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2.1

MODULE OVERVIEW

The purpose of this module is to describe some of the more
important reactions that neutrons can induce when they come into
contact with nuclei of the fuel, moderator or reactor structure.
‘The reactions to be considered are:

a)

b)

¢)

d)

July, 1897 (R-1)

Elastic scattering: The main process by which neutrons
are slowed to energies at which they will have a high
probability of inducing fission in the fuel. The purpose
of a moderator is to slow the neutrons down as rapidly as
possible. A knowledge of the mechanism of elastic
scattering is necessary if you are to understand the
design features of the CANDU (or any other) reactor.

Inelastic scattering: While this is less important than
elastic scattering, it does contribute to neutron slowing
down in the fuel, and you should be aware of how it
operates.

Nuclear transmutation: This is important in the
operation of reactor equipment such as ion chambers and
start-up instrumentation, and in the production of certain
radiation hazards such as nitrogen-16.

Radiative capture: The principal mechanism by which
neutrons are lost before they can cause fission. The
design of a successful reactor is crucially dependent on
minimizing parasitic absorption due to radiative capture.
From the operational point of view, this prolific source
of activation products can present a serious radiation
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2.2

Fission: The importance of understanding the fission
process is obvious, since it is this reaction that leads both
to a release of useful energy and the possibility of the
chain reaction itself. Among the aspects of direct
operational significance are: fission in U-235 and
Pu-239, and the role of Pu-239 in extending the life of

- the fuel; the production of fission products and their

importance as neutron absorbers; prompt and delayed
fission neutrons, which determine how reactor power
responds to changes imposed by the control system.

MODULE OBJECTIVES

After studying this module, you should be able to:

i)

iii)

iv)

Explain what is meant by elastic scattering, and how this
process depends on the angle of scattering and the mass
of the scattering nucleus.

Describe what happens in inelastic scattering, giving an
example of the process.

Describe what happens in nuclear transmutation, giving
an example of the process.

Describe what happens in radlatwe capture, gmng an
example of the process.

Differentiate between spontaneous and induced fission.
Describe what happens in induced fission.

Differentiate between thermal and fast fission, and list
the nuclides for which each type is important in CANDU
fuel.
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viil)

xi)

Xii)

xiv)

Xv)

xvi)

2.3

Describe the process by which Pu-239 is produced in a
CANDU reactor.

State why fission products frequently decay by beta
emission.

State five important consequences of fission product
production in the fuel.

| Differentiate between prompt and delayed fission

neutrons, and explain how the latter originate.
Define the quantities 5 and v.

Calculate the energy released in a specified mode of
fission, given the masses of the nuclei involved.

List the various forms in which the energy released in
fission may appear, and the parts of the reactor in which
each is deposited.

Estimate the rate at which uranium is being burnt up for
a given reactor power level.

Explain the process of photoneutron production and
state why it is important in reactor operation.

NUCLEAR REACTIONS

Nuclear reactions can occur when a particle, such as a neutron,

proton, of a gamma photon, strikes a nucleus. Charged nuclear

particles, such as protons, deuterons (deuterium nuclei), and

alpha particles need to have a large amount of energy (several

MeV) before they are able to overcome the Coulomb repulsive
- forces and enter a nucleus.

 luly, 1097 (R-1)
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Neutrons, however, are not charged and are therefore able to
interact with nuclei very effectively, even when they have very
litde energy. In fact, generally speaking, there is a greater chance
that a reaction will occur with low rather than high energy
neutrons, because the former are in contact with the nucleus for a
greater length of time.

The operation of a reactor depends on how neutrons react with
nuclei in the reactor. It is therefore necessary to analyze these
reactions, called neutron reactions, in some detail. Although
there are well over a dozen known neutron reactions, we need
only consider the five covered in the following sections.

2.4 ELASTIC SCATTERING

For reasons that will be discussed in Module 4, it is necessary to
incorporate in the reactor a substance called a moderator. By a
process known as elastic scattering, the moderator slows high-
speed neutrons generated in the fission process to much lower
energies.

