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NEUTRON LIFE CYCLE

Some number of the fast neutrons produced by fission in one generation will
eventually cause fission in the next generation. The series of steps that fission
neutrons go through as they slow to thermal energies and are absorbed in the
reactor is referred to as the neutron life cycle. The neutron life cycle is markedly
different between fast reactoend thermal reacts. This dapter presents the
neutron life cycle for thermal reactors.

EO 1.1 DEFINE the following terms:
a. Infinite multiplication factor, k ., d. Critical
b. Effective multiplication factor, k e. Supercritical
C. Subcritical

EO 1.2 DEFINE each term in the six factor formula using the ratio of

the number of neutrons present at different points in the
neutron life cycle.

EO 1.3 Given the macroscopic cross sections for various materials,
CALCULATE the thermal utilization factor.

EO 14 Given microscopic cross sections for absorption and fission,
atom density, andv, CALCULATE the reproduction factor.

EO 1.5 Given the nunbers of neutrons present at the start of a gearation
and values for each factor in the six factor formula, CALCULATE the
number of neutrons that will be present at any point in the life
cycle.

EO 1.6 LIST physical changes in the reactor core that will have aeffect
on the thermal utilization factor, reproduction factor, or
resonance escape probability.

EO 1.7 EXPLAIN the effect that temperature changes Wl have on the
following factors:

Thermal utilization factor
Resonance escape probability
Fast non-leakage probability
Thermal non-leakage probability

o0 oW
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Infinite Multiplic ation Factor, K.,

Not all of the neutrons produced by fission will have the opportunity to cause new fissions
because some neutrons will be absorbed by non-fissionable material. Some will be absorbed
parasitically in fissionable material and will not cause fission, and others will leak out of the
reactor. Forthe maintenanceof a self-sustainingchain reaction,however,it is not necessary

that every neutron produced in fission initiate another fission. The minimum condition is for
each nucleus undergoing fission to produce, on the average, at least one neutron that causes
fission of another nucleus. This condition is conveniently expressed in terms of a multiplication
factor.

The number of neutrons absorbed or leaking out of the reactor will determine the value of this
multiplication factor, and will also determine whether a new generation of neutrons is larger,
smaller, or the same size as the preceding generation. Any reactor of a finite size will have
neutrons leak out of it. Generally, the larger the reactor, the lower the fraction of neutron
leakage. Fosimplicity, we will first considera reactorthat is infinitely large, and therefore

has no neutron leakage. A measure of the increase or decrease in neutron flux in an infinite
reactor is the infinite multiplication factor,,k Theinfinite multiplication factoris the ratio of

the neutrons produced by fission in one generation to the number of neutrons lost through
absorption in the preceding generation. This can be expressed mathematically as shown below.

k - neutron production from fission in one generation
neutron absorption in the preceding generation

Four Factor Formula

A group of fast neutrons produced by fission can enter into several reactions. Some of these
reactions reduce the size of the neutron group while other reactions allow the group to increase
in size or produce a second generation. There are four factors that are completely independent
of the size and shape of the reactor that give the inherent multiplication ability of the fuel and
moderator materials without regard to leakage. fidusfactor formulaaccurately represents the
infinite multiplication factor as shown in the equation below.

k.= epfn
where:
¢ = fast fission factor
p = resonance escape probability
f = thermal utilization factor

n = reproduction factor

Each of these four factors, which are explained in the following subsections, represents a process that
adds to or subtracfsom the initial neutron group produced in a generation by fission.
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Fadg Fission Factor, (&)

The first process that the neutrons of one generation may undergo is fast fission. Fast fission
is fission caused by neutrons that are in the fast energy range. Fast fission results in the net
increase in the fast neutron population of the reactor core. The cross section for fast fission in
uranium-235 or uranium-238 is small; therefore, only a small humber of fast neutrons cause
fission. The fast neutron population in one generation is therefore increased by a factor called
the fast fission factor. Thiast fission factoe) is defined as the ratio of the net number of fast
neutrons produced by all fissions to the number of fast neutrons produced by thermal fissions.
The mathematical expression of this ratio is shown below.

