and some is still being produced
by the decay of Promethium. The maximum Samarium Load after
shutdown depends on the promethium concentration prior to
shutdown. For our larger reactors the maximum Samarium Load
is about 12 mk. The buildup is shown in Figure 9.

- 18 -
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It is interesting to note that although the equilibrium
samarium load has to be allowed for in reactor design, the
shutdown load may be ignored. There are two reasons for this.

(1) By looking at the time scale of Fig. 9 you will realize
that the maximum samarium load will not appear until the
xenon transient has long been and gone. There will
therefore be lots of reactivity available. You can also
see that the increase in samarium load during the xenon
poison override time is negligible, so that this doesn't
present a problem either.

(2) The rate at which the samarium is formed is governed by
the Pm-149 half-life of 53 hours, and it corresponds
almost exactly to the rate at which Pu-239 is formed
after a shutdown. (Pu-239 is still produced from
Np-239 decay, but it is not being used up since there
are no neutrons). It turns out that the increased
reactivity from this plutonium transient more than
compensates for the increased samarium load. The
net change after shutdown is about +6 mk due to
combined effect of samarium and plutonium.

- 19 -
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ASSIGNMENT

1. Write the equations for the time rate of change of Nx and
Nr . Explain what each term represents and give the e

magnitudes of the terms. Note the conditions under which
these magnitudes are applicable.

2. Explain why equilibrium Xenon Load changes very little when
power is raised from 50% to 100%.

3. Explain why peak xenon after shutdown from 100% equilibrium
will be nearly twice what it is after shutdown from 50%
equilibrium.

4. Give and explain the conditions required for a xenon
oscillation to occur.

5. Define Iodine load and explain its significance.

6. Explain why samarium growth after shutdown may be
neglected in reactor design.

J.D. Burnham
J.E. Crist
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Nuclear Theory - Course 227

REACTIVITY EFFECTS DUE TO TEMPERATURE CHANGES

In the lesson on reactor kinetics we ignored any variations
ln reactivity due to changes in power. As we saw in the previous
lesson there are marked changes in reactivity due to xenon;
occurring over a period of minutes to hours after an overall
power change. Changes in reactor power causes changes in the
temperature of the fuel, moderator, and coolant. These also
have an effect on reactivity which is more rapid than xenon
effects.

In 1949, the NRX reactor at AECL, Chalk River, was allowed
to "run away". NRX is a heavy water moderated reactor which uses
control rods for reactor regulation. The heavy water level was
set 3 cm above the height at which the reactor would be critical
at low power with the rods withdrawn. The reactor power was
allowed to increase unchecked, and the manner in which it in
creased is rather unexpected (see Figure 1).

The power initially increased exponentially with a period of
33 seconds (T = 33 s,6k = +1.6 mk). However, it did not in
crease indefinitely as you might have expected. As the tempera
ture of the fuel rods increased, the reactivity decreased and
this caused the rate of power increase to slow down. Later the
reactivity decreased at a faster rate as the heavy water got
warmer. The total decrease in reactivity was enough to make the
reactor subcritical, and the end result was that the power
reached a maximum value and then started to decrease.

Thus the reactor is self-regulating with temperature In
creases preventing the power from continuing to increase. Of
course, in this experiment the initial excess reactivity was
quite small; if more reactivity had been inserted initially it
is quite possible that the power would have continued to rise.
The point of this example is not to demonstrate that reactor
power would never increase continuously (it well might), but
to show that there was a loss in reactivity due to the increase
in the temperatures of fuel and heavy water.

July 1979
- 1 -



227.00-12

~Reactor Power

(..

-- Heavy ~'later

Moderator Temperature
(arbitrary scale)

12001000

_--'- --1 Time (s )

800600

,/
/

400200

Power
(MW)

o

20

10

Fig. 1 The NRX Experiment

The temperature ef ~~e t of ~ a i y is defined as the
change in reactivity per unit increase in temperature. Its units
are mk/oC.

The coefficient may be posltive or negatlve. In the example
just described it was negative, because an inccease in temperature
led to a loss or reactivity.

Temperature changes occur, more or less independently, in
the fuel, the heat transport system and the n~derator, and there
will therefore be a temperature coefficlent of reactivity asso
ciated with each of these. It is very s;rable for the overall
temperature coefficient of a reactor to ne negative to provide
the self-regulating feature illtlstrated ~RX.

In order to fully understand why changes in temperature
cause changes in reactivity it is necessary to understand both
the physical and nuclear properties which change with temperature.

(a) Thermal Expansion Effect

As the temperature of the coolant and/or moderator
increases its density decreases. As a result neutrons
travel further thus, they have an increased probability
of escaping (Af and Ath may both decrease). Also with
fewer moderator molecules there is less absorption in the
moderator and thermal utilization (f) increases.

- 2 -
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(b) Direct Nuclear Effect

This is the effect commonly known as DoppZer Broadening.
We mentioned earlier in the course that resonance capture
occurs in U-238 for certain neutron energies related to
the target nucleus which was assumed to be at rest. The
resonance is actually determined by the relative velocity
of the neutrons and the target nuclei. When the fuel gets
hot, the uranium atoms will vibrate more vigorously. A
neutron which would have been outside the resonance peak
if the uranium atoms had been at rest, may encounter an
atom moving at the necessary speed to put their relative
velocity in the resonance peak. Thus the neutron, which
might have survived in cold fuel, is now captured in hot
fuel, and this is reflected in a spreading of the reson
ance peak as shown in Figure 2. There will then be a
decrease in the resonance escape probability p and in the
reactivity due to this so-called Doppler Broadening of the
resonance peak*.

10,000

0,000

C/18,OOO
c
:0 7,000
OJ .

6,OO()~c. .
o I
~ 5,OOOr

V/4,OOOr'

""IIIb3.000[
'lJ 2,000
L

~ l,oOOl

U 6.4-...:::::::::::;:;6t:::.5::::=---6L.6----:6~.7::----;l-=-==::=:::::;~6";.0~--:7:-..0
Neutron Energy

Fig. 2 Doppler Broadening

*Without a rigorous mathematic treatment it may not be
easy to convince you that although the area under the
curve is the same, the absorption increases. A simple
(but basically correct) approach is to say that although

Ga for hot fuel is only half of what it is for cold fuel,
it is high enough to virtually guarantee absorption of
any resonance energy neutrons entering the fuel. Only
now the resonance energy range has been doubled.

- 3 -



(c) Indirect Nuclear Effect

A thermal neutron is one which is in thermal equilibrium
with its surroundings. Clearly then any change in the temp
erature of the moderator, coolant, or fuel will affect the
average thermal neutron energy. Thus neutron cross sections,
being energy dependent, are affected. This may affect the
thermal utilization (f) and the reproduction factor (n).
Generally the changes in n which are most significant, are
due to changes in the ratio of the fission cross section

(~~/::e)~bsorPtion cross section of the fissile material

Figure 3 shows the variation of n for U235 and PU 239
•

Note in particular that around 0.3 eV, for PU
239 starts

to rise rapidly

3

Reproduction
Factor, n

2.5

2

(',PU 239
! \

i

1. 51
1 '-T--,'--- "T-- ---1"--' 't '-',-- '--T "n, '" 'T--' "

.01.1 1 10 100 lk 10k 100klM

NEUTRON ENERGY (eV)

Figure 3

To evaluate the magnitude of the effects mathematically
the Design Manuals evaluate the derivatlve of k with respect
to temperature

dk
dT

1 ~k
k dT

- 4 -
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The change in each of the factors is tabulated in
Table I for both fresh and equilibrium fuel. We will now
look at the temperature coefficients for the fuel, moder
ator and coolant.

Fuel Temperature Coefficient

There are two primary effects due to an increase in
the fuel temperature:

1) Increased resonance absorption

2) An altered ratio of fission to absorptions in
the fuel.

Let us look at a concrete example. Table I gives
makeUF) of: the fuel temperature coefficient for the
Pickering units at nominal operating conditions.

From this table you can see that the predominant
term is the resonance capture term. It is sufficiently
large to ensure an overall negative fuel temperature
reactivity effect at nominal operating conditions, and
it therefore provides the self-regulating feature that
is so desirable.

TABLE I

Fuel Temperature Coefficient For Pickering Units 1-4

(Nominal Operating Conditions. Units are ~k/oC)

Fresh Fuel Equilibrium Fuel

(lis) dE.:/dT 0 0

(l/p)dp/dT -9.33 -9.29

(l/f) df/dT -0.79 +0.34

(l/r)) dn/dT -4.04 +5.33

(l/i\f)di\f/dT 0 0

(1/ i\t) di\t/dT -0.83 -0.43

TOTAL -14.99 -4.05

The resonance escape term (~ ~~ ~ is negative

because increasing the fuel temperature causes increased
resonance capture due to doppler broadening. Fresh and

- 5 -



e~uilibrium fuel values are the same because the amount of
U 38 in the reactor is essentially constant.

The reproduction factor term (~ d~ "liS negative for

fresh fuel because the fissile material is all U235 and n
decrease with increasing temperature in the U235 for energies
of interest « 1 ev) as shown in Figure 3. For equilibrium
fuel this term is positive due to the increased concentration
of PU 239

• The increase in n with temperature for PU 239

overwhelms the negative effect of the uranium.

The behavior of the thermal utilization term is also due to
the increased concentration of plutonium. (The plutonium
increases at 80% of the uranium 235 depletion. Thus 0.8 x 741.6
= 593 b > 580 b the cross section for U235.)

The change in thermal leakage is due to an increase in the
distance a thermal neutron diffuses, which is brought about by
an overall reduction in the thermal absorption cross section of
the whole core.

Heat Transport Temperature Coefficient of Reactivity

The reactivity effect associated with a change in coolant
temperature is rather more complicated in its make-up than the
fuel temperature effect, and we won't discuss it in detail.

Figure 4 shows the overall coolant temperature coefficient
of reactivity for the Pickering units as calculated from the
design data. It is very difficult to determine it from
measurements, because you can't change the coolant temperature
without changing the fuel temperature. It is however positive.

Figure 5 shows the results of measurements made on pickering
Unit 3 when it contained fresh fuel. The heat transport system
was heated by running the primary pumps while the reactor was
held critical at 0.1% of full power. The measurements extended
over a period of 13 hours so that one must assume that the fuel
temperatures kept in step with the coolant temperatures. The
measured changes in reactivity therefore reflected both the fuel
and the heat transport coefficients of reactivity, and you can
see that the negative effect of the former more than compensates
for any positive effect of the latter. The reactivity change is
seen to be -7 mk from cold shutdown to hot shutdown.

- 6 -
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Moderator Temperature Coefficient of Reactivity

As with the fuel temperature coefficient there are two
effects; change in moderator density and increasing average
thermal neutron energy. The temperature of the moderator
affects the neutron energy much more than coolant or fuel
does - it is the base temperature, so to speak. One would
therefore expect the magnitude of the moderator coefficient
to be greater than the other two, and this is in fact the
case, as you can see from Table II which again gives the
values applicable to Pickering.

TABLE II

Moderator Temperature Coefficient for Pickering units I - 4
o

(In units of ~k/ C, calculated for LT ~ -13°C)

Fresh Fuel Equilibrium Fuel

(l/EldE/dT 0 0

(l/p)dp/dT -24.0 -23.9

(l/fldf/dT 55.4 67.1

(l/n)dn/dT -59.2 76.0

(l/Af}dAf/dT -13.0 -13.0

(l/At)dAt/dT -28.7 -22.0

TOTAL -69.5 +84.2

The change in moderator density is responsible for an in
crease in the distance a neutron travels in slowing down.
This in turn leads to a decrease in the resonance escape
probability, p, as well as in the fast non-leakage probability.

The distance a neutron diffuses also increase. It is not
only affected by the change in moderator density, but also by
the reduction in all the absorption cross sections with
increasing thermal energy. Consequently, the change in
thermal leakage is greater than that in fast leakage.

The great changes in the value of n from fresh to
equilibrium fuel are due to the effects of the ratio of
fission to absorption in PU 239 and U235 as previously
stated.
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The thermal utilization term is always positive due to a
decrease in absorption by the moderator associated with a
decrease in moderator density.

Practical Aspects

We have already mentioned that it is desirable for the
temperature coefficients to be negative so that a self
regulating feature is provided. However, more must be
considered than just the values of the three temperature
coefficients. Two most important additional factors are;
the size of the various temperature changes for a given
power change, and the time period over which the changes
occur.

Typically, in a change from hot shutdown, to 100% power,
the average coolan~ temperature may increase by ~ 20 - 40°C
while the average fuel temperature will increase by 500 to
600°C and the moderator temperature will be maintained constant.
Furthermore, the fuel temperature will change nearly instant
aneously as the power changes while the coolant temperature
change will lag the power change by a few seconds.

Thus, we achieve the desired self-regulation merely by
having a negative fuel temperature coefficient of reactivity.

A negative temperature coefficient does, however, create
some problems. In heating the fuel and coolant from a cold
shutdown condition to a hot shutdown condition there is a net
loss of reactivity worth which can be as much as 9 mk. Also, when
power is increased there is a reactivity loss which must be
compensated for. In ontario Hydro, this is expressed in terms
of the power coefficient, which is defined as the reactivity
change in raising power from hot shutdown to 100% full power.
It only includes the temperature coefficients of reactivity,
and not any reactivity loss due to fission product formation.
It is typically of the order of 5 or 6 mk for a heavy water
reactor.

