Chapter 2

Neutrons and their interaction with matter

The operation of a nuclear reactor depends entirely on the way in
which neutrons interact with the atomic nuclei of the materials in the
reactor. It is therefore necessary to study these interactions in sufficient
detail to develop an understanding of the processes which take place in
a reactor.

In this chapter we shall describe the characteristics of neutrons and
those neutron interactions which are of interest to the nuclear engineer,
with particular emphasis on the fission process which is of central im-
portance. The ideas of neutron flux and neutron cross-sections will be
introduced in order to express interaction rates quantitatively, and the
variation of cross-sections with neutron energy will be described.
Finally, we shall consider the scattering of high energy neutrons re-
sulting in their progressive loss of energy, and the situation that exists
when these neutrons lose sufficient energy to reach thermal equilibrium
with their surroundings.

The subject matter of this chapter can be regarded as the foundation
upon which the description of nuclear reactors and the theory of their
operation, which is dealt with in the following chapters, is based.

2.1 Neutrons and neutron sources

The discovery of the neutron took place during the years between 1920
and 1932, and culminated in 1930 in the discovery of a penetrating
radiation produced by the interaction of alpha particles and light ele-
ments such as beryllium. This was explained in 1932 by Chadwick as
being particles of mass nearly equal to that of the proton and zero
charge. The name neutron was given to these particles.

Neutrons do not exist in nature, and those neutrons which are pro-
duced by one of the processes to be described presently decay by
transforming into a proton and an electron. The average lifetime of a
neutron is about 12 minutes; however, as the average lifetime of a
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neutron in a reactor is invariably only a small fraction of a second, the
natural decay of neutrons does not concern us.

Nuclear reactions are the only sources of neutrons, and if we dis-
count fission as a source of neutrons for the time being the most com-
mon sources depend on (, ) and (y, n) reactions with light elements,
For example:

%Be + *He — 13C + !
and ‘H+y>H+
A very common neutron source makes use of the *Be(c, #) *2C reac-
tion. The alpha particles which are required to cause the reaction are
obtained from a naturally occurring alpha-emitting radioactive isotope
such as radium 226. Thus a mixture of one gramme of radium and
several grammes of beryllium provides a compact source emitting
about 107 neutrons per second.

2.2 Neutron interactions with atomic nuclei

One obvious and important feature of neutron-nucleus interactions is
that the neutron, being uncharged, does not undergo a force of repul-
sion as it approaches a nucleus. It is therefore possible for neutrons of
any energy to interact with nuclei, and as Fermi discovered, low energy
neutrons usually interact more readily than high energy neutrons,

There are two principal mechanisms of interaction between neutrons
and nuclei, namely potential scattering and compound nucleus forma-
tion. The latter process may result in the neutron being captured in the
nucleus, being effectively scattered, or causing the fission or splitting
of the nucleus.

2.3 Potential scattering

Potential scattering is a process in which the incident neutron is
scattered or bounced off the nucleus, and it can be regarded as similar
to the collision of two billiard balls of unequal mass. The nucleus re-
mains unchanged and at its ground state of energy during the process
which involves only a transfer of kinetic energy between the neutron
and the nucleus. Often the kinetic energy of the incident neutron is
much greater than that of the nucleus and as a result of the interaction
the neutron emerges with reduced kinetic energy. The laws of conser-
vation of kinetic energy and conservation of momentum are both valid
for this type of interaction, which for this reason is often called elas-
tic scattering. _

Consider a neutron of mass m moving with velocity o, towards a
nucleus of mass M. In many interactions the speed of the neutron is
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much greater than that of the nucleus, and the latter can be assumed
to be at rest. The situation as viewed in the laboratory (L system) is
shown in Figure 2.1(a). We will now adopt a system of coordinates in
which the centre-of-mass of the neutron-nucleus pair is at rest. In the
L system the centre-of-mass is moving towards the nucleus with a
velocity given by:

m
M+m

D, =

! (2.1)

To bring the centre-of-mass to rest it is necessary to impose a velocity
equal in magnitude and opposite in direction to o, on the whole system
which becomes transformed to that shown in Figure 2.1(b). The
neutron and nucleus are now depicted in the centre-of-mass system (C
system) of coordinates and their velocities are respectively:

M
u = Mt L (2.2)
d v " (2.3)
o S T MEm .
Notice that:
mu; + gﬂ\u = AN.QV

This equation expresses the fact that the momentum of the neutron—
nucleus pair is zero in the C system, and it will remain zero after any
reaction for which the law of conservation of momentum is valid.