_ number of fast neutrons produced by all fissions
number of fast neutrons produced by thermal fissions

In order for a neutron to be absorbed by a fuel nucleus as a fast neutron, it mudogm®ss
enough to a fuel nucleus while it is a fast neutron. The value will be affected by the
arrangement and concentrations of the fuel and the moderator. The valiseesentially 1.00

for a homogenous reactor where the fuel atoms are surrounded by moderator atoms. However,
in a heterogeneous reactor, all the fuel atoms are packed closely together in elements such as
pins, rods, or pellets. Neutrons emitted from the fission of one fuel atom have a very good
chance of passing near another fuel atom before slowing down significantly. The arrangement
of the core elements results in a value of about 1.08 formost heterogeneous reactors. The
value ofe is not significantly affected by variables such as temperature, pressure, enrichment,
or neutron poison concentrations. Poisons are non-fuel materials that easily absorb neutrons and
will be discussed in more detail later.

Resonance Escape Probability, (p)

After increasing in number as a result of some fast fissions, the neutrons continue to diffuse
through the reactor. As the neutrons move they collide with nuclei of fuel and non-fuel material
and moderator in the reactor losing part of their energy in each collision and slowing down.
While they are slowing down through the resonance region of uranium-238, which extends from
about 6 eV to 200 eV, there is a chance that some neutrons will be captured. The probability
that a neutron will not be absorbed by a resonance peak is called the resonance escape
probability. Theresonance escape probabilifp) is defined as the ratio of the number of
neutrons that reach thermal energies to the number of fast neutrons that start to slow down. This
ratio is shown below.

_ number of neutrons that reach thermal energy
number of fast neutrons that start to slow down
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The value of the resonance escape probability is determined largely by the fuel-moderator
arrangement and the amount of enrichment of uranium-235 (if any is used). To undergo
resonance absorption, a neutron must pass close enough to a uranium-238 nucleus to be absorbed
while slowing down. In a homogeneous reactor the neutron does its slowing down in the region

of the fuel nuclei, and this condition is easily met. This means that a neutron has a high
probability of being absorbed by uranium-238 while slowing down; therefore, its escape
probability is lower. In a heterogeneous reactor, however, the neutron slows down in the
moderator where there are no atoms of uranium-238 present. Therefore, it has a low probability
of undergoing resonance absorption, and its escape probability is higher.

The value of the resonance escape probability is not significantly affected by pressure or poison
concentration. In water moderated, low uranium-235 enrichment reactors, raising the
temperature of the fuel will raise the resonance absorption in uranium-238 due to the doppler
effect (an apparent broadening of the normally narrow resonance peaks due to thermal motion
of nuclei). The increase in resonance absorption lowers the resonance escape probability, and
the fuel temperature coefficient for resonance escape is negative (explained in detail later). The
temperature coefficient of resonance escape probability for the moderator temperature is also
negative. As water temperature increases, water density decreases. The decrease in water density
allows more resonance energy neutrons to enter the fuel and be absorbed. The value of the
resonance escape probability is always slightly less than one (normally 0.95 to 0.99).

The product of the fast fission factor and the resonance escape probalji)jtys(the ratio of

the number of fast neutrons that survive slowing down (thermalization) compared to the number
of fast neutrons originally starting the generation.

Thermal Utiliz ation Factor, (f)

Once thermalized, the neutrons continue to diffuse throughout the reactor and are subject to
absorption by other materials in the reactor as well as the fuel. The thermal utilization factor
describes how effectively thermal neutrons are absorbed by the fuel, or how well they are
utilized within the reactor. Théhermal utilization factor(f) is defined as the ratio of the
number of thermal neutrons absorbed in the fuel to the number of thermal neutrons absorbed in
any reactor material. This ratio is shown below.

number of thermal neutrons absorbed in the fuel
number of thermal neutrons absorbed in all reactor materials

f =

The thermal utilization factor will always be less than one because some of the thermal neutrons
absorbed within the reactor will be absorbed by atoms of non-fuel materials.
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An equation can be developed for the thermal utilization factor in terms of reaction rates as
follows.

f = rate of absorption of thermal neutrons by the fuel
rate of absorption of thermal neutrons by all reactor materials

) 2 VAR
2 VAR MV 1 AV

The superscripts U, m, and p refer to uranium, moderator, and poison, respectively. In a
heterogeneous reactor, the flux will be different in the fuel region than in the moderator region
due to the high absorption rate by the fuel. Also, the volumes of fuel, moderator, and poisons
will be different. Although not shown in the above equation, other non-fuel materials, such as
core construction materials, may absorb neutrons in a heterogeneous reactor. These other
materials are often lumped together with the superscript designation OS, for "other stuff." To
be completely accurate, the above equation for the thermal utilization factor should include all
neutron-absorbing reactor materials when dealing with heterogeneous reactors. However, for the
purposes of this text, the above equation is satisfactory.