Effects Due to Void Formation

Voids will be formed if either the moderator or the heat
transport system fluid boils. Void formation in the coolant is
of more concern than in the moderator, and so we'll restrict our
discussion to the effects of loss of coolant.

Because the reactivity increases with loss of liquid coolant,
knowledge of the magnitude of this effect is important for safety
reasons.

- 9 -
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The liquid coolant may boil as a result of:

- rupture of the feeder pipe(s)

failure of the primary purnp(s)

- large power excursions

- channel blockage.

Under all these circumstances the coolant will gradually
be displaced by stearn, and eventually the channel(s) may become
totally depleted of liquid coolant. This is frequently called
voiding the channel.

The severity of the above emergency conditions depends
primarily on the rate of reactivity addition, although the total
reactivity addition may be of equal importance. For a light
water cooled reactor, such as Gentilly, loss of coolant results
in a very large change in reactivity. For example, it is esti
mated that for Gentilly, operating with fresh fuel, the react
ivity change for a loss of coolant in half the core can be as
high as 37 rnk, depending on the operating conditions at the time.
This colossal change is of course primarily due to the increase
in the thermal utilization, f, caused by the loss of H20 absorber.

For D20 cooled reactors, the effects are nowhere near as
drastic, although they are still very important.

Voiding of fuel channel causes a decrease in the moderation
of neutrons in the immediate neighborhood of the fuel elements.
Looking at figure 6 (a quadrant of a fuel bundle) you can see
that a neutron born in one fuel element (eg, element 'A')
normally passes through some coolant before reaching the next
fuel element (element 'B') with the coolant providing a little
moderation. With the channel voided there is no moderation
hence, higher energy neutrons are interactinq with the fuel in
element B.

Pressure Tube

Fuel Element

Quadrant of a Fuel Bundle

Figure 6
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This has two effects which can be seen by looking at the
radiative capture and fission cross sections of U238 shown in
Figure 7

10,000

1,000

100-

10

. 1 1 10 100 lK 10K lOOK 1M

Neutron Energy (ev)

Figure 7

(a) An increase in the fast fission factor (E) since 0fincreases
with increasing energy.

(b) An increase in the resonance escape probability (p) since
0n,y decreases with increasing neutron energy.

Both of these give rise to a positive void coefficient.

Voiding of the coolant also reduces the amount of absorbing
material in the reactor, however, for heavy water coolant, this
decrease is very small provided the coolant isotopic is high. In
practice there is a lower limit on coolant isotopic to prevent
an exessively large void coefficient. This lower limit is
usually defined in Station Operating Policy and Principles.
(eg, 97% at Bruce NGS 'A').

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

Excessive negative coefficients, on the other hand, cause a
rapid decrease in power when the void is formed, which is then
corrected for by the regulating system. Then, when the void
fills, a power surge again results.

- 11 -



ASSIGNMENT

1. Explain why the fuel temperature coefficient of reactivity
is more important than either the coolant or moderator
temperature coefficient of reactivity. (Two reasons.)

2. Explain why the fuel temperature coefficient is larger
in magnitude for fresh fuel than it is for equilibrium
fuel.

3. Cite an example of when the moderator temperature
coefficient of reactivity may be useful.

4. Considering only the effect on the void coefficient,
explain why it is undesirable to add soluble poison to
the coolant.

J.E. Crist

- 12 -
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Nuclear Theory - Course 227

REACTIVITY CONTROL

Reactivity mechanisms represent the final control
elements which cause changes in the neutron multiplication
constant k (or reactivity 6k) hence, reactor power. There
are two separate requirements of the reactivity mechanisms
which are preferably fulfilled by two independent systems.
These requirements are:

1. Reactor Regulation. The three basis functions of the
reactor regulation systems are:

a) Maintain k = 1 for steady power operation.

b) Provide small changes +ve or -ve in 6k to change
reactor power.

c) Prevent the development of flux oscillations.

2. Reactor Protection. The principal purpose of the
prutective system is to rapidly insert a large amount
of negative reactivity to shutdown the reactor (TRIP).

From a reactor safety viewpoint it is desirable to
have reactor regulation and protection performed by
separate systems. From a practical viewpoint no single system
can adequately fulfill all the requirements for reactor
regulation let alone regulation and protection together.

Requirements of Reactivity Mechanisms

As well as independence between (1) and (2) the complex
physical and nuclear changes occurring in core during reactor
operation mean that an effective regulating system will have
to consist of more than one type of reactivity mechanism.
A convenient breakdown of the various in core reactivity
changes which require compensating/regulating controls is
listed in Table 1 and grouped in terms of the most important
parameters of any reactivity mechanism namely:

(i) reactivity worth (or depth) 6k (mk).

This must be somewhat larger than the reactivity change for
which the mechanism must compensate or control, and

(ii) operational time interval.

- 1 -
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This is the time period during which the mechanism has to be
able to supply or remove reactivity and this will hence
determine the reactivity insertion rate (sometimes called
the ramp reactivity rate), .6k per unit time (mk/s).

Each of the tabulated reactivity changes is now briefly
described and typical ~k worths necessary to adequately
control these changes as they occur in our stations are shown
for comparison in Table 2. Where these values change from
fresh fuel to equilibrium fuel load conditions then the diff
erence is noted.

In Core Reactivity Changes

(a) Power Changes (Ref. Lesson 227.00-12)

Because the temperatures of the fuel and coolant increase
as power increases from a hot shutdown condition to a hot full
power condition, reactivity changes. Under normal (ie, non
excursion) type conditions there will be a negative reactivity
worth change called the power coefficient of reactivity. These
are tabulated in Table 2. In order to maintain criticulity an
equal but opposite reactivity worth must be supplied by some
other means, (eg, by removing an equivalent reactivity worth
from the Zone Control System) .

(b) Fuel and Coolant Temperature Change~ (Ref. Lesson 227.00-12)

As the fuel and coolant are heated from a cold shutdown
condition (-25° C) to a hot shutdown condition (-276°C)
reactivity decreases, Table 2.

(c) Moderator Temperature Changes (Ref. Lesson 227.00-12)

Normally moderator temperature is kept fairly constant
(typically 70°C maximum in the calandria and 40°C at the heat
exchanger outlets) but variation could be obtained by changing
the rate of heat removal from the heat exchangers. The
accompanying reactivity change is usually negative with in
creasing temperature for a freshly loaded core but changes to a
small positive value at equilibrium fuel burn up as shown in
Table 2.

(d) Fresh Fuel Burn Up (Ref. Lesson 227.00-7)

From an initial fresh fuel charge to equilibrium fuel
burn up there is a large increase in negative reactivity load
over a period of 6 - 7 months as a result of build up of long
lived neutron absorbing fission products (not including Xe 135

)

and depletion of fissile material. Figures for our reactors
are quoted in Table 2. This is a slow but continuous reactivity
change.

- 2 -
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(e) Equilibrium Fuel Burn Up

At equilibrium fuel burn up, when the operating target
excess reactivity has been reached, fission products continue
to be built up and fissile material continues to be depleted.
Continuous on power refuelling is of course the most import
ant method of compensating for this continual depletion of
fissile material at equilibrium burn up. The rate of
reactivity loss for our reactors without refuelling is shown
in Table 2 and for comparison the reactivity increases due
to the refuelling of a single typical central channel are
also list.ed.

(f) Equilibrium Xe Load Build Up (Ref. Lesson 227.00-11)

Following a long reactor shutdown (>2 - 3 days) an
equilibrium reactivitv load (up to 28 mk see Table 2) will
be built up due to Xe135 accumulating in the fuel after
start up.

(g) Xe Transient Build Up (Ref. Lesson 227.00-11)

Within 12 hours of a reactor shutdown (or large derating
due to operational problems, or a load following situation)
there is a very large transient rise in Xe poison concentra
tion (up to -80 mk above the equilibrium level at Pickering,
Table 1). To enable us to restart the unit, Xe OVERRIDE or
BOOSTING CAPABILITY is provided to compensate for this
reactivity loading providing an override time, measured after
shutdown, which gives reactivity capability of restarting
a unit within this time. Actual reactivities available and
the override times thus obtained are listed in Table 2 for
all our stations.

(h) Flux Oscillations (Ref. Lesson 227.00-11)

As localized flux/power changes occur in the core
(from, for example, refuelling part of a channel or movement
of a localized control rod) these can result in quite large
undamped power swings (Xenon oscillations) being set up
with periods between 15 - 30 hours.

To counterbalance these oscillating unbalanced
reactivity loads in various regions (called ZONES) of the
core, the ZONE CONTROL system is used. Total reactivity
worth of these systems are shown in Table 2, and are actually
larger than required to control only the flux oscillations as
these systems are also used for bulk power control.

- 3 -
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(i) Plutonium and Samarium Build Up (Ref. Lessons 227.00-7&11)

- 4 -

After shutdown plutonium builds up from the decay of
neptunium adding positive reactivity and samarium builds up
from the decay of Promethium adding negative reactivity.
The overall effect is positive as shown in Table 1.

TABLE 1

In core reactivity changes

Source of in-core reactivity lIk depth time
changes. interval

(a) Power changes, hut shutdown medium seconds,
to hot full power. (+ve, -ve) minutes

(b) Fuel and Coolant temperature medium seconds,
changes. (+ve, -ve) minutes

(c) Moderator temperature small minutes
change. (+ve, -ve)

(d) Fresh fuel burn up. large 6 - 7
(-ve) months

(e) Equilibrium Xe load build large 40
up. (-ve) hours

(f) Xe transient build up. large <12
(-ve) hours

(g) Flux Oscillations. medium 15 - 30
(+ve, -ve) hours

(h) Equilibrium fuel burn up. small days
(-ve) (continuous)

(i) Plutonium and Samarium medium 300
build up. (+ve) hours
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'rABLE 2: COMPARISON OF STATION REACTIVITY LOADS

REACTIVITY WORTH CHANGE NPD DOUGLAS PICKERING BRUCE
POINT A & B A & B

-
(a) Power Coefficient fresh fuel -3.3 mk -6 mk -7 mk -9 mk

- --~._-----_..- ---- .~

hot shutdown - equilibrium
-1.2 mk -5 mk -3 mk -3.5 mkhot full power fuel0- ____._.____._

i--_...-.--.---.._-..---.-
!-- ..____o __ ••____ • _______.... -----

I (b) Fuel and Coolant fresh fuel -·3 mk .. 6 rnk -8 mk -9 mk
I _ ...._--------1---------.---.----.------.---f---------.-. ~~,._---

- _._-.~

I temperature 25°C equilibriwn! -1 mk -4.5 mk. -2.5 mk -3 mkto 275°C fuel
-----._--------- --

(c) Moderator Tempera tun.:: fresh fuel ~O.O8 mk/ C -0.06 mk/ C -0.06 mk/ C -0.07 mk/ C

Coefficient equilibrium +0.01 mk/ C +0.03 mk/ C +0.08 mk/ C +0.09 mk/ Cfuel

(d) Fresh Fuel Burn Up -9 mk -20 mk -26 mk -22 mk

(e) Xe Equilibrium Load -24 mk -28 mk -28 mk -28 mk

(f) Xe Peak Load -46 mk -107 mk -98 mk -105 mk

Xe Override Capability* +2.4 mk +10 mk +18 mk +15 mk

Xe Override Time 35 min 30 min 45 min 40 min

( g) Zone Control Reactivity Worth NONE 3 mk 5.4 mk 6 mk

(h) Reactivity Loss (Equilibrium Fuel) -0.15 mk/day -0.3 mk/day -0.3 mk/day -0.5 mk/day

Reactivity Gain/Refuelled +0.1 mk +0.2 mk +0.2 mk +0.5 mk
Central Channel

(i) Plutonium and Samarium Build Up +2.5 mk +6 mk +6 mk +6 mk

* New elements only, will decrease by -30% at end of life burn up.

o
o
I

f-'
W
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As you can see the range of reactivity depths and
insertion rates make it imnractical to try to design
a single control mechanism:

Methods of Reactivity Control

Before we can discuss actual control mechanisms we must
look at the theoretical methods of reactivity control. Re
calling that:

we will examine which of the six factors we can use to change/
control reactivity (remember 6k = k - 1 )

k

First neither the fast fission factor (E) nor the
resonance escape probability (p) are easily varied. They
depend on the amount of U-238 present and the lattice
spacing in the reactor. Therefore, we make no attempt to
control reactivity by controlling E or p.

Next is the reproduction factor (n).

Recall that:
fuel

n = V _L.=.,f__

Lfuel
a

f If we increase the amount of fissile material present
(I

f
ue

) we will increase n. That is, more neutrons will be
produced per neutron absorbed by the fuel.

+ L:non-fuel
a

f =

Thermal utilization ([J is the fraction of neutrons
absorbed by the fuel to those absorbed in the whole core:

L:
fuel
a

If we increase or decrease the amount of non-fuel ab
sorption, we vary f, hence reactivity. variation of neutron
absorption is by far the most common method of control.