The total kinetic energy, E,, of the two particles in the C system
prior to any interaction is given by:

E, = tmud + MU}
1 mM?2 1 Mm
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= = e 93
2(m + M) !
M
2.5
§+>mm_ (2.5)
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where E, is the kinetic energy of the neutron in the L system. It is evi-
dent that the kinetic energy of the two particles in the C system is al-
ways somewhat less than in the L system,
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Figure 2.1. Neutron collisions in the L and C systems

Bearing in mind that atomic masses are very nearly the same as mass
numbers, equations (2.1) to (2.5) can be written alternatively as:

1

= AT @
Su;m_s 22)
Su-;w_s (2.3)
and Fu;m_m (25)

After an elastic scattering collision the momentum of the neutron-~
nucleus pair in the C system is zero and Emw kinetic energy is un-
changed. In order that the momentum remains zero n.rn neutron »ME
nucleus must move away from the site of the collision in opposite
directions with velocities #, and U, respectively such that:

mu, + MU, = 0 (2.6)

To conserve Kinetic energy:
dmd + fMU3 = dmuj + IMU} .7
Using equations (2.4) and (2.6) to eliminate %, and u, from (2.7) we

get:
cH = Q& AN.@V

From this it follows that:
u, = Uy (2.9

These equations express the simple and important fact "rmﬁ in an
elastic scattering collision the speeds of neutron and Eﬁnﬁ inthe C
system are unchanged, regardless of the angle of scattering.

To find the effect of the collision on the neutron speed in the L system
(the real state of affairs as far as we are concerned), we must revert to that
system by imposing on the C system a velocity ., the velocity of the
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centre-of-mass F.@n L system. As shown in Figure 2.2 the velocity of the
neutron w.».nnn collision in the L system is found by adding the velocity v, to
the velocity u, and using the cosine rule:

v3 = ui + v2 + 2u,v, cos. 9
where 6 is the angle of scattering in the C system.

Uy
va

Figure 2.2. Neutron velocity after elastic scattering

muauu equations (2.1), (2.2) and (2.9) to obtain &, and v, in terms of v, , we
ve:

&n.i A+ 1)

mu+_+§8ud

kn+_+mmooamv

or mu = mun AN.#OV

4+ 1)7?

mnE._aom (2.10) shows that the neutron speed or energy after elastic
scattering is a function of the energy before collision, the mass number of
Go scattering nucleus and the angle of scattering in the C system. Let us
consider two extreme cases. Firstly, if a glancing collision occurs in which
the neutron is barely deflected, 8 = 0, and E, = E,. The neutron energy is
unaltered as a result of a glancing collision.

mnn..E&S if 6 = 180°, corresponding to a head-on collision as a result
of which the neutron bounces back along its original path, cos § = —1
For this case equation (2.10) becomes: : u .

>I_~
m. men.llllll
~_ A\» + _v Q.E
or E; = aE,, where
_ (A -1V
a= Am - Hv 2.12)
The fractionnl loss of energy is given by

E -E H.C - @)
E,
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This represents the maximum fractional loss of energy that a neutron can
suffer as a result of an elastic scattering collision; it is a function of the mass
number of the scattering nucleus and as the mass number decreases, the
maximum fractional loss of energy increases. In the limiting case for
hydrogen, A = 1, « = 0 and a neutron can lose all its energy in a single
head-on collision.

2.4 Compound nucleus formation

The process of compound nucleus formation involves firstly the
absorption of the incident neutron into the original nucleus to form a
compound nucleus: .
X + 3n » 41X

When the compound nucleus is formed it must be at rest in the C
system to conserve zero momentum, and so its kinetic energy is also
zero. It follows that the kinetic energy of the neutron-nucleus pair
before the reaction in the C system is transformed into excitation
energy of the compound nucleus. This is the energy E, given by
equation (2.5). The total excitation energy of the compound nucleus
is E, + B, where B is the binding energy of a neutron in the nucleus
of 4*'X. For example when a low energy neutron is absorbed in boron
10 to form boron 11 the latter is formed at 11-4 MeV above its ground
state, as can be verified by consulting the data of Tables 1.1and 1.2 in
Chapter 1. If the incident neutron had an energy of 1 MeV the boron
11 would be formed at 12-:3 MeV above its ground state.