In an elastic collision of a fast neutron with a nucleus, the neutron
strikes the nucleus and rebounds with reduced kinetic energy.
The distinguishing feature of an elastic collision, however, is that
the total kinetic energy before the collision is equal to the total
kinetic energy after the collision.
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Figure 2.1: Elastic Collision

In Figure 2.1, for example, a neutron travelling at a speed v,
strikes a stationary nucleus of mass A and bounces off with a
speed v,. Since some of the kinetic energy of the neutron is
transferred to the nucleus, which recoils at speed v, v, must be
less than v,. Since the collision is elastic, however, the kinetic
energy gained by the nucleus must be equal to the kinetic energy
lost by the neutron.

The fraction of the initial energy that a neutron transfers in such a
collision depends on two factors:

i) the angle through which the neutron is deflected;

ii) the mass, A, of the target nucleus.
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Maximum energy transfer occurs when the neutron hits the
nucleus head-on, and the minimum amount of energy is
transferred when the collision is a glancing one. The pool sharks
among you will be well aware of how one can select the amount
of energy transfer by choosing the angle of collision
appropriately. When neutrons bounce around in a reactor, of
course, the angles at which they hit the nuclei are quite random.
That is why we say that the neutron is scattered in the process.
Collisions in which kinetic energy is conserved are therefore
instances of elastic scattering.

The lighter the target nucleus, the greater (on average) the
fraction of energy that a neutron will lose in these collisions.
This is the reaction by which fast neutrons are slowed down in
the moderator. Thus, the moderator nuclei should be light (that is
an atomic mass number less than 16 or so0) in order to slow the
neutrons in as few collisions as possible. Otherwise the neutrons
must travel large distances before they are slowed down and the
reactor must therefore be larger. To emphasize this point,

Table 2.1 shows the average number of elastic collisions neutrons
must make in various materials to slow down from 2 MeV (the
average energy with which they are produced at fission) to
thermal energy, that is, the energy at which the neutrons have the
same average kinetic energy as the atoms or molecules with
which they are colliding. At room temperature, thermal energy is
about 0.025 eV. Neutrons at this energy are known as thermal
neufrons, in contrast to those produced in the fission process,
which are called fast neutrons.

Note that for a heavy nucleus, such as 1)-238, a very large
number of elastic collisions would have to occur before the
neutron would be slowed down to thermal energy. For heavy
water on the other hand, the neutron loses on average about 40%
of its kinetic energy in each collision, and so an average of only
36 collisions is required to thermalize neutrons (that is, to slow
them down to 0.025 eV).
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Table 2.1
Average neutron energy loss per collision during thermalization.

Average energy loss Average number of

Material per collision(%) collisions o
thermalize

'H 65 18

’H (deuterium) 52 25

H,O (light water) 60 20

D.O (heavy water) 40 36

"G (graphite) 15 115

2y 0.8 2172

2.5 INELASTIC SCATTERING

This is a more complicated process than elastic scattering
because, instead of simply bouncing off the nucleus, the neutron
actually enters the nucleus to form, for a very brief period (about
10"*seconds), what is called a compound nucleus. For a Comgound nucleus
collision of a neutron with U-238, as shown in Figure 2.2, the
short-lived compound nucleus is U-239. This immediately emits
a neutron (any one) and a gamma photon, reverting to U-238.
The process still results in a slowing down of the neutron, since
the energy associated with the gamma ray must be obtained at the
expense of the kinetic energy of the neutron.
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Figure 2.2: Inelastic scattering

The word “scattering” is again appropriate because the direction
of the emitted neutron is quite arbitrary. An important distinction
between elastic and inelastic scattering is that the former can
occur at any neutron energy, whereas inelastic scattering can only
take place if the initial kinetic energy of the neutron exceeds
some threshold energy (44 keV for U-238 and 14 keV for
U-235). For heavy nuclei, the threshold energy tends to be
around 0.1 MeV or less, but for light nuclei it can be in the order
of several MeV. The reason for the existence of a threshold level
is that the neutron must contribute at least enough energy to raise
the nucleus to its first excited state for a gamma ray to be emitted.
The excited levels in a heavy nucleus are relatively closely
spaced and consequently it has a lower threshold energy than
light nuclei.