Finally we have the fast and thermal non-leaka~e

probabilities (~f & At ). If we vary the leakage of neutrons

from the reactor we will vary reactivity.

- 6 -
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Reactivity Mechanisms

In order to discuss the reactivity mechanisms presently
in use we shall divide them into five groups based on their
basic function in the reactor. The five functional groups are:

1) Automatic Reactor Regulation - (includes bulk
power and zone control)

2) Xenon Override.

3) Long Term Reactivity Control - (includes fresh fuel
t:urn lJ.P r the build up of equilibrium xenon and the
build up of plutonium and samarium after shutdown).

4) Equilib rilun Fuel Burn up.

5) Shutdown Systems

For each of these catagories we will discuss the methods
used and the significant advantages and disadvantages of those
methods (See 433.50-1 for a discussion of the mechanics of
the systems). Table 3 indicates which systems are used at
each station and the reactivity depth of each system.

Automatic Reactor Regulation

a) Moderator Level Control.
Small changes in moderator level change the thick
ness of the reflector on top of the reactor thus
varying leakage (A

f
& At ).

Advantages:

1) Easily incorporated into a system using moderator
dump for protection.

Disadvantages:

1) Zone control is not possible.

2) Lowering the moderator level distorts the over
all flux distribution.

b) Control Absorbers.
Solid rods of a mildly absorbing material (typically
stainless steel) which can be operated vertically
in the core. Because they are parasitic absorbers
the control absorbers change the thermal ulitization
(f) •

- 7 -
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Advantages:

1) Provide additional reactivity at minimal cost.

Disadvantages:

1) In core guide tubes represent, permanent,
reactivity loss (fuel burn up loss).

c) Liquid ~one Control (LZC)
Zone Control Compartments inside reactor which contain a
variable amount of light water (a mild neutron
absorber). Varying the amount of light water in
the LZC, varies parasitic absorption hence thermal
utilization (f).

Advantages:

1) Individual zone levels can be independently
varried for zone control.

2) Operating equipment is mainly outside contain
ment, therefore, accessible during reactor
operation.

3) Cooling easily accomplished.

4) Only slight distortion of the overall flux
pattern.

Disadvantages:

1) Requires special design to insure that the
zones fail safe (ie, fill).

2) In core structure represents a reactivity (or
fuel burn up) loss.

Xenon Override

a) Booster Rods.
Solid rods of highly enriched (-90%) U-235. In
sertion of booster rods increases the amount of
fissile material in the reactor hence the repro
duction factor (n). It also increases f.

Advantages:

1) Can provide large override capability.
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Disadvantages:

1) Enriched Uranium is a very expensive, non-Canadian
product.

2) Require highly reliable source of cooling (loss
of cooling to an inserted booster at high
power could cause the rod to melt down in
about 5 seconds).

3) Because of cooling requirements additional trips
are required thus complicating the reactor pro
tection systems.

4) Limited lifetime as the reactivity worth decreas
es with each use.

5) A criticality hazard exists in the storage of
both new and irradiated booster rods.

6) Because of all of the above reasons, the AECB
requires special licenses, which, at this writ
ing (June 1979) BNGS A does not have.

b) Adjuster Rods

Solid rods of a neutron absorbing material (Cobalt
or Stainless Steel). Normally fully inserted in
the reactor thus increasing parasitic absorption
(decreasing f). Positive reactivity is provided
by withdrawing the adjuster rods.

Advantages:

1) Provide flux flattening which must be provided
by some other method if booster rods are used for
xenon override.

2) No significant decrease in reactivity worth
over normal lifetime.

Disadvantages:

1) Presence of adjusters results in a fuel burnup
penal ty of _ 8 %• (The adj usters reduce f, there
fore, we must increase one of the other factors.
Thus n is increased by not allowing the fuel to
burn out as much.

- 9 -
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Long Term Reactivity Control

The method of long term reactivity control presently in
use is the addition of soluble poison to the moderator.
While solid rods could be used for this purpose, soluble
poison systems are cheaper and cause no flux distortions.
However, the addition of poison to the moderator does reduce
the flux reaching the ion chambers sufficiently to require
that the power reading from out of core ion chambers be
corrected for the presence of the poison. Boron in the form
of boric acid D3B03 or gadolinium in the form of gadolinium
nitrate Gd(N03) 3 ·6HzO are the poisons presently in use.
Gadolinium has the advantage over boron for Xe load simulation
because the neutron burn up rate of the neutron absorbing
gadolinium isotopes (Gd155 and Gd157) and the Xe build up are
sufficiently complementary that little adjustment of the
gadolinium concentration by IX control is necessary during
start up. The IX columns are, however, used to remove the
reactivity build up of low cross section gadolinium absorp
tion products to limit their accumulation in the moderator.

Using boron to simulate Xe load needs a closely monitored
operation of the cleanup circuit to obtain the rapid reduct
ion of boron required (3.5 ppm = 28 mk), boron removal being
essentially only dependent on the IX removal rate rather
than neutron burn up rate. Much more IX column capacity is
also needed for B removal than for the Gd system. Gadolin
ium is not used at Pickering A as there is some concern that
it may lead to high deuterium gas levels in the cover gas
system due to increased radiolysis of the moderator.

Equilibrium Fuel Burn Up

On power refueling is used in all of Ontario Hydro's
reactors. This essentially keeps the amount of fissile
material constant by replacing irradiated fuel with fresh
fuel more or less continually. This system of refueling
has several distinct advantages:

1) No downtime for refueling

2) Better average fuel burnup

3) Better flux shaping.

4) Failed fuel can be removed easily without a shutdown.
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There are of course some disadvantages mainly the high
capital cost of the fueling machines and the maintenance
which is required for them.

If the fueling machines are unavailable for some reason,
there is a limited time the reactor can continue to operate.

A Bruce 'A' reactor normally consumes 0.5 mk/day. (That
is the reactivity worth of the fuel diminishes at that rate) .If
the LZC were at 50% at full power in an equilibrium fuel
condition, about 3 mk of excess positive reactivity would be
available. That gives approximately 6 days of operation
before we must start inserting the boosters (actually
undesirable for this purpose) or reduce the operating power
(called derating) or shutdown the reactor.

On the other hand, if you overfuel the reactor you may
have to derate the reactor due to the high flux in the area
of the new fuel, (called regional overpower).

Shutdown Systems

Early Candu designs had a single shutdown system. As
the design of the reactor became more sophisticated, the
requirement for extremely high reliability dictated that
two independent shutdown system be provided. There are
presently three types of shutdown systems in use.

1) Moderator Dump

As the moderator level decreases, the physical size of
the active portion of the core decreases. As the core gets
smaller, leakage increases (A

f
and At go down).

Advantages:

1) Simple, fail safe with gravity system.

2) Absolute shutdown, with the moderator dumped the
core cannot be made critical.

Disadvant.ages:

1) Slow for a large reactor. The initial reactivity
insertion rate may not be adequate to protect the
reactor from certain types of accidents. Figure 1
shows reactivity vs time for moderator dump at PNGSA.
Note that in the first two seconds only -2mk of
reactivity has been inserted.

2) Time required to pump the moderator back into the
calandria is so long (-50 min. at PNGSA) in a larger
reactor that a poison out is quite possible.

- 11 -
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REACTIVITY VERSUS TIME FROM INITIAL MODERATOR DUMP SIGNAL
(100 PERCENT MODERATOR LEVEL, EQUILIBRIUM FUEL CONDITIONSl

H.01l00-H

FIGURE 1
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2) Shutoff Rods

Hollow cylinders of neutron absorbing material (normally
stainless steel sheathed cadmium) which can be gravity dropped
into the reactor. Their presence greatly increases parasitic
absorption thus reducing the thermal utilization (f).

Advantages:

1) Rapid reactivity insertion as required for
in certain worst case accidents. Figure 2
reactivity vs time for PNGSA shutoff rods.
in 2 secondS-the rods have inserted -22 mk.

protection
shows
Note that

2) Rapid recovery from a trip is possible.
to withdraw the rods).

Disadvantages:

(-3 minutes

1) Limited reactivity depth. As presently designed
shutoff rods do not provide enough reactivity for a
guaranteed long term shutdown.

2) Complex system (relative to dump) subject to mechani
cal failure. Safety analysis normally assumes that
the two most reactive rods don't drop on a trip.

3) Poison Injection

Poison (Gadolinium) is injected into the moderator under
high pressure. This causes a large reduction in the thermal
utilization (f),

Advantages:

1) Rapid insertion of reactivity.
tivity vs time for BNGSA poison
Note that -33 mk is inserted in
worth is approximately -675 mk.

Disadva~tages:

Figure 3 shows reac
injection system.
1.5 seconds. Total

1) Poison must be removed from the moderator by ion
exchange which is costly and slow (-12 hours).
If poison injection shuts down the reactor, a Xenon
poison out will occur before the moderator poison
can be removed.

- 13 -
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NPD Douglas Pt. Plckering A Bruce A Pickering B Bruce B
N
N
-...J

Automatic Reactor
Regulation (1)

Primary Moderator Level
Control

4 Control
Absorbers
(3mk)

14 Liquid
Control Zones
(S.4mk)

14 Liquid 14 Liquid 14 Liquid
Control Zone~ Control Zones Control Zones
(6mk) (6mk) (6mk)

o
o
i

i-'

~-------I-------------+-------+---------t----------I--------+-----.---

Secondary NONE Moderator
Level
Control

Moderator
Level
Control

4 Control
Absorbers
(7mk)

4 Control
Absorbers
(lOmk)

4 Control
Absorbers
(9.Smk)

Xenon Override 1 Booster Rod
(2.4mk)

8 Booster
Rods
(lOmk)

18 Adjuster
Rods
(18mk)

16 Booster
Rods
(lSmk)

21 Adjuster
Rods
(18mk)

24 Adjuster
Rods
(l8mk)

SDS 1Shutdown Systems

Long Term Reactivity (
Control Moderator Level Moderator Poison Addition (Variable reactivity depending on poison I

_. . l-_c_o_n_t_r_o_l L--. . ~=~~~a tion) - ----11

Equilibrium Fuel All Stations use on power refueling
Burn up

( 1) The primary stem is nGrma~,ly used for reactor regulatjoll~

has insufficient reactivit~7 iepth; the secondary systerD will
If the primary system
act automatically.

is ~na't,,'ailab.l or

(2) Operation of the dump system at Pickering A is not entirely independent of the shutoff rods.

TABLE 3

Reactivity Control Systems
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ASSIGNMENT

1. A Bruce reactor trips inserting - 40mk due to the shutoff
rods. Using the information in Table 2 and assuming an
equilibrium fuel condition, would you expect the reactor
to remain shutdown (subcritical) if the heat transport
system was kept at normal operating temperature? If
the heat transport system was cooled down? Justify
your answers.

2. Both methods of Xenon Override require derating when
used. Explain why.

3. Simple chemical analysis for boron or gadolinium is not
considered sufficient to determine the reactivity worth
of moderator poison, explain why.

J.E. Crist
A. Broughton

- 17 -
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Nuclear Theory - Course 227

THE APPROACH TO CRITICAL

The initial approach to criticality is a procedure
undertaken with a great deal of respect because the reactor
is in a potentially dangerous condition. The reasons for
this are:

1. Available reactivity is near its maximum value since
there has been no fuel burnup and there are no fission
products present. This excess positive reactivity is
compensated for by moderator poison; however, the poisons
are removable, hence the possibility of a large positive
reactivity insertion exists.

2. Normal nuclear instruments (ion chambers and/or flux
detectors) will be "off scale" at their low end (~10-5%

of full power); therefore, the regulating system will
not automatically control the reactor.

3. Although startup instruments (He-3 or BF 3 detectors) will
be wired into the shutdown systems, their response becomes
increasingly longer as the flux levels decrease.

4. The critical value of the control variable is not
precisely known. For example if the approach to critical
is being made by raising moderator level, the critical
level is only a design estimate. (These are generally
qui te accurate.)

During the approach to criticality the reactor will by
definition t~ subcritical. Therefore, you should review the
behaviour of neutron power in a subcritical reactor.
(lesson :227.00-9).

The First Approach to Critical

The most common method in the past has been to raise
moderator IV'lel until enough fuel was covered to sustain a
chain reaction. More precisely, koo was fixed and the leakage
was gradually reduced until k was exactly 1. This procedure
was used at NPD, Douglas Point and Pickering Units I and 2.

Alternatively, with a high enough poison concentration
in the moderator to ensure that criticality cannot be pos
pible. Start at a certain moderator level (nominally near
full calandria). (This is known as guaranteed shutdown
state.
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The poison is then gradually removed until criticality is
reached. In this case, the leakage is nearly constant, and k
is increased by raising the value of f, the thermal utilization,
until k becomes equal to 1. This was the procedure used at
PNGS 'A' Unit 3, and BNGS 'A', which of course doesn I t have
moderator level control at all. It will be used on all future
reactors.

Pickering Unit 1

The conditions prior to the startup were as follows:

1. A boron concentration of 7.25 ppm was chosen for the moder
ator system to achieve a first critical level just above
4 m. This figure was obtained from design calculations.

2. All adjuster rods were fully inserted, and all light water
zone compartments were full.

3. The heat transport system was cold (46 0 C) and pressurized
with the normal number of heat transport system pumps (12)
running.