In a homogeneous reactor the neutron flux seen by the fuel, moderator, and poisons will be the
same. Also, since they are spread throughout the reactor, they all occupy the same volume. This
allows the previous equation to be rewritten as shown below.

‘. %
N v + 3%

Equation (3-1) gives an approximatitor a heterogeneous reactor if the fuel and moderator are
composed of small elements distributed uniformly throughout the reactor.

(3-1)

Since absorption cross sections vary with temperature,it would appearthat the thermal
utilization factor would vary with a temperature change. But, substitution of the temperature
correction formulas (see Module 2) in the above equation will reveal that all terms change by
the same amount, and the ratio remains the same. In heterogeneous water-moderated reactors
there is another important factor. When the temperature rises, the water moderator expands, and
a significant amount of it will be forced out of the reactor core. This means th#te\number

of moderator atoms per énwill be reduced, making it less likely for a neutron to be absorbed

by a moderator atom. This reduction iff' Kesults in an increase in thermal utilization as
moderator temperature increases because a neutron now has a better chance of hitting a fuel atom
Because of this effect, the temperature coefficienthe thermal utilization factor is positive.

The amount of enrichment of uranium-235 and the poison concentration will affect the thermal
utilization factor in a similar manner as can be seen from the equation above.

Rev. 0 Page 5 NP-03



NEUTRON LIFE CYCLE DOE-HDBK-1019/2-93 Reactor Theory (Nuclear Parameters)

Example:

Calculate the thermal utilization factor for a homogeneous reactor. The macroscopic
absorption cross section of the fuel is 0.3020%cthe macroscopic absorption cross
section of the moderator is 0.0104 tmand the macroscopic absorption cross section of
the poison is 0.0118 chn

Solution:

_m
oL+
0.3020 cnt?
0.3020 cnt* + 0.0104cm + 0.0118cm
0.932

Reproduction Factor, (n)

Most of the neutrons absorbed in the fuel cause fission, but sona.dthereproduction factor
(n) is defined as the ratio of the number of fast neurtons produces by thermal fission to the number
of themal neutrons absorbed in the fuel. The reproduction factor is shown below.

_ number of fast neutrons produced by thermal fission
number of thermal neutrons absorbed in the fuel

The reproduction factor can also be stated as a ratio of rates as shown below.

_ rate of production of fast neutrons by thermal fission
rate of absorption of thermal neutrons by the fuel

The rate of production of fast neutrons by thermal fission can be determined by the product of the
fission reaction rate2("@") and the average number of neutrons produced per fissjonThe
average number of neutrons released in thermal fission of uranium-235 is 2.42. The rate of
absorption of thermal neutrons by the fuekj4p’. Substituting these terms into the equation
above results in the following equation.

X @y
% ¢

Table 1 lists values of andn for fission of several different materials by thermal neutrons and
fast neutrons.

n
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TABLE 1
Average Number of Neutrons Liberated in Fission
Fissile Nucleus Thermal Neutrons Fast Neutrons
Vv n Vv n
Uranium-233 2.49 2.29 2.58 2.40
Uranium-235 242 2.07 251 2.35
Plutonium-239 2.93 2.15 3.04 2.90

In the case where the fuel contains several fissionable materials, it is necessary to account for
each material. In the case of a reactor core containing both uranium-235 and uranium-238, the
reproduction factor would be calculated as shown below.

N U-235 GE_ZSS YyU-235
n = - - (3-2)
N U-235 Og 235 NV -238 Og 238

Example:

Calculate the reproduction factor for a reactor that uses 10% enriched uranium fuel. The
microscopic absorption cross section for uranium-235 is 694 barns. The cross section
for uranium-238 is 2.71 barns. The microscopic fission cross section for uranium-235 is
582 barns. The atom density of uranium-235 is 4.83xa0ms/c. The atom density

of uranium-238 is 4.35 x #atoms/cr v is 2.42.

