
Chapter 1 

Neutron-Nucleus Interactions and Fission 

The central problem in nuclcarteactor kinetics is to predict the evolution in time of the neutron 
population in a multiplying medium Point kinetics allows the study of the global behaviour of the 
neutron population from the average properties of the medium Before tackling, in the following 
chapters, the equations governing the time variation of the reactor power (proportional to the total 
neutron population), we shall discuss briefly the properties of a neutron-multiplying medium After 
retaping a number of definitions, we shall give a qualitative description of the principal nuclear 
reactions at play in a self-sustaining chain reaction, and dwell on the source of fission neutrons. 
Since delayed neutrons play a crucial role in reactor kinetics, we shall describe in greater detail their 
production in a reactor. 

1.1 Neutron-Nucleus Interactions 

A neutton is an elementary particle. It is stable when bound to a nucleus by the nuclear force. 
In its free state, a neutron decays, with a time constant of 12 minutes, to a proton, accompanied by 
the emission of a p- particle and an antineutrino. In view of the fact that free neutrons in a reactor 
either are absorbed in matter or escape, on a time scale of less than 10T3 s, it is clear that neutron 
instability is completely negligible in reactor physics. 

The power generated in a reactor comes from neutron-induced fissions. It results from the 
interaction between the neutrons and the nuclei of the physical medium It is generally possible to 
neglect neutron-neutron interactions, because the density of neutrons is much smakr than that of 
nuclei. Fme neutrons have a certain speed relative to nuclei. If one neglects the energy of thermal 
motion of the nuclei, the kinetic energy E of a neutron represents the energy available to a nuclear 
reaction between it and a nucleus. If we denote the relative speed of a neutron by v and its mass by 
ml, then 

1 
E = -rnv= 

2 

The energy is generally given in units of electron-volts (1 eV = 1.6021 x 10 4’ I). 

1.1.1 Cross Sections 

Interactions of neutrons with matter are described in terms of quantities called cross sections, 
which can be defmed in the following fashion. Imagine a unidirectional neutron beam with a 
density of n neutrons per cm3, of speed v, impinging perpendicularly on a thin slice of a target with 
a density of N identical nuclei per cm’. Define the neutron flux @ by 

-. 

1 Tire speed of neUrons in a reactar is sufficiently low that one can neglect relativistic effects. Wore m = mo, 
the neutron rest mass (1.6748 x 10mn kg). 
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Thus, # measures the number of neutrons crossing a unit surface area (1 cm*) per second. 
Fqeriments show that the rate R of interactions of neutrons per cm* of target atea is proportional to 
the neutron flux, the density of nuclei, and the target thickness: 

A = qbNV (1-3) 

where the constant of proportionality o is called the microscopic cross section. V is the vohune of 
the target per cm* (i.e., the target thickness). 

The microscopic ctoss section is a function of the speed of the neutrons relative to the nuclei of 
the target. It is therefore a function of the kinetic energy available to the reaction. One writes: 

Since NV is equal to the total number of nuclei per cm* of target area, cr is a measure of the 
probability that a neutron in the beam will have an interaction, per target nucleus. It is to be noted 
that cr has the dimensions of an area. 
where 1 b = lOeN cm*. 

Microscopic cross sections are usually measured in barns (b), 

Neutrons can interact with nuclei in different ways; each type of interaction will be described in 
terms of a specific “partial” cross section. Since the probabilities are additive, the sum of the partial 
cross sections (the total cross section) is a measure of the probability of an interaction of any type 
when a neutron hits the target. 

Let us now consider a physical medium with N nuclei per cm3. Let us imagine that there exists, 
within the medium, a density n of free neutrons per cm3, propagating at a speed v in all directions. 
The rate of interactions per cm3 will then be 

R 

v 
= Nonv 

= &p 

The constant of proportionality 23etween the rate of interactions and the scalar flux 4 is called 
the macroscopic cross section. Note that the microscopic cross section cr is a property of each type 
of nucleus for each type of interaction. If the physical mexlium contains many types of nuclei, it 
will be necessary to sum over all types in order to obtain the total macroscopic cross section: 

22 = Z(E) 

The macroscopic LZSS section measures the probability of an interaction for a neutron travelling 
over a unit distance in the medium under consideration. The units of 2Z are therefore cm-‘. 

Fxh type of interaction has its own particular cross section. The total cross section, crt, is the 
sum of the cross sections for scattering, cr,, and for absorption, q: 
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Fig. 1.1 Nuclear Cross section with Resonances 

b) Potential Scattering 

While the cross section for elastic scattering is significant only near a resonance, potential 
scattering is a type of elastic scattering which can take place for any energy of the incident neutron. 
This mode of interaction does not involve the formation of a compound nucleus. It appears simply 
as a result of the presence of the nucleus. It is a collision of the “biiard ball” type, in which the 
total energy is conserved. Potential scattering is a function only of the forces which act on the 
neutron in the vicinity of the target nucleus, and these fames depend on the dimensions and the 
shape of the nucleus. 

If we assume the target nucleus to be at rest, energy conservation can be shown to imply 
that the kinetic energy E’ of the neutron after the collision is always smaller than the incident energy 
E, and must be in the range 

OESITSE (1-12) 

where 

The neutron loses therefore a fraction of its energy in each collision: we have neutron 
moderation (slowing down). 

c) Direct Interaction 

High-energy neutrons can also interact with nuclei by direct interaction. In this type of 
interaction, a direct collision between the neutron and the nucleus resuits in the ejection of one or 
more nucleons (protons or neutrons) and in the absorption of the incident neutron. However, very 
few neutrons in a reactor possess sufficient energy to enter into direct interaction. This type of 
interaction is thus of little interest in reactor physics. 

1.1.3 Reactions of Importance in a Fission Reactor 

Table 1.2 gives values of various cross sections for heavy nuclides which may be present in 
nuclear fuel. These cross sections are for thermal neutrons (E = 0.025 eV, v = 2200 m/s). 

The nuclear reactions which are important in a fission reactor are the following 
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