4. Three fission counters (designated NT9, NT8 and NT7), mount
ed in an aluminum tube, and one He-3 counter were located
in channel U-ll which was otherwise empty (ie, no fuel or
heat transport fluid).

5. Three more He-3 counters were mounted outside the core (in
the ion chamber housing) to test a proposal to startup
later Pickering units using out-of-core instruments alone.

6. The count rates from the in-core neutron counters were
determined by feeding their output pulses to scalers,
which counted all pulses arriving in a preset time (of the
order of 5 minutes at low count rates) .

7. The protective system trips were set on the output of rate
meters connected to the fission counters NT8 and NT9 and
the He-3 counter in channel U-Il. Trip levels were always
maintained at about one decade above the prevailing count
rate.

The approach to critical was monitored by devising an
(approximately) linear plot which could readily be extrapolated
to predict the critical moderator level. From lesson 227.00-9
recall that:

- 2 -
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Since the count rate on any detector is proportional
to Poo , we can now write:

1
count rate cc 1 - k

Since 6.k is a direct function of moderator level
(as level increase, k increases), we can plot the reciprocal
count rate versus moderator level as shown in Fig. 1.
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Figure 1

Approach-to-Critical Graph

The intercept of this curve with the moderator level
axis should therefore give the critical level.

Pickering A, Unit 3 and all Bruce A units obtained
initial criticality by removing poison (boron or a combination
of boron and gadolinium) from the moderator. In these cases
the moderator was at full tank throughout the startup. The
multiplication constant (k) is a direct linear function of
poison concentration (1 ppm boron = 8.85 mk; 1 ppm gadolinium
= 31.42 mk). Because of this, total poison load may be
directly calculated and a plot of poison load versus inverse
count rate is a straight line. Figure 2 is a plot of inverse
count rates from the incore detectors for the Bruce A, Unit 1
initial criticality. Note that they all give straight lines
which accurately predicted the poison concentration at
criticality.
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These types of approaches do not have to be repeated for
every startup. Once sufficient fission products have been
bui1tup to give a significant photoneutrons source, (ie, actual
neutron power >10- 5 %) the reactor may be started up using in
stalled instrumentation and automatic regulation.

J.E. Crist
A. Broughton
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Nuclear Theory - Course 227

FAILED FUEL MONITORING

The operating conditions in CANDU reactors impose severe
stresses on the fuel. Sometimes fuel cladding failures occur.
Failures vary in size from minute hair-line cracks to large
ruptures or holes in the zircaloy cladding. It is important
to locate failures as soon as'possible. Activity monitoring
systems are used Ca) to detect the fuel failures and Cb) to
locate the fuel channel containing the defective element.

Reasons for Activity Monitoring

Upon fuel failure, some of the active fission products, and
uranium and plutonium are able to escape, and go into the
primary coolant circuit. There is a limit on the amount of
activity allowed to circulate in the coolant, and this is stipu
lated by the AECB through federal radiation protection regula
tions. The reasons for being concerned about activity release
to the heat transport system are listed below:

(1) The released activity, which depends upon the defect size
and rate of fuel burnup can be extremely high and may con
stitute a health hazard because Ca} increased radiation
from the primary coolant circuit equipment may reach
unacceptable levels for operating personnel and Cb) coolant
water leaks and contamination of coolant circuit equipment
would bring maintenance staff into direct contact with
highly active fission products and plutonium.

(21 A fuel cladding failure may result in a distorted element
making removal from the reactor difficult and also expen
sive in terms of a clean up operation and a reduced capacity
factor.

(31 Fissile uranium or plutonium released from a fuel failure
may become plated out on parts of the coolant circuit. In
the pre;~ence of a neutron flux they will continue to produce
and release fission products into the coolant, making the
detection of further fuel failures more difficult.

August 1980 - 1 -
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Properties of the Fission products

To detect and locate a failed fuel element the activity of
the fission products is measured with a suitable detector situated
in the coolant circuit. To determine which fission products we
should monitor, the factors to be considered are decay modes, half
lives and recirculation behaviour in the coolant, of the most
important fission products, and also the background activities
present in the coolant.

The fission products may be conveniently classified into
three distinct groups according to their chemical properties.
These groups are shown in Tables I, II and III which give the
corresponding half lives and decay modes of the nuclides.

Group I Gaseous Fission Products

These gases, comprising various isotopes of Kr and Xe
(Table I) that are fairly easily released into the coolant through
a defect, recirculate continuously in solution until they decay.
The decay mode is by S, y emission, and the y energies are unique
for each isotope.

Gaseous Fission Products (GFP)

TABLE I

Nuclide Half Life

...,
87 Kr 76 min

88 Kr 2.8 h

8S~r
S,y

4.4 h decay
modes

13S mxe 15.6 min

1 38 Xe 14 min

13S Xe 9.2 h

133 Xe 5.7 d
-'
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Halogen Fission products

TABLE II

227.00-15

Nuclide Half Life I
{B7Br 56 :}Short 88 Br 16 Delayed 1

Lived Neutron
1 37 I 23 Precursors

I'
1 32 I 2.4 h S,y
1 3 l+ I 52 m decay

~ modes
Long

1 35 I 6.7 h

Lived 1 3 3 I 21 h
1 3 1 I 8.1 d-

- 3 -
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Depositing Fission Products (DFP)

TABLE TIl

Nuclide Half Life

"l32 Te 78 h Short

{ 99 Mo 67 h
~Lived

9 gIDTc

{ 95 Zr 66 Days
S,y

95 Nb Decay >-
Mode

lO 3Ru 40 Days

{ 1 o6 Rh 1 Year

106 Ru

11+ lee 33 Days

l1+1+ Ce 285 Days

~ 4 -
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Group II Halogen Fissioh products

This group (Table II) consisting of volatile iodine
and Bromine isotopes, is fairly easily released through a defect
and subsequently carried in the coolant as negative ions ie,
anions. These ions may be removed to some extent in the anion
ion exchange (IX) column situated in a clean up line normally
in parallel with the primary coolant flow line as shown for the
typical activity monitoring system at NPD in Figure 1. The
decay mode is by S,y emission but an important feature of the
three short lived isotopes listed here is that they are delayed
neutron precursors ie, the S decay leads to a highly excited
nucleus which is then able to decay further by emitting a
delayed neutron.

- 5 -
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Group III Depositing Fission Products

This group of S,y emitting non volatile nuclides (Table III)
is not so easily released through a defect as the above groups.
Because of their low solubility they plate out (deposit) on the
walls of the boiler. They are also removed in the anion ion ex
change (IX) column so that most of the activity from this group
does not recirculate.

Fission Product Yield

The relative quantities of the above fission product nuclides
produced by fission may be determined by inspection of Figure 2.
This double peaked curve shows the % production of the fission
products from fission of U-235. The positions of the three groups
of fission products are indicated, the yields of those important
in activity monitoring are between 1% and 7%.

- 6 -
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Choice of Fi.ssion Products for Detection of Fuel Failures

It can be seen that there is a large variation in the half
lives of the varicus fission products and this fact enables us
to distinguish between a minor and major fuel cladding failure.
A finite time is taken for the fission products to diffuse
th::::ough a small defect in the cladding during which time the
fission prOducts \vith short half lives will have been decaying.
A larger defect occurring under the same steady conditions will
release its fissicn products more quickly and the activity in
the coolant \'1il1 now contain a higher proportion of short lived
fission products than in the case of the smaller defect. In
order to moni tor ~~or detection of a fuel cladding failure under
steady reactor opr:ration a fission product \'1ith a long life is
chosen.

At NPD for eYZlmp18 Iodine -133 with a half life of 20hrs
is used to monitor all 132 channels in bulk for detection of
failures, the set··up used being shown in Figure 1. The iodine
monitor is actually called the GFP monitor although this isotope
(I-133) is actually ~n the halogen group of fission products.

At Pickering, with 390 channels, bulk GFP monitors are also
used to dp.te:::t fuel failures in each of the two heat transport
loops and utilize various fission ~roducts from ?roups I and II,
the most common ones being 131 I, 1 3 I, 87 Kr and 3 5 Xe .

Choice of Fission Products for Location of Failures

Only a small portion of the activity from a fuel defect
will be removed by the IX columns for each cycle of the cir
culating coolant. This means that the activity from a defect
will spread -throuqhout all the channels. To locate the defect,
we must be able tc discriminate between freshly released activity
and recirculating activity.

Detection of GFP tells us only that there is a fuel failure
and we use detection of the DFP or of the DN groups to home in
on the defect.

The depositirg fis~ion product (OFP) group, in particular
the isotopes 99 Mo and 1~2Te, as well as being removed by decay
have the property of plating out (depositing) on the boiler
tubes and in monel traps used for the efficient deposition
of these fission rrodncts in the OFP monitors themselves. Hence,
the OFP's are more effectively removed from the coolant than the
GFP 's which are rcm'~ved only in the clean up line and by natural
decay. A DFP monitoring system is usually arranged so that each
caannel (or zone cf channels) may be scanned individually in
order to locate the defective channel (or zone) .

- 7 -
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Good discrimination against the circulating activity
background can also be obtained by monitoring the delayed neutrons
from the precursors 137 1 and 87 Br • This good discrimination results
because the delayed neutron (DN) monitors are insensitive to y rays
and the short half lives of the precursors give an inherently low
recirculating activity background.

The short half lives of the DN precursors are advantageous
in discrimination but cause the system to be rather insensitive
in the case of small fuel cladding failures. when small defects
are suspected the reactor power is cycled, this should have the
effect of greatly increasing the proportion of short lived fission
products which leak into the coolant. Very small defects can then
be detected by the DN monitors.

Monitoring of the delayed neutrons using the reactor power
cycling techniques can be used to locate defective elements in
individual or groups of channels in conjunction with a DFP mon
itoring system. Examples of specific systeTI1S are briefly described
below.

For location purposes at NPD a DFP monitor is used detecting
99 Mo and 132 Te , it is able to scan all reactor channels inde
pendently so that single defective chan~els mav be found. In
addition, a DN monitor making use of I37 r and ]7 Br is used to
monitor two individual experimental fuel channels.

The locatin~ system at Pickering utilizes 12 DFP monitors,
again detecting 9 Mo and 132 Te , to determine the location of a
failure to within the zone of channels feeding one of the 12
boilers. When the DFP monitor has indicated the presence of a
failure in a particular zone the fuelling machines are then located
onto each suspected channel and a search made using a DN monitor on
the fuelling machine heads, until the defective channel is found.

Difficulties Encountered with Fuel Failure Monitoring Systems

The circulating background activity problem results in poor
channel discrimination for the GFP system necessitating the use
of a DFP and/or DN system for location purposes. Other background
activities are also present in the system making the problem of
both detection and location of failures more difficult. One of
these activities is the manufacturing contamination from uranium
dioxide on (or in) the cladding. The contaminant uranium under
goes fission and results in the continual release of fission
products into the coolant without the cladding being defective.
Additional short lived y activity is continually present in the
coolant, independent of fuel defects, from the presence of 19 0
(t~ = 298) and 16 N (t~ = 7.3s) produced by neutron activation of
the oxygen in the heavy water coolant.
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Another y activity source in the coolant, independent of
fuel defects, is from activated corrosion products such as
60 CO , 59 Fe , 124 Sb, 65 Zr and 54 Mn resulting from the corrosive
effect of coolant on the reactor components. These corrosion
products circulate mainly as cations and are removed by a
cation ion exchange column situated before the iodine monitor,
as shown in Figure 1.

In the case of the OFP and GFP monitors all these add
itional y activities present an undesirable spectrum of y back
ground which makes the electronic discrimination, used to detect
a single y ray energy of a particular isotope, more difficult.

For the ON monitors there is little direct background from
these additional y ray activities but the y activity of 16 N in
the coolant circuit presents a problem. This isotope emits t
rays of 6.1 and 7.1 MeV whcih are of sufficient energy to cause
emission of photo-neutrons in the 020 coolant by the y(O,p)n
reaction. This results in an undesirable neutron background in
the DN monitors reducing their sensitivity.