Solution:

Use Equation (3-2) to calculate the reproduction factor.

N U-235 GE_ZSS YyU235

U-235 -235 U-238 -238
N 0. ?® +N o,

(4.83 x 16 ator‘;‘s] (582 x 10 cm?) (2.42
cm

4.83 x 16+ 2°MS) (594 x 10* cm?) +[4.35 x 162 AOMS) (271 x 10% cm?)
cm? cm?

=1.96
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As temperature varies, each absorption and fission microscopic cross section varies according to
the 1/v relationship (see Module 2). Since both the numerator and the denorivatge
equally, the net change i is zero. Thereforery changes only as uranium-235 enrichment
changes.n increases with enrichment because there is less uranium-238 in the reactor making
it more likely that a neutron absorbed in the fuel will be absorbed by uranium-235 and cause
fission.

To determine the reproduction factor for a single nuclide rather than for a mixture, the
calculation may be further simplified to the one shown below.

Effective Multiplic ation Factor

The infinite multiplication factor can fully represent only a reactor that is infinitely large,
because it assumes that no neutrons leak out of the reactor. To completely describe the neutron
life cycle in a real, finite reactor, it is necessary to accéoamneutrons that leak out. The
multiplication factor that takes leakage into account isefifective multiplication factofk),

which is defined as the ratio of the neutrons produced by fission in one generation to the number
of neutrons lost through absorption and leakage in the preceding generation.

The effective multiplication factor may be expressed mathematically as shown below.

neutron production from fission in one generation

neutron absorption in the+ neutron leakage in the
preceding generation preceding generation

eff —

So, the value of k for a self-sustaining chain reaction of fissions, where the neutron population

is neither increasing nor decreasing, is one. The condition where the neutron chain reaction is
self-sustaining and the neutron population is neither increasing nor decreasing is referred to as
the critical condition and can be expressed by the simple equation k .

If the neutron production is greater than the absorption and leakage, the reactor is called
supercritical. In aupercritical reactor, k; is greater than one, and the neutron flux increases
each generationlf, on the other hand, the neutron production is less than the absorption and
leakage, the reactor is called subcritical. lsu&critical reactor, k; is less than one, and the

flux decreases each generation.
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When the multiplication factor of a reactor is not equal to exactly one, the neutron flux will
change and cause a change in the power level. Therefore, it is essential to know more about
how this factor depends upon the contents and construction of the reactor. The balance between
production of neutrons and their absorption in the core and leakage out of the core determines
the value of the multiplication factor. If the leakage is small enough to be neglected, the
multiplication factor depends upon only the balance between production and absorption, and is
called the infinite multiplication factor (k since an infinitely large core can have no leakage.
When the leakage is included, the factor is called the effective multiplication fagfor (k

The effective multiplication factor () for a finite reactor may be expressed mathematically in
terms of the infinite multiplication factor and two additional factors which account for neutron
leakage as shown below.

Kep = ko & &

Fas Non-Leakage Probability (&)

In a realistic reactor of finite size, some of the fast neutrons leak out of the boundaries of the
reactor core before they begin the slowing down process.fabhaon-leakage probaiy ()

is defined as the ratio of the number of fast neutrons that do not leak from the reactor core to
the number of fast neutrons produced by all fissions. This ratio is stated as follows.

_ humber of fast neutrons that do not leak from reactor
number of fast neutrons produced by all fissions

Thermal Non-L eakage Probability (&£,)

Neutrons can also leak out of a finite reactor core after they reach thermal energies. The
thermal non-leakage probdlty (¢,) is defined as the ratio of the number of thermal neutrons
that do not leak from the reactor core to the number of neutrons that reach thermal energies. The
thermal non-leakage probability is represented by the following.