We can ignore inelastic scattering everywhere except in the fuel
itself, since only there will the neutron energies be large enough
for it to occur.
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Instead of re-emitting a neutron as in inelastic scattering, the
- compound nucleus formed by neutron capture may emit a proton
" or an alpha particle. Since the nucleus loses one proton in the
first case and two in the second, the residual nucleus is that of a
different element. The process is therefore known as nuclear
transmutation. As an example, the transmutation of oxygen-16
to nitrogen-16 by high-energy neutrons is shown in Figure 2.3.

O

@ becomes @

o neutron + '$0 '*N + ! proton

Figure 2.3: Transmutation (n,p)

This reaction may be written as

on+s0-"5N+lp

or, more briefly, by the notation

1‘0 (n,p) "N
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This reaction is of some importance in the operation of the
reactor since the nitrogen-16 emits beta particles and associated
high-energy gamma radiation (up to 7 MeV). The resulting
radiation hazard is present in any region containing oxygen-16
that has recently been exposed to high-energy neutrons. For
example, oxygen-16 is present in water (either HO or D,0), and
if this water has recently flowed through the reactor, some of the
oxygen-16 will have been changed to nitrogen-16. Fortunately,
the half-life of nitrogen-16 is only about 7 seconds, so that its
activity decays rather rapidly.

Although transmutation reactions—(n,p) or (n,0t)}—are relatively
rare, two other examples are of particular interest to us:

B-10 (n, o) Li-7: Reactor instrumentation (ion chambers) which
monitors the neutron population in a reactor utilizes this reaction.
The reaction releases 2.5 MeV of energy, which appears as
kinetic energy of the lithium nucleus and the alpha particle. The
nuclear and alpha particles lose this energy by producing a large
amount of ionization in the counter—ionization that can easily be
detected, even in the high gamma radiation background of a
reactor environment. Boron is also used for reactivity control,
and allowance has to be made for the gradual change in the
proportions of the boron isotopes since boron-10 is burnt up by
this reaction.

He-3 (n,p) H-3: This is an alternative to the boron reaction and
is used as the basis for high-sensitivity instrumentation
sometimes employed for the initial start-up of a reactor.
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2.7 RADIATIVE CAPTURE

The most common neutron reaction of all is radiative capture,
abbreviated as (n,y). Here, the compound nucleus (formed when
the neutron is captured) gets rid of all its excitation energy by
emitting a gamma ray. Since, in contrast to the inelastic
scattering case, the neutron is not re-emitted, the nucleus is
converted into a higher isotope of the same element. Radiative
capture can occur for practically all types of nuclei and at all
neutron energies. Generally speaking, this is more probable for
slow neutrons than for fast neutrons.

An example of this type of reaction is shown in Figure 2.4, which
explains how tritium (hydrogen-3) is produced in heavy water
reactors.

Figure 2.4: Radiative Capture (n,y)
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Radiative capture is important for three reasons:

a)

b)

Parasitic absorption

Many substances absorb neutrons fairly readily by this
process. Non-fuel materials used in a reactor must be
restricted to those which have very low probabilities of
radiative capture, otherwise too many neutrons would be
lost and the chain reaction could not be maintained.

Conversion of U-238 to Pu-239

Generally, non-fission neutron capture in core materials
is undesirable. However, if the non-fission capture is by
U-238 (producing U-239), there is a bonus in the
subsequent transformation of the U-239 to Pu-239 by
two successive beta decays, as shown in Figure 2.5.
Pu-239 is a fissile nuclide and its creation extends the
life of the fuel.

2By en — B9y oy
Half life = 24m
239
93Np +B

Half life = 2.4d

239
94Pu +p

Figure 2.5: Production of Pu-239
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