- 9 -
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ASSIGNMENTS

1. What may be the operational consequences of neglecting
to monitor the fuel channel activity?

2. What properties of r 133 make it a useful isotope in a fuel
monitoring system?

3. What properties of the depositing fission products make
them useful in a fuel defect locating system.

4. What are the sources of background activities in an
activity monitoring system.

D. Winfield
A. Broughton
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Nuclear Theory - Course 227

APPENDIX A

NAME

Delayed Neutron Fraction

Fission Product Yield (normally with subscript
to denote particular isotope, eg, Yxe)

Fast Fission Factor

Reproduction Factor

Fast Neutron Non-Leakage Probability

Thermal Neutron Non-Leakage Probability

Neutron Yield per Fission

Mean Log Energy Decrement

Macroscopic Neutron Cross Section

Microscopic Neutron Cross Section

Reactor Period

Neutron Flux

Thermal Utilization Factor

Neutron Multiplication Factor

Reactivity

Neutron Lifetime

Number Density

Primary Source Strength

Effective Source Strength

Resonance Escape Probability
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APPENDIX B

Properties o( tile Elements aDel Certala Molel:ules

227-App-B

Atomic or Nominal Atoms or

IElement or Atomic molecular density, molecules O'o,t C1.,t ~Glt 2;.,'
molecule Symbol number ~iaht· gm/cm3 per cm3t barns barns em-I em-I

Actinium Ac 89 227 8\.'"
Aluminum Al 13 26.9815 2.699 0.06024 0.235 ,.4 0.01416 0.084.l4

Antimony Sb 51 121.75 6.62 0.03275 5.5 4.3 0.1801 0.1408

Argon Ar 18 39.948 Gas I 0.63 1.5

Arsenic As 33 74.9216 5.73 0.04606
I

4.5 6 0.2073 0.2764

Banum 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 1.55 0.02329 0.43 3.0 0.01002 0.06987

Carhon i

(graphite)" C 6 12.01!l5 1.60 0.08023 0.0034 4.8 0.0002728 0.3851

Cenum Ce 58 140.12 6.78 0.02914 0.7 9 0.02040 0.2623

(e.. 'um Cs 55 132.905 1.9 0.008610 30 20 0.2583 0.1722

Chl.orine CI 17 35.453 Gas 33 16

Chromium Cr 24 51.996 7.19 0.08328 3.1 3 0.2582 0.2498

Coh,dt Co 27 58.9332. 8.8 0.08993 37 7 3.327 0.6295

Columhium
('>et: niohium)

Corrx:r Cu 29 63.54 8.96 0.08493 3.8 7.2 0.3227 0.6115

Deuterium D I 2.01410 Gas 0.0005

D)'rro'lum Dy 66 16250 856 003172 940 100 29.82 3.172

ld'lul11 Er 68 167.26 9.16 0.03203 160 15 5. i 25 i 0.4805

l:ur<'l"ul11 Eu 63 15196 5.22 0.02069 4300 8 88.97
i

0.1655

FlUOrine F 9 18.9984 Gas 0.0098 3.9
Gadolinium I Gd

i
64 15725 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

Heavy watertt D:>.O 20.0276 1.l05 0.03323 0.0010 13.6 3.323 X IO-s 0.4519

Helium He 2 4.0026 Gas :<:;0.050 0.8
Holmium Ho 67 164.930 8.76 0.03199 65 2.079

Hydrogen H I 1.008665 Gas 0.332
llIinium

(see promethium
Indium In 49 !l4.82 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 0.07050 460 32.43

Iron Fe 26 55.847 7.87 0.08487 2.53 II 0.2147 0.9336

Krypton Kr 36 83.80 Gas 24 7.2

Lanthanum La 57 138.91 6.19 0.02684 I 8.9 IS 0.2189 0,4026

Lead Pb 82 203.973 11.34 0.03348 0.17 II 0.OO~692 0.3683
Lithium Li 3 6.939 0.53 0.0..:1600 71 1.4 3.266 0.0644
Lutetium Lu 71 174.91 9.74 0.03354 80 2.683
Magnesium Mg 12 24.312 1.74 0.04310 0.063 4 0.00271S 0.1724
Manganese Mn 25 54.9380 7.43 0.Of:145 13.3 2.3 l.083 0.1873
Mercury Hg . 80 200.59 13.55 0.0..:.068 I 360 20 14.64 0.8136
Molybdenum Mo 42 95.94 10.2 0.OM03

I
2.6 7 0.1665 0.4482

Neodymium Nd 60 144.24 6.98 0.0~914 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.OS555 I.l 5 0.06111 o.rna
Nitrogen N 7 14.0067 Gas 1.85 10
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Atomic or Nominal Atoms or I i
Element or Atomic molecular density. molecules CT••t CT..t ~•.t ~,.t

molecule Symbol number weiaht· am/cm3 per cm3t barns barns cm- I em I

Osmium Os 76 190.2 22.S 0.07124 15 11 1.069 0.7836
QxyJen 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 0.19 5 0.006724 0.1170
Platinum Pt 78 195.09 21.45 0.06622 10 10 0.6622 0.6622
Plutonium Pu 94 239 19.6 0.04939 CT. = 1015 9.6 49.88 0.4741

CTI = 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 0.3632
Rubidium Rb 37 85.47 1.53 0.01078 0.73 12 0.007869 0.1294
Ruthenium Ru 44 101.01 12.2 0.07270 2.5 6 0.1818 0.4362
Samarium Sm 62 150.35 6.93 0.02776 5800 5 161.0 0.1388
Scandium Sc 21 44.956 2.5 0.03349 23 24 0.7703 0.8038

Selenium Se 34 78.96 4.81 0.03669 12 11 0.4403 0.4036

Silicon Si 14 28.086 2.33 0.04996 0.16 1.7 0.1164 0.0849

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 1.3 10 0.02323 0.1787

Sulfur
(yellow) S 16 32.064 2.07 0.03888 0.52 1.1 0.2022 0.0427

1 ,,,,u\um

I
Ta , 73 \ KO.448 \h.h 0.05525

I
21

I
5 l.lhO 0271>.\

Tt'''mt't ium Te 43 44 22
Tdluflum Te 52 127.60 6.24 0.02445 4.7 5 o 13X4 o.l·n.~

Tcrhlum Th I 65 158.414 8.33 0.03157

!
46 1.452

ThClllium TI 81 204.37 1185 0.03441 3.3 14 0. 1152 O.4XH<i
Thorium Th

I
'X) 232.038 11.7\ 0.03039 7.4 12.h 0.2244 IUK2<i

ThulJum Tm 64 168.934 4.35 0.03314 125 7 4.143 02320
Tin Sn i 50

I
118.69 7.298 0.03703 0.63 4 0.02333 0.14XI

ITitanium I Ti 22 I 47.90 4.51 0.05670 6.1 4 0..\454 0.220X
Tungsten W 74 183.85 19.2 0.06289 14 I 5 1.195 1).\145
Uranium U 92 238.03 19.1 0.04833 IT" = 7.6

I 8.3
!

03073 04011i
CTI = 4.2

I

0.2030
Vanadium V 23 50.942 6.1 0.07212 4.9 5 I 03534 0.3606
Water H2O 18.0167 1.0 0.03343 0.664 103 0.02220 3.-43
Xenon Xe 54 131.30 Gas 24 4.3 I

Ytterbium Yb 70 173.04 7.01 0.02440 37 12 0.420X 02')28
Yttrium Y 39 88.905 5.51 003733 1.3 3

I
0.04853 0.1120

Zinc Zn 30 65.37 7.133 006572 1.10
I

3.6 0.07224 o 23M
Zirconium Zr 40 91.22 6.5 0.04291 o.n! II I ll.OO7724 OJ433

I I

• Based on C I' = ooסס12.0 amu.
t Four~igit accuracy for computational purposes only; last digit(s) usually is not meaningful.
t Cross sccllons at 0.0253 eV or 2200 m/sec. The scattering cross sections. except for those of H,O and 0,0. are measured values in a thermal
neutron spectrum and are assumed to be 0.0253 eV values because CT, is usually comtant at thermal energies. The errors in CT. tend to be larae, and
the tabulated values of CT, should be used with caution. (From BNL-325, 2nd ed., 1958 plus supplements 1 and 2, 1960, 1964, and 1965.)
•• The value of CT, given in the table is for pure graphite. Commercial reaclor-grade graphite contains varying amounts ofeontaminants and CT. is
wmewhal larger. say. aboul 0.0048 barns. so that 2:, """ 0.0003851 em-I.
tt The value of CT, given in the table is for pure 0,0. Commercially available heavy water contains small amounts of ordinary water and CT. in tlUs
ca", " ,omewhat larger.
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APPENDIX C

ACCOMPANYING THE CH,ART OF THE NUCLIDES
REVISED 1969 BY DR, NORMAN E. HOLDEN AND F. WILL/AM WALKER
KNOLLS ATOMIC POWER LABORATORY, SCHENECTADY, N.Y.

INTRODUCTION
The earliest discussion of the atomIC hypothesis is

attributed to the ancient Gref·k philosophers who
speculated about the mVS[Pllf'S of natur(', In the
fifth century B,C. Democntus believf·d that ele,
mentary substances (earth. """U'r, fire, and air)
were formed hv fl1lnllte lndividu,J! pilrtic!ps cali eel
atoms. ThIs vague phJi'sThu';'! speculntion was
gIven reality when John Dalton. between i803 and
1808, showerl how ,ktermi'H' the wel\',hts of dif
ferent atOtl1S reJati\/c t;\ O!lt' ;~rlothe:--_

In 1816. \ViJli"m Prout ()f°II,Ved (based on the
few atomIC weights known) that ill, atomic weIghts
were whole numbers and rnulttpics of the
atomic weight of hydrogen. He t that all
clements might he huilt up 10'" hydrr;p,cn. His
concept lost favu! when eh'UH'l'lS ,uch as chlorine
v¥'cre dC'R!li~el\ Sh;_iV..'I1 en [-::! n;lrllll?egef atorrjlC

weights.

PERIODIC PROPERTIES OF ELEMENTS
In 1869, Dmllfl Mend puhlished a shurt

note on the perIodic 1'''['.i.WlIl 1 " chemical ele
ments. He arranged th,,~ "),,",.'nts :n fOW'! :H cording
to the magnitude of thpH (;terni,' beginning
with the smalles~ W" E!pmpnls rhelt iJppeared
in the S;:!nP vert ic;;' ""[Ul" \1 shuv,"',l ,{ rcmarkable
sllmlaLty III their Cflcm;cii! prorwrtlCC1. lVlcndeleev
hypothesL!ed thilt dL'VI.':lCHlS fl')'1 ,he expectcd
periodiCIty were due to d,""n<l . failure to discover
sc,me element', in llC1tU'" 1\" l ,'riietf'd the proper
ties of K'lPiurn. sC8ndlUrn. un'; '!nw rWlIIJ, which
were subsequently '.('(;Vl" ,'d PicifS )1 elements
(for example. JIlck,,] iH! cobalt that did not fit
the periodic properties of their columns were in
terchanged so that ,ClCy wunlt! correspond. He
argued that the atorC!lC v" mCISUfements for
these ",lernen\'; mW'1 In h'IOr. It IS now known
that the a!or"il' numh!,r ('iF'e paf'" 2). r;ltlwr than
the atofllIC 'X"I",I11. ], t hI' c!'rr"ct h;lSIS for the
periodicity in the chCII),l'.11 properties of the ele
ments. By coincidence, thp lIst of elements orclered
by atomic \velght uSLlailv :igfl'es WIth the list
ordered by atomic num!Ju, except for the few
cases observed by Mendplcev.

NEW PHENOMENA
Toward the end,f thl' 11meteenth century. the

successes in chemIstry. togdher I-Illh rhos" of classi
cal mechanics and e].'ctn'llI ;lgnel i,' tlwory, con
vinced some indl'ndui;l' that ,1'ls5\C:J1 physics WclS

a "closed book" and that workers in the field would
henceforth merely advance existing knowledge to
the next decimal place. This attitude changed in
1895 when Wilhelm Roentgen discovered X-rays
and in 1896 when A. Henri Becquerel discovered
natural radioactivity. Since such phenomena could
not be explained by existing theories of matter, they
created great interest.

In 1902, Ernest Rutherford and Frederick
Soddy, in their theory of radioactive disintegration,
proposed that radioactivity involves changes oc
curring within the atom. Their view met strong op
position because it was considered contrary to the
estabiished view on the permanency of the atom.

EARLY MODELS OF ATOMIC STRUCTURE
Early experiments in the investigation of atomic

structure disclosed three different types of radio
activity. called alpha, beta, and gamma radiation.
Alpha rays were found to be positively charged
helium ions; beta rays were found to be negatively
charged electrons: and gamma rays were high
energy t,lectromagnetic waves. In a magnetic
field, the alpha rays were deflected in one direction,
t hr· bl'1il rays deflected in the opposite direction,
nne! tbe gamma rays not deflected at all.

The discovery of radioactivity and Sir Joseph
Thomson's proof of the independent existence of
t he electron were the starting points for theories of
atomic structure. Thomson proposed one of the first
models of the atOIn. His "plum pudding" model of
internal structure depicted the atom as a homo
gem'ous sphere of positive electric fluid (the pud-

) in which were imbedded the negatively
charged electrons (the plums). In this model the
negatively charged electrons, which repel each
otlwr and which are attracted to the positive
charge, assume certmn stable positions inside the
;jtc,m. If the electron distribution is disturbed by
:lfl external forn" e.g .. the violent collisions between
:JtO!llS Il1 a hot gas, the electrons vibrate about
their equihlJrlum positions and emit electromag
netic radiation.