@ - number of thermal neutrons that do not leak from reactor
' number of neutrons that reach thermal energies

The fast non-leakage probabilitgJ and the thermal non-leakage probabiligf})(may be
combined into one term that gives the fraction of all neutrons that do not leak out of the reactor
core. This term is called thetal non-leakage probality and is given the symb@t,, where

g, =9d. 4 and¥, are both effected by a change in coolant temperature in a heterogeneous
water-cooled, water-moderated reactor. As coolant temperature rises, the coolant expands. The
density of the moderator is lower; therefore, neutrons must travel farther while slowing down.
This effect increases the probability of leakage and thus decreases the non-leakage probability.
Consequently, the temperature coefficient (defined ldtarthe non-leakage probabilities is
negative, because as temperature ridesnd<, decrease.
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Six Factor Formula

With the inclusion of these last two factors it is possible to determine the fraction of neutrons that
remain after every possible process in a nuclear reactor. The effective multiplication fagtor (k
can then be determined by the product of six terms.

Ky = e L pifn (3-3)

Equation (3-3) is called thgx factor formula Using this six factor formula, it is possible to
trace the entire neutron life cycle from production by fission to the initiation of subsequent
fissions. Figure 1 illustrates a neutron life cycle with nominal values pro¥oteshch of the

six factors. Refer to Figure 1 for the remainder of the discussion on the neutron life cycle and
sample calculations. The generation begins with 1000 neutrons. This initial number is
represented by N The first process is fast fission and the population has been increased by the
neutronsfrom this fast fission process. Fronthe definition of the fast fission factat is
possible to calculate its value based on the number of neutrons before and after fast fission
occur.

number of fast neutrons produced by all fissions
number of fast neutrons produced by thermal fissions

1040
1000

1.04

The total number of fast neutrons produced by thermal and fast fission is represented by the
quantity Ne.

Next, it can be seen that 140 neutrons leak from the core before reaching the thermal energy
range. The fast non-leakage probability is calculated from its definition, as shown below.

9 - number of fast neutrons that do not leak from reactor
' number of fast neutrons produced by all fissions

_ 1040 - 140
1040
= 0.865

The number of neutrons that remain in the core during the slowing down process is represented
by the quantity e &,.
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140 FAST NEUTRONS
LEAK FROM CORE
FAST
NON—LEAKAGE
NET INCREASE OF - 180 NEUTRONS
40 NEUTRONS No& £¢=0.865 Noééf ABSORBED BY
FROM FAST FISSION ¢ RESONANCE PEAKS
. 1040 900 4
NEUTRONS NEUTRONS
FAST RESONANCE
FISSION ESCAPE
p=0.80
4
1000 NEUTRONS
No @ AT START OF
GENERATION 720
No&Lsp NEUTRONS
o 1000 NEUTRONS
b No&Lpsyin
REPRODUCTION THERMAL
NON—LEAKAGE
£;=0.861
No&LypLf No&LipLy
NET INCREASE 100 THERMAL
OF 505 NEUTRONS 495 u¥ﬁf§¥ﬁéN 520 Egg&R%g%ELEAK
FROM THERMAL FISSION (ZU7roNS NEUTRONS
£=0.799
125 THERMAL NEUTRONS
ABSORBED IN NON—FUEL
Figure 1 Neutron Life Cycle with k=1
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The next step in the analysis is to consider the number of neutrons that are absorbed in the
intermediate energy level. The probability of escaping this resonance absorption (p) is stated
as follows.

_ number of neutrons that reach thermal energy
number of fast neutrons that start to slow down

720
900

=0.80

The number of neutrons entering the thermal energy range is now represented by the quantity
N, e & p.

After reaching thermal energies, 100 neutrons leak from the core. The valgfe dan be
calculated by substitution of the known values in the definition as shown below.

number of thermal neutrons that do not leak from reactor

S .
' number of neutrons that reach thermal energies

620
720

0.861

The number of thermal neutrons available for absorption anywhere in the core is represented by
the quantity Ne <&, p &,

Figure 1 indicates that 125 neutrons were absorbed in non-fuel materials. Since a total of 620
thermal neutrons were absorbed, the number absorbed by the fuel equals 620 - 125 = 495.
Therefore, the thermal utilization factor can be calculated as follows.

f - number of thermal neutrons absorbed in the fuel
number of thermal neutrons absorbed in any reactor material
_ 495
620
= 0.799
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The final factor numerically describes the production of fission neutrons resulting from thermal
neutrons being absorbed in the fuel. This factor is called the reproduction fgctdihe value
for the reproduction factor can be determined as shown below.

number of fast neutrons produced by thermal fission
number of thermal neutrons absorbed in the fuel

_ 1000
495

=2.02

The number of fission neutrons that exist at the end of the life cycle which are available to start
a new generation and cycle is represented by the quant#yeNp &£, f n.