The homogeneous-atom concept was proved in
correct when Rutherford performed a series of
experiments with a beam of high-speed alpha par
t Ieles fIred at a very thm metal foil. Most of the
alpha particles passed straight through the foil
or were scattered or deflected only slightly from
theJ! original paths. A small percentage of alpha
particles were significantly deflected, however, with
some alphas reversing their directions.
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The Thotn<;on mod .. \. III \'.'I",h tlw po';itlve
ch;lrgf' 'I:;'S u111forlllly dl\trl!Jl.ll,'d tllr()lq"lwut the
atom, would ,wv"r permit" <;uffwlt'nt1\' hrgf' con,
c,>ntrritio!1 of this charge In 'HI" It:\!,lon \0 afff'ct the
alpha p;lrticks "lgndicll1tlv, Ruthprford thought
that "it (th,· ('xpl'nn1l'nt,t! result) was ahout as
cred\bl~ as If you h;l<l fired a IS-inch "hell at a
pii~n' of ti<;Sllf' p;rper alld it C<HlW h:lck ;md hit you,"

To expbin th,'<;(> results. Ruth.-rford postulated
that the atom dops not consist of ;1 uniform sphen'
of positive f'i"ctrification, hut that the positIve
charge is concentrated in ;] small region called tlJP
nucleus, at the centlc'r of the atom, In his dvnamic
planetary model, the nucleus plays the role of the
sun and the electrons correspond to individual
planets of the solar system revolving about the
sun. This model, along with the clilssical physical
laws of electricity and mech;mics, provided an
adequate explanation of tlw alpha particle's scatter
ing. Subsequent experiments performed on seven
different scattering materials and at different alpha
energies verified Rutherford's theory,

Electromagnetic theory demands that an os
cillating or revolving f'1ectric ch8rge emIt electro
magnetic waves, Such emission results in the loss
of energy by the emitting particle, Applied to
Rutherford's electrons. this energy loss would cause
a steady contrClctlOn of the system since the
electrons would spiral into the centml nucleus as
their rotational energy W,IS disslpilted, This process
would occur very rapidly and would directly con
tradict the perm;ment existence of ntoms, Also. if
the radiation pattern produc'l'd hy the atom were
related to the energy racii;\ted hv Its moving elec
tron, this radiant energy would be changmg with
the radius of curvature oj the electron's path, The
pattern would consIst of ;\ c"nt1l1UOUS range of
wavelengths lflS\<';;O of the welldt'fin"d dIscrete
wavelengths thnt arc ch;;r'lCteristlc of e;;ell element,

BOHR ATOM
Since the known stabilIty of atomIC systems

could not be reconcrled With cl;;SSIC,11 prrnclples of
mechanics and electrodyn8mics. Niels Bohr in I q 13
reasoned that classical physics laws must be wrong
when applied to the motion of the electron in the
atom, Max Planck reve,t!ed an essential IU11itation
in the theories of CLISSIC,tl physICS Ifl 1901 when he
Il1troduced the concept of dlSCft'l" amounts of
energy (the energv quantum) in his quantum
theon' of hent r'l<ll:ll1<JTl. AlheIt Elnsl,'1!1 h;ld ap
plied this conc"pt to hl',ht In IOU:::;. wh,'n ill'\e
scnlwd the photoel,'drlc' .. ,f"CI The qUilntum
theory stilt"s th;lt "I"ctr"lll,lgTl<'tw Llth:ltl'>:l (of
which light is OIlC' furm) TllU,t ill' ,mitt,-d 01 ;lh~

sorbf'd in integr;l! multiples of thesl' I'll,·rg:.' qu:mta,
Bohr coupled Ruth"rf(lrd's '1IOili WillI t-tlt' qu,mtuJ1l
theory to prorluCl' hIS qU:/fltUtll theory' of atomIC
structure.

Sincf' a ])()dy th;il <;plil', ;d)out it,; uwn ;1'ClS or
revolves I!1 ;lfl orhlt ;J!,()ut :I n'ntr;d PUlllt pOSse'''!'';
angular mOll1entum. Buhr :Issurnerl th:lt the (,1",'
tron's <lngular momentull1 was restr1<'teri to C<'rl:llfl

values (he quanti/eel tilt' ;lllgul:lr momentum),
ERch of the restriCl('rl \'alUf's, whIch WdS d,'snd",d
by a prinCipal quantum !lumher. n, w"uld sp""lfv
a partIcular CIrcular orbIt. An atonllC svstenl, "llosl'
electrons were in gIven orbits, would not ermt
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ell'etruTI'dl',iwtlc r:\Cl 1;11 I' l!; ('ven though the particles
Wf'f'(' ;It'Cc'!t-r,l1n TIll' ".. hoi<, :lturn WRS saId to be
l!l :I stdt1<>11a,\ ',LIt,' Such :In ;1';';lJfllption is con
tral y to classlcdl elf'ctrodvnamlcs as mentioned
I':lrlier, Electromagnetic radIatIon would be emitted
or ahsorhf'd on)\, whell an electron ch;lIlged from
one allow ...cl orhlt to another allowed orhit. The
el1('I;:'\ diffelf'IIl'" hd\\c','n the two stat.,s would be
f'111lttec! or ahsorbed 111 the form of a single quan
tum of r;ldi,mt t'lwrgy. producing a radiation pat
tern of a definite frequency'" related to the energy
E hy the relation E h" already postulated by
Planck and Einstein,

QUANTUM NUMBERS
The quantum theory was further refined in 1916

when Arnold Sommerfeld Il1troduced an azimuthal
quantum number. I. where 1 n -- 1, which per
mitted discrctt' elliptical or))]ts for electrons, in
addition to the CIrcular orbits, This change per
lnttted the Bohr model to account for detailed
structure in the pattern of radiation emitted by
hydrogen and other atoms, To account for the
change in the emitted r8diation pattern when an
atom is exposed to a magnetic field, a magnetic
quantum number m (with permitted integral
values from ~- 1 to 1 was added. This quantum
number designates different projections of the
possible circular or ,'lliptical orbits along the mag
netic field direction in span', Finally, a spin quan
tum number for the electron was postulated by
Samuel Goudsmit and George Uhlenbeck to ac
count for the close grouping of two or more spec
tral lin,'s, An electro!l was considered to have an
angul:ir momentum about its own axis: in mechan
i,';]l t,'rI11O'. this motIon c;m be thought of 8S spin.
In ;( lT1;(~~T1f'tIC tielcL th,' spin nXlS cnn have two
din'dwns [f'!:Jtlve to the field,

The orbits III which the (')ectrons move can be
described by spt'cifymg a set of these four quantum
numbers, AI! dectrC>fIS WIth principal quantum
Ilumher n 1 arc' lfl the 1rllWrrnost orbit, called the
K slwll. All electrons WIth n 2 fall into a second
L~rOllp. cal lee! the L shell The total number of elec
(f()ns in ;1 shell IS !1Il1lted hv the various possible
,'"nlhl11dtioI1S of the othtT three quantum numbers.
When an ele('\rOI1 shell is filled. the atom is in a
"t;dlle contiguriltlon (the nohle gas configuration)
and do,'s lW\ ('asi!y llnd.,l'(!,o chemical reactions, If
only one or two ,·lel'trons :Ire in the last unfilled
"ht,]!. It is r"l;ltl\,-1\' ";IS,,' fOI the ,ltom to lose these
,'l,'ctl'ons to ;l!loth,'r iltom whose last unfilled shell
Ira,; Ollt' Clr tWCl \',j(',lnCI('S, TIlt' first of these two
Itoms l)('I'OI11l'S [Jo,;cll\'('!y c1wrged (because of the

IIISS "f "I"I'trons); Ihe s,'cond hecomes negatively
ch,lrgee! (h,'ciluse of the g;llfl of electrons), These
iltums Cil!l now ,lttr;3ct c'ach uther and form a cor11
I'"unc! (Ionic bonding),

The p"f!udlcity or repetItive structure of the
Menr!"!c't'''' chart IS nClw understood to he due to
tli,' nlllTlher of C'1"ctron'; in the atom, In a neutral
,,(urn the numher of cl,'c'trclllS is balanced by the
,'qual llllrnlH'r Clf ['rotons (!l\'c!rogen nuclei with a
pOSItIVI' ch;lrgc 'md if lllilSS of about 1836 electron
mas,,'s) in t)lt' lIu<']..-us of the ,Hum, Note that the
:It''rrltC numlwr ,;f ;11', t'lenit'nt is equal to the num
h"r pi unit [)o-'ltl\'e charges c;]rripo hy the nucleus
;\nd IS not the same as the atomIC weight. In 1913,



Henry G. J. Moseley d,~termtned the magnitude of
the nuc1e;!r charge hy comparmg thl' charactl'ristlc
X-ray w;l\:eIengths of elements. Identific8tion of
the atomic number of an elernt'l1t fro III its high
frequency spectrum provlcled Cl rule for fitting
newly discovered elements into vac3nt plClces on
the Mendeleev chart.

In 1923, Louis DeBroglie postulated that, in an
alogy with light having both a wave and a particle
nature, matter should have a wave as well as a
particle nature. The wavelength that he predicted
for a particle was inversely propol·t ional to the par
tlc1es' momentum. Clinton]. Davisson and Lester
H. Germer experimented with the scattering of elec
trons from a crystal. They showed that electrons
rlrfinitely had wave pro]wrties with a wavelength
corresponding to the v;due predicted by DeBmglie.

Tlw medlRl1lcal picture offered for the claSSIfi
cation of statlonary states of atoms by the Bohr
theory, ,md its subsequent modifi,ation. was handi
Glpped by its reliance on lllany ad hoc postulates
and by an inability to explaIn the intensities of
radiation patterns pmitted by atoms. A new ne
parture was provided 111 I q26 hv Erwin Schril
dinger's estnhlishllJent of wave-flwchanics,* in
which stationary states Hre conceived as proper
solutions of a i~mdamentdJ "lave e(juation. In ad
vanced theories, the nlech;HiJc:J! models are no
longer used.

ISOTOPES
Experimental investigatlOns '1' ntJf'lear physics

began to requne spf'Clalizpd ;n~trUlllents. One of
the first of thes(> 1l1strunJpnt" WilS the mass spectro..
graph developed hv Fr;;['cls Vi A, ,I'"1 to mf'8SUre
the relative mass of th,< :lL";\5 ,>1 :If] element. This
device directed positi'if' ie'lis ;1 n ionized (elec
trically charged) teas at a phologrdphlC plate. The
Ions were deflected hv ekct ric iI/Hi rn:wnetic fields,
working at right angles, so that :111 particles having
the same mass were brought to a focus at a fine
line. Heavier ions, having more inertia. were de
flected less thar. were thf' h:hter lOllS

With the use of the mass spect rOt;raph, it was
discovered that some ("henncal pj"ments have two
or more componenb, each with Ih own mass.
Natural chlorine, whosf' at om 'C wpight is fractional
(about 35.5) nroduced tViO i! I1"'; on the photo
graphlc platt' corresponding to mnsses vt'ry close
to 35 and 37. No particle was f()un(~ with a frac
tional mass (with1I1 the experimental error). Com
ponents of the same hernica! eletJlent with dif
ferent mass numbers are called isotopes. Most ek
ments in their n:l!ur81 st8tC consist of two or more
Isotopes, although 20 elements havt' only ()/1f' lS0

tope: for example. alUtJllrlll1l1, cuh:dt, :llld gold.
Modifying Prout's hypothesis, Aston p'roposed the
whole-number rule which sUlks that all ,ltOlllic
masses are close to integers il!l(! that fr:!cl;ol1al
atomic wf'ights ;]IT clue to the pres,'nee nf two or
mort' isotopes. each uf whICh h:1S :m a!,prOXltJl,lti'1y
integral value. On the car hon 12 ,;,';]le nuw used,
where the atomIC weIght of carhon 12 is eX;lctlv I..'
units, <111 other Isotopes h;I\'(' :1101111(' weIghts cluse
to integers.

of W,\\','t'-rncchaflics I:'; eqUl\i.tlt->l1f r th, 'tLdrl:'( fllcci),'UlIC'i

dCVP!<'l){"I! hv' \V/'frH'r HC1Sf'r1h.'rf_~ \'1 1 I)~
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With the problem of fractional atomic weights
solved. ph\"SIClsts at first helieved that nuclei con
Sisted of l'lt'ct IOns and protons. A nucleus with an
atomic number Z and an atomic mass A would con
sist of A protons. to account for the total mass, and
A mums Z electrons to balance the excess positive
charge of the protons. This view of the structure of
the nucleus was altered in 1932 when James Chad
wick discovered the neutron. This particle has no
electric charge and has approximately the same
mass as the proton.

It is now beheved that neutral atoms consist of
N neutrons, Z protons, and Z orbital electrons, with
AN; Z. Isotopes are nuclides with the same
Z but dIfferent N. For example, natural hydrogen
consIsts almost entirely of atoms that contain one
proton and one electron. However, a small amount
(about 0.015 percent) of deuterium (heavy hydro
gen) is present in nature; deuterium consists of one
proton, one neut ron, and one electron. In general,
the situation becomes more complex as the heavier
elements are encountered. Natural tin, which has
atomic number 50, consists of 10 isotopes of
masses 1I 2, 114, 115, 116, 117. 118, 119, 120,
122, and 124. Thesp isotopes differ from one an
other because, although each has 50 protons and
50 electrons. each contains a different number of
neutrons (rafJgin[~ from 62 to 74).

The nucleus is held together by attractive forces
between the neut rons and protons. These attractive
forces arc not completely understood, but it is
Known that they must be strong enough to over
come the electrostat ic repulsion between the pro
tons. Because of this repulsion, however, the ratio
of neutrons to plotons increases for stable isotopes
as the atomic number increases. Among light ele
ments in IwtUlt\ Ihere is approximately one proton
for every neutron. Among heavy stable isotopes, for
every t\\'O protons there are approximately three
neut rons.