In the example illustrated in Figure 1,;ks equal to one. Therefore, 1000 neutrons are
available to start the next generation.

Example:

10,000 neutrons exist at the beginning of a generation. The \falueach factor of the
six factor formula are listed below. Calculate the number of neutrons that exist at the
points in the neutron life cycle listed below.

1) Number of neutrons that exist after fast fission.

2) Number of neutrons that start to slow down in the reactor.

3) Number of neutrons that reach thermal energies.

4) Number of thermal neutrons that are absorbed in the reactor.
5) Number of thermal neutrons absorbed in the fuel.

6) Number of neutrons produced from thermal fission.

e=1031 & =0889 f=0.751
p=0803 ¢ =0905 n=2012

Solution:
1) N =N, e =10,310
2) N=N e =9166
3) N=Nedp =7,360
4) N=N-¢edpd =6,661
5) N=Nedp¥f=5002
6) N=N¢edpd fn=10,065
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Neutron Life Cycle of a Fag Reactor

The neutron life cycle in a fast reactor is markedly different than that for a thermal reactor. In
a fast reactor, care is taken during the reactor design to minimize thermalization of neutrons.
Virtually all fissions taking place in a fast reactor are caused by fast neutrons. Due to this, many
factors that are taken into account by the thermal reactor neutron life cycle are irrelevant to the
fast reactor neutron life cycle. The resonance escape probability is not significant because very
few neutrons exist at energies where resonance absorption is significant. The thermal
non-leakage probability does not exist because the reactor is designed to avoid the thermalization
of neutrons. A separate term to deal with fast fission is not necessary because all fission is fast
fission and is handled by the reproduction factor.

The thermal utilization factor is modified to describe the utilization of fast neutrons instead of

thermal neutrons. The reproduction factor is similarly modified to account for fast fission
instead of thermal fission.

Summary

The important information in this chapter is summarized on the following pages.
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Neutron Life Cycle Summary

The infinite multiplication factor, k is the ratio of the neutrons produced by fisgjon
in one generation to the number of neutrons lost through absorption in the preceding
generation.

The effective multiplication factor, k is the ratio of the number of neutrops
produced by fission in one generation to the number of neutrons lost thfough
absorption and leakage in the preceding generation.

Critical is the condition where the neutron chain reaction is self-sustaining arnd the
neutron population is neither increasing nor decreasing.

Subcritical is the condition in which the neutron population is decreasing|each
generation.

Supercritical is the condition in which the neutron population is increasing |each
generation.

\"Z

The six factor formula is stated ag k= ¢ & p &, f n. Each of the six factors i
defined below.
number of fast neutrons produced by all fissions

8 =
number of fast neutrons produced by thermal fissions

number of fast neutrons that do not leak from reactor
number of fast neutrons produced by all fissions

f

number of neutrons that reach thermal energy
number of fast neutrons that start to slow down

number of thermal neutrons that do not leak from reactor

g = .
' number of neutrons that reach thermal energies

number of thermal neutrons absorbed in the fuel

f= . .
number of thermal neutrons absorbed in all reactor materials

number of fast neutrons produced by thermal fission
number of thermal neutrons absorbed in the fuel
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Neutron Life Cycle Summary (Cont.)

The thermal utilization factor can be calculated from the macroscopic cross S
for absorption of reactor materials using Equation (3-1).

_ %
DI

The reproduction factor can be calculated based on the characteristics of the
fuel using Equation (3-2).

f

N U235 OE-235 Y235

r] =
U-235 -235 U-238 -238
N 0. +N o,

The number of neutrons present at any point in the neutron life cycle c
calculated as the product of the number of neutrons present at the start
generation and all the factors preceding that point in the life cycle.

The thermal utilization factor is effected by the enrichment of uranium-235
amount of neutron poisons, and the moderator-to-fuel ratio.

The reproduction factor is effected by the enrichment of uranium-235.

The resonance escape probability is effected by the enrichment of uranium-2
temperature of the fuel, and the temperature of the moderator.

An increase in moderator temperature will have the following effects.

Increase the thermal utilization factor
Decrease resonance escape probability
Decrease fast non-leakage probability
Decrease thermal non-leakage probability
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