As previously mentioned, Aston found that the
atomIc m;lsses were approximately integers. More
accurate measurements indicate that the total
mass of a nucleus is always less than the sum of
the proton and neutron masses of which the nu
cleus is composed. In 1905, Einstein had shown
that mass, m, W;lS ;mother form of energy, E, ex
pressed by hiS rel<Jtlonship E IT1Cc, where c is
the veloclt\! of I1gh!. The lllass deficiency of the
flllcleus )s expressee! .IS Ihe nuclear binding energy,
The binding energy represents the amount of
('nngv reqUIred to hreak tIlt' nucleus into its con
stituent nucleons. The ratio of tlH~ binning energy
to the number oi p:!ltwles III the nucleus varies
a!J]ong the stabl,' eif'l1H'nts. It IS greater for ele
rJwnts With mass 11l1lrJlwrs lwtween 30 and 120 than
It IS for very lIght or very he;Jvy stable elements,

ARTIFICIAL RADIOACTIVITY
fn 1q 19. Rutherford's (hseovery of artlficial

r:ldlUac11vlty ;Jchieved tlH' feat v,unly sought by
til(' :t11cil'nt ,lIch('mists, that IS. changing one ele
ment mto anothl·r. Rutherford bombarded nitrogen
[;ilS With a stream of ;l1pll<! particles. Some of the
;I1plw part ieles were absorbed by the nitrogen, pro
tons were emitke!. and a different element, oxygen,
was iormed. The physiCIst uses symbolic language
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to represent the transformation 3S follows:
J ~ ! 17

N - He-+ a .._. H.

The superscripts denote the total number of nu
deans (numhf,r of protons plus neutrons). and
the subscnpts denote th!:' atomIC number (number
of protons) in each elemt~nt. Note that the super
scripts on one side of the 8rrow halance those on
the other sidp. The same is true for the suhscripts.
The balance represents the conservation of the
number of protons and neutrons separately.

This initial discoverv has heen followed by the
construction of large - machines designed to ac
celerate charged particles such as protons and
alpha particles to higher energies so that they may
be used to bombard nuclei. Among these machines
are the Van de Graaff generator, the cyclotron,
the betatron, the linear accelerator (linac), and
others. Beams of high-energy neutrons can also be
produced. Since the neutron is electrically neutral,
however, there is no electrostatic repulsion be
tween bombarding neutrons and the positively
charged target nuclei. Even thermal neutrons could
be used for nuclear reaction studies (thermal neu
trons have energies that correspond to the most
probable energy for a group of neutrons at 68°F,
that is, energies in the neighborhood of 0.025 eV).

NEUTRON FISSION
During the investigation of neutron-produced

reactions in various target elements, Enrico Fermi
and his associates discovered different heta activ
ities (distinguished by half-life) when uranium was
used as a target. They assumed that a transural1lum
element had been produced (that is. an element
whose atomic number W8S gre3ter th3n 92). In
1938, Otto Hahn and Fritz Strassman, repeating
the experiments, discovered part of the activity to
be due to banum (atomic number 56). Lise Meit
ner and Otto Frisch suggested that the uranium
nucleus had split into two roughly equal parts,
barium and krypton (the latter, atomic number
36). when the uranium captured the incident neu
tron. This reaction Frisch termed "fission," after the
term used to describe the division of cells in a
living organism. Since the mass defect (or binding
energy) per particle is greater for the reSIdual
nuclei, barium and krypton, than for the ural1lum.
neutron fission is accompanied by a large energy
release.

For nuclear reactions other than fission, Fig.
1 illustrates the many combinations of incident (or
bombarding) and emitted particles, and how each
combination changes the original nucleus. This
figure is copied from the lower right corner of the
chart. A special type of shorthand is used on this
diagram to identify the data represen·ted. An ex
ample is (p,n) which denotes a reaction 111 which
the nucleus absorhs a proton and emits a neutron.
The symbols used are:

n neutron t triton (hydrogen-3
d deuteron nucleus)
p proton "alpha particle
:\He helium-3 nucleus I gamma ray

U sing these reactions. nuclear physicists have
produced far more artificially radIOactive isotopes
than the stable or radioactive isotopes that occur
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in nature. The term "nuclide" was proposed by
Truman P. Kohman for a species of atom cllnrac
terized bv the number of neutrons ,md protons th:lt
the atom' contains. The term is used in this booklet
in this general sense to l'Ilt'OIllpaSS both stable and
radioactive specIes. At prescnt. there are 1675
nucheles known, of which 264 are stable forms of
the natural elements. In addition. 65 of the un
stobie nucliues are found in nature, mainly among
the heaVIest elements. Active nuclear research,
which is conducted in many laboratories through
out the world, causes additions and changes in
the list of nuclides. Since the last edition of the
chart was published (1966), 8 nuclides, which had
been misassigned, have been removed, and 180
new nuclides' have been added.

CHART OF THE NUCLIDES
(Data revised to December 1968;

occasional data to June 1969)

The general arrangement of the Chart is similar
to that suggested by Emilio Segre and followed in
previous editions. Because of its size. the Chart
is presented in three overlapping sections. The
numbers along the left-hand side, marking the
horizontal rows, represent the atomic number Z
(the number of protons in each nucleus of that
row). Each horizontal row represents one ele
ment; the filled SP8CPS indicate the known isotopes
of that element. The numbers at the bottom of
the vertical columns represent the number of neu
trons in each nucleus of that column; the number
is designated by N.

Heavy lines on the Chart occur for Z or N equal
to 2, 8, 20, 28, 50, 82, and 126. These are the so
called "magic numbers", i.e., the numbers of neu
trons (protons) present when a neutron (proton)
shell is closed. In analogy with the electron shell
modd of the atom. a nuclear shell model has been
developed for the neutrons and protons within a
nucleus. Filled shells represent the most stable
configurations. Nuclides having either a closed
neutron shell, or a closed proton shell. or both,
are most stable.

Spaces shaded in gray represent isotopes that
occur in nature and that are generally considered
stable. A black rectangular area at the top of a
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Fig. 1. Changes Prodtlced by VariollS
Nuclear Reactions
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STABLE NUCLIDES

Classifying the 264 sta;11e nll-Jides by the even
or oddness of Z and N gives four possible cate
gories. The, first category cont:<"l'" an even n1lmbp r
of protons and an C"f';1 nUTT1 h.'r of f'eutrons (so
called even-even nucle!). The (,ther categories arf'
even-odd, odd-even, and odd-o,id. T,ghle 1 shows
the number of stable nuclide" that fall in e8ch
category.

Table I shows that for the odd A nuclides there
are approximately as many m ,('1Jde~ with 8n even
num ber of protons (even Z) a'; wit h an even num
ber of neutrons (even N). Thi- is eVld"nce that the
nude"r fO! cc betweerl two nucl"cons is independent
of whether the nucleons ;Jre protons 'H ncutrons.
Odd-odd stable nuclides are scarce, and they are
found only among tl1(' lighh'<;l nuchdes. Their
scarcity is due to a "pc,urinl; energy" between
particles in the same shell. 'I'll, condition of being
in the sanw shell increr'lsPs the hmdmg energy of
these particles, making th"fr nwrp stable than
particles in dIfferent shell,;. ,\n odd-odd nuclide
contains at least one unpalfi d proton and one
unpaired neutron which rJre Ilsually in different
shells and henCe' contribute welkly to the binding.
For the ligh1l'st nuclei. howeve - the unpaired neu
tron and proton arc in the saf';'l' shell.

white square indicates a radioactive isotope that is
found in naturp. Examples of such isotopes are (1)
an unstablp nuclide having a lifetime sufficientlv
long to have prevented th~ loss by disintegratio~
of all atoms of that pmtlcubr nuclIde that were
available at the time the elem,"nts were formed,
and (2) a short· lived nuclide th8t is a disintegra
tion product of such a long-lived nuclide. Occasion
ally one nuclide has both the gray shading and
the black top. This mdwates all isotope found in
nature, such as rubidium-S7, ~'18t is radioactive
with a very long lwlf-Itl"e. Sq';ares with smaller
black rectangular areas n",3l" .he top represent
members of one of the naturall.',· radioactive decay
chains (see page R). Thp old symbolIc name is
inserted in this smaller black area. White squares
represent artlfroally produced r; dioactiv" nuclides.

Th,' heavtly border",j space -,t t he left side of
each horizontal row gives properties of the element
as found in nature, 1I1cludmg tbe chemical atomic
weight (on a mass scale wiwv: the neutral atom
of Ciubon-12 12.00(00) and ''10 thermal neutron
absorption cross sectIon (s.(>(' P;L'C f,).

Each of the other ()('cup!ec! spacf'S c8rries the
chemical symbol (a list of tliP'" svmbols is given
on page 7 along WIth the >'t'"nl" weights) anri
the mass number of the nllcl:de indiCilted. The
mass numher, designated hy /\, is till? sum of the
number of f:"utrons and prot()'ls in the nucleus.
The numher of neutronc, N ,s 'qual to th,' differ
ence between the m;lss numh rand thc atomic
numLwr. that is, A mir:us Z.

Distrih111 ion of St "hlp Nuclides
N N1Jrnher (1f St8.bi .. Nuclides

DATA DISPLAY
The manner of displaying data is explained in

the lower right corner of the chart. For stable
nuclides, the first line contains the chemical symbol
and mass number; the second line presents the
atom percent of the natural element that this iso
tope represents (known as the absolute isotopic
abundance); the third line contains the thermal
neutron cross section (see page 6): and the
fourth line presents the isotopic mass of the neutral
atom (the mass of the nucleus and its surrounding
electrons). This mass is given in atomic mass units
where carbon-12 is assigned a mass of 12.00000.

For long-lived, naturally occurring mdioactive
nuclides, the first line contains the chemical symbol
and mass number, the second line presents the
~~ bsolute i~ot()pic abundance, and the third line
ccmtair;s the half-life. The half-life is the period of
time in which half of the nuclei initially present in
;j gIven sample disintegrate. Additional lines
prf'sent the decay modes (or types) and energies
ot decay, <lnd the isotopic mass of the nuclide.
Energies are given in millions of electron volts
(MeV). When more than one mode of decay
occurs, the most prominent mode appears first
(abovE', or to the left of. the other modes). When
gamma radiation is emitted in more than one decay
mode, or if several gamma rays are emitted in one
mode. thc gamma rays are separated and presented
below (or to the right of) their associated decay
mode(s). -

For radioactive nuclides that are not of the long
lived, naturally occurring type, the same informa
tion is presented except that the isotopic abun
dance is omitted and the last line of the pertinent
square contains the beta-decay energy instead of
the isotopic mass. For the heavy elements, where
the major mode of decay is alpha-particle emission,
the isotopic mass is retained in the last line. In
many squares, a small black triangle appears in
the lower right corner to indicate that the nuclide
has been formed as a product in the thermal
neutron frssion of uranium-235.

Diagonals running from upper left to lower right
connect nuclides of different elements, which have
the same mass numbers. For example, one line
could connect calcium-40, which has 20 protons
and 20 neutrons, with argon-40, which has 18
protons and 22 neutrons. Nuclides of the same
mass number are called isobars: nuclides with the
same number of neutrons are called isotones,

METASTABLE STATES
Note th8t certain squares are divided, for exam

ple, the square for aluminum-26. Such divisions
occur when a nuclide has one or more isomeric
states, that is, when a nuclide has the same mass
number and atomic number, but POSSf'sses different
radioactive properties in different long-lived energy
states. On the chart, a long-lived state is arbitrarily
defined as a state whos(' half-life is one microsecond
(one-millionth of a second) or longer. The lower
energy state is generally H,ferred to as the ground
state, the higher state as the isomeric state. Fre
qUf'ntly. the ground state is a stable nuclide. If one
metastable state exists. it is shown on the left. If
two exist, the higher energy state IS shown on the

157
53
50

4

264

Even
Odd
Even
Ocld

Tahle l.

Z
Even
Even
Odd
Odd

Even
Odd
Odd
Even

A
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ldt. the 10\' t'f hl'1'J\\' It or to tht' ll~ht ,)f It. and tht'
ground ~tdlt' to tht' right of hoth.

A modt' of d,·";,, and tIlt' dt'cay ,'twrf2,y shown
In parvlltht'sl's mdlc:ltt· tIled the dec!y rt'sults from
a "ll'jf!'!l\"c! d;IlH"htt-r that :l(','omp;mles Its parent.
(In a radl()dltl\"· dt'c;,y. the' ortf2,mal nucltde IS
call<-d ttl<' 1':I[('IH or ]H"CUI ,or: tht· resultant nuclide
IS ,al1l'd the daught,'r ) F"r eX;llnple. nitrogen, 17,
With a half·lllt' uf 4.14 s,·,'on(\<'. ch'cay" by negative
beLl elllls"ion (symbol ;) lllto an exceedingly
short-ltved statt' of oXYf2,l'n-I7. which in turn emIts
a neutron. Thus mtrogen, 17 em Its "delayed neu
trons" WIth a h;J1f-ltfe of 4.14 seconds,

Anuther example IS 17,day palladium-I03. which
decays by K-elel'tron capture mainly to the 57
mmute rhodium-IO,) and, statistically less often,
to stahlt- rllOcllum-l(J.) (K-electron capture occurs
'when tht' nucJt'us captures an electron from the K
shell: the' symbol is I,) The 57-minute rhodium
emits a gamma r8Y or an internal-conversion elec
tron that corresponds to an Isonwric transition of
0.040 MeV. (An internal-conversion process in·
volves the direct transfer of energy from the nu
cleus to one of the orbltetl electrons. anci the elec
tron IS l'Jected from the atom: the symbol ust'd is
e .) On the chart. the deIrtyed f2,amma ray is as
signed to the parent; mc1usion of the energy in
parenthest's indicates that the gamma ray comes
from the daughter. but contInues to l,lSt as long as
the disintl'grating parent is still present.

A further example is prOVIded by a standard
laboratory radionuclide, 30,2-year cesium-I37, This
long-lived parent decays directly to a short-lived
daughter. 2.55 I-minute barium-I37. by negative
beta emiSSion. The 6,616-MeV gamma ray which
is emitted by the banuTn is included in parentheses
on the cesium square,

THERMAL NEUTRON CROSS SECTIONS
The Grt'ek letter " with vartous subscripts IS

used to ident Ify the thermal neutron cross sections.
The neutron cross section measures the probability
of interactlOn of a neutron with matter. The cross
section can be most easily visualtzed as a cross
sectional target area presented to the neutron by
the nucleus. The cross section depends upon the
type of interaction involv",d and the energy of the
neutron. At thermal energies. a number of reaction
types are possible. The thermal neutron absorp
tion cross section (symbol ,r,,) is the sum of the
cross sections for all reactions except scattering of
the neutron. Cross sections are usually measured
ll1 units of barns per atom. A barn is the area of a
square a millionth of a rl11llionth of a centimeter
on ea,'h side (10 II square centnnetns,). The most
probable reactlOn (that is. the reaction with the
largest cross section) is gen,'rally the neutron cap
tun: reaction (symbol" ) in which the absorption
of the neutron by the nLll'1eus is accompanied by
high-l'nergy gamma-ray emission, Occasionally. a
proton or ;m alpha particle may be emItted. or the
nucleus may fission upon neutron absorption (sym
bols "I" "n, and ",), Examples of these cross sec
tions are found on the squares of beryllium-7.
boron-IO. and thortum-227. respectively.

A given nuclide might undergo two or more
interactions, and its square would then contain

t\\U III Il\"r,· u! t!l,·,,· lTC''' "',11(1n \.dll,·s. \Vh"11
l\l'L1trun "<lptllrt' ,'<Ill It-<ld til <I 1l\t'\.lst.dJ!,· ,t.lt<' .IS

\\1,11 <IS t,) tIll' gl11\lnd st.lt<'. \11111,' Ill.lil 1'11(' \ ,!IIII'
w!ll <lppt'ar tJt'srd,' tl1l' '.lI,tUI " 0','" ,,',·tlon I'll
ttwt nuclHk, TIll' ,'ross·:",,'tlOIl \,!Iu,' I"l Illt't.lstabll'
state !ormdtlOn IS lrsted on tht' Il'it ,md that for
clJrect ground stall' I,'rmatwn llll the right. For two
metastable states, tile' :llgl1l'r of the IWO statt'S IS
on the ldt. For eX:llllple. mdrurn-Il3 has an mdi
c,lled capture noss st'ctW!1 ". of (2.8 5.0 - 3).
which mt'allS that the cross sectlOn for formation
of 44-millisecond mdlulll-114 is 2.8 barns. the
cross sectIOn for the dir,'ct formatron of 50,O-day
Indlulll-I14 IS 5,0 bmns. and the cross sectIon for
fornwtion of 71.9-second inclJum-Il4 is 3 barns,

The d"srgnatlon mb or b following the cross
sectron v;due indicates that the units of the cross
section are milltbarns per atom (10 ":cm' atom)
or rnircolJarns pet atom (10 ;:"cm' ·atom). respec
tiVely, When no mb or ," b appears on the chart
squilre. the units of the cross section are barns per
:Itom.

SPINS AND PARITIES
In thl: upper light corner of the square for the

ground state of a nuclide, and II1 the upper left
cornt'l' of thl' iSUllll'rlC state. are shown the spin and
panty of the CU!TlSpOlldll1g energy level. Each
neutron and proton lEIS an mtnnsic angular mo
mentum of 1 2 (m UIlltS of h 2e:. where h is Planck's
constant), Similar to that of the electron, which
cornbtnes With theil orbital an[!,ular momentum to
produce a resultant angular momentum called the
nuclear Splli. Since the orbrwl angular momentum
IS always zero or an integral multiple of h i 2e:, the
nuclear spin (Ill umts or h 2,,) is always integer
or half-odd-integn, dependmg upon whether the
nucleus has an even or an odd number of nucleons.
The concept of partty was introduced by the
mathematical formal ism of quantum theory and
has no classical analogue, A system in a given state
may have even panty (symbol .) or odd parity
(symbol ). For ,duminum-27 the spin and parity
,1re shown as S , whne the 2 in the denominator
of 5 2 has been n'moved to improve the read
:dJIltty of the chart. The [!,round states of all even
even nuclrdes are known to have spin and parity
o ; so 0, has been omitted.

The argun1l'nts for the assignment of spin
and panty to nuclear states can be divided
into two classes: strung arguments such as mea
suring values directly, and weak arguments such
as inferring values indirectly. On the chart, the
absence of p;!H>ntheses indicates spins and or
parities bdsed on strung ;jf'guments: the presence of
parentheses indicates spins and or parities based
on weak arguments, Whl'n the spins of both the
ground state and an isomeric statt' are given for a
particuLlr nuclide, It is interesting to obse!\'e that
these spms usually difft'r by two or more units of
h 2-. The large angular nlOmentum (spin) change
IS required for the gamma-ray transition betw,'en
the stalt's, CumlJll1ing thts spin change with the
,mall energy diflerencps (a few hundred keY)
lead, to a relatively long lifetime (metastable
state ),
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RADIOACTIVE DECAY CHAINS

Fig. 2. Relative Locations 01 the Products of Various
Nuclear Processes
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Errat<l
(Chart of the Nuclides, Tenth Edition)

The absorption cross sections for oxygen and
sodium should read as follows:

Oxygen (Ta .27 mb

Sodium (T" .534
The atomic weight for praseodymium should read
140.908.

Similarly, the two other natural radioactive
sequences may be traced. One is the actinium series
which starts with uranium-235 and ends with lead
207. The other is the thorium series, which goes
from thorium-232 to lead-20S. A fourth, or nep
tunium, series is also known. However, the half-life
of the parent. neptunium-237, is only about two
million years. Since the age of the earth is five or
ten billion years. most of the neptunium-237 pres
ent when the earth was younger has already de
cayed, and the serit~s is not found in nature.

Since the naturally radioactive decay chains end
at stable isotopes of lead, the isotopic composition
of lead ore will be variable depending upon its
source and its past history. Elements such as
lithium and boron also have variable compositions
that are affected by reactions that their samples
have previously undergone. In a similar manner,
scientists eX<lmining the isotopic compositions of
samples recently brought back from the moon
have already obtained an estimate of the age of the
samples from the relative amounts of potassium
and argon-40 present. A comparison of the isotopic
composition of elements on the moon with those
on earth might provide scientists with some solu
tions to the problem of the origin of the universe.
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As nuclear processes occur, whether in natural
radioactivity or undpr artificially induced condi
tions, the nuclides clwnge in accordance with the
scheme shown 111 Fig. 2. To understand the use
of this scheme more fully. consider the uraniulTl
238 decay chain (one of three sucb chams found
in nature). On the chart we start with the parent
uranium-238 which emits an alpha particle, The
daughter nucleus is JTl the second space diagonally
down to the left (see Fig. 2). This square repre
sents the isotope thorium-234. (This nuclide is also
Identified by the old symbol uranium XI, which is
the historic name given it before it was identified
as thorium.)

Thorium-234 in turn emits a negative electron;
so the loss of mass is not appreciable. However,
there is a loss of one negative charge, which means
that the atomic number Z increases by one. In
effect, one neutron has changed into a proton. The
move one space up and one space to the left (see
Fig. 2) leads to protactinium- '134 which has iso
meric states. Each of these states undergoes neg
ative beta emission; so another move diagonally
upward to the left leads to uranium-234.

Uranium-234 emits an all,ha particle ending at
thorium-230. Anpther alpha necay yields radium
226. Three further alpha decays result first in
radon-222, then in polonium-218, and finally in
lead-214. However, this isotope of lean is unstable
and emits a negative electron producing bismuth
2 14. A beta decay to polonium-214 is followed by
an alpha decay to lead-210. An alternate route
from bismuth-214 to lead-210 IS taken in a small
fraction of the disintegrations since bismuth-214
can also emit an alpha particle ann the resulting
thallium-210 beta-decays to lead-210.

In either case, lead-210 beta-decays to bismuth
210. Another beta decay produces polonium-210
which alph<l-dec<lYs to the stable isotope lead-206.
At this point the ch<lin ends. Incidentally, in many
of the above steps, gamma rays and conversion
electrons are also emitted.

7 -
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LIST OF ELEMENTS

ATOMIC SYMROL NAME
ATOMIC ATOMIC SYMBOL NAME

ATOMIC
NUMBER WEIGHT NUMBER WEIGHT

0 n neutron 52 Tc tellurium 127.60

1 H hydrogen 1.00797 53 I IOdilW 126.9044

2 He helJum 4.0026 54 Xe xenon 131.30

3 Li lithium 6.940 55 Cs CeSltHTI 132.905

4 Be heryllium 9.0122 56 Ba barium 137.34

5 B boron 10.811 57 La lanthanum 138.91

6 C carbon 12.01115 58 Ce cenurn 140.12
7 N nitrogen 14.0067 59 Pr praseodymium 140.908

8 0 oxygen 15.9994 60 Nrl. neodymium 144.24

9 F fluorine 18.9984 61 Pm promethium

10 Ne neon 20.179 62 8m samilrium 150.35

11 Na sodium 22.9898 63 Eu europIum 151.96

12 Mg magnesIum 24.305 64 Gd gadolinium 157.25

13 Al aluminum 26.9815 65 Tb terbium 158.924

14 Si silicon 28.086 66 Dy dysprosium 162.50

15 P phosphorus 30.9738 67 Ho holmium 164.930

16 S sulfur 32.064 68 Er erbium 167.26

17 CI chlorine 35.453 69 Tm thulium 168.934

18 Ar argon 39.948 70 Yb ytterbium 173.04

19 K potassium 39.102 71 Lu lutetium 174.97

20 Ca calcium 40.08 72 Hf hafnium 178.49

21 Sc scandium 44.956 73 Ta timtalum 180.948

22 Ti titanium 47.90 74 W tungsten 183.85

23 V vanadium 50.942 75 Re rhenium 186.2

24 Cr chromium 51.996 76 Os OSmlUlTl 190.2

25 Mn manganese 54.9380 77 Ir iridium 192.2

26 Fe iron 55.847 78 Pt platinum 195.09

27 Co cobalt 58.9332 79 Au gale! 196.967

28 Ni nickel 58.71 80 Hg rnercury 200.59

29 Cu copper 63.546 81 TI thallium 204.37

30 Zn zinc 65.37 82 Pb leild 207.19

31 Ga gallium 69.72 83 Bi bismuth 208.980

32 Ge germanium 72.59 84 Po polonium

33 As arsenic 74.9216 85 At astatine

34 Se selenium 78.96 86 Rn radon

35 Br bromine 79.904 87 Fr francium

36 Kr krypton 83.80 88 Ra radium

37 Rb rubidium 85.47 89 Ac actinium

38 Sr strontium 87.62 90 Th thorium 232.038

39 Y yttrium 88.905 91 Pa protactinium

40 Zr zirconium 91.22 92 U uranIum 238.03

41 Nb niobium 92.906 93 Np neptunium

42 Mo molybdenum 95.94 94 Pu plutonium

43 Tc technetium. 95 Am amenC!um

44 Ru ruthenium 101.07 96 Cm cunum

45 Rh rhodium 102.905 97 Bk berkelium

46 Pd palladium 106.4 98 Cf californium

47 Ag silver 107.868 99 Es pinsteinium

48 Cd cadmium 112.40 100 Fm fermium

49 In indium 11482 101 Md nwndelevium

50 Sn tin 118.69 102 No nobelium
51 Sb antimony 121 75 103 Lr Ll'Nrencium

- 8 -
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Relative Lacatlans of the Producll

of Various Nuclear Proce5fJJn

Displacements CouMel by Nuclear

Ilclmbardment Reactions

_ Thermol Neutron Activation ern. Section In Barns
L_1no to (homeric + Ground State)

______E~ Z, Even N Nuelldes Haw Spin and Purity Ot

-Symbol, Moa Number
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Percent Abu~-

H -Symbol

1.00797 - A''''''I< 'Mol,., (Carbon-12 Scol,)

60 °.332 - Thermal Htutron Ahorptlon CrOM
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Moss (Cofbon-12 Scat.)- .... • _ Fission Prvduc:t, Slow Neutron Fission of U235
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Radioactive

SYMBOLS
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