2.5 Capture

As pointed out in Chapter 1, the excited compound nucleus decays
immediately and emits either a particle or gamma radiation or both,
and it is the product of the decay that distinguishes one type of com-
pound nucleus interaction from another.

If the compound nucleus decays to its ground state by the emission
of gamma radiation only, then the complete interaction is called a
capture, or sometimes radiative capture or (n, y) reaction because the
effect is to capture the original neutron and emit gamma radiation.
Two examples of this reaction are:

BNg + 7 — 3¥Na* »> #*Na + y, or ?*Na(n,y) **Na

and 298U + n — 390U* &> 39U 4+ y, or 38U(n,y) 22U

(An asterisk denotes the compound nucleus in an excited state.)
If the excited compound nucleus decays by the emission of an
alpha particle, the reaction is known as an (n, «) reaction. If the product

nucleus after the emission of the alpha particle is above its ground
state of energy, it will decay to the ground state by the emission of
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gamma radiation. An example of such a reaction is the boron 10-
neutron interaction described in Chapter 1:

1°B + 'z - 1B* - Li + ‘He, or °B(m, <) Li

2.6 Imelastic scattering

If the compound nucleus decays by the emission of a neutron, the
interaction is effectively a scattering process, although the emitted
neutron is not necessarily the same as the incident neutron. If the
nucleus resulting from the emission of the neutron (which is of course
identical with the original nucleus) is still at an excited state of energy,
it decays to its ground state by the emission of gamma radiation, and a
process of this type is referred to as inelastic scattering. The law of
conservation of kinetic energy is not valid for inelastic scattering since
some of the original kinetic energy is transformed to gamma radiation,
and the total kinetic energy is less than it was before the reaction. An
important characteristic of this reaction, which only takes place be-
tween neutrons of fairly high energy and intermediate and heavy mass
nuclei, is that neutrons lose on average much more energy per collision
than in the case of elastic scattering with the same nucleus.

If after the emission of a neutron from the compound nucleus the
original nucleus is formed at its ground state of energy, then Kinetic
energy is conserved in the reaction and it is called compound elastic
scartering, Clearly, as far as the results of the interactions are con-
cerned, potential scattering and compound elastic scattering can be re-
garded as equivalent, and the sum of these two processes is usually
referred to as elastic scattering.

In the case of a few of the heaviest elements the compound nucleus
may be formed in such a state of excitation that it decays by splitting
into two intermediate nuclei of unequal mass. This is nuclear fission
and it will be considered in detail in the next section.

2.7 Fission

"T'he discovery of fission was made in Germany in 1938 by Hahn and
Strassmann who were studying the radioactive isotopes formed as a
result of the bombardment of uranium by neutrons in an effort to
produce transuranium elements. One of the elements identified in the
products of the reactions was radioactive barium 139, which indicated a
hithertounknown type of reaction in which the uranium nucleus splitin-
tofragments whichwerethemselves nucleiof intermediate mass elements.
Further work showed the presence of several other elements of medium
mass number, and the existence of the fission process was definitely
established. Shortly afterwards it was shown that neutrons were also
emitted in the process and the possibility of a chain reaction was
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realized in which neutrons emitted in one fission event might be able
to cause further fission, thus establishing a continuous reaction. .

The isotope of uranium that is principally responsible for fission is
uranium 235, which is present in naturally occurring uranium to the
extent of 0-715 per cent. In this isotope fission can be caused by
neutrons of any energy, low energy neutrons being the most effective.
Fission in uranium 238, which comprises 99-285 per cent of natural
uranium, can only be caused by neutrons of energy greater than 1
MeV,

There are three other isotopes of importance which can undergo
fission, Thorium 232, the only naturally occurring isotope of that ele-
ment, is fissionable with neutrons with energy greater than about
14 MeV, and two isotopes, uranium 233 and plutonium 239, which do
not occur naturally but can be produced artificially by nuclear re-
actions, undergo fission with neutrons of all energies, low energy
neutrons being again the most effective, It is customary to refer to the
five isotopes mentioned above (and any other isotopes which undergo
fission with neutrons of energy less than about 10 MeV) as fissionable,
and to reserve the term fissile for the three isotopes 2*°U, #%U and
%%Py which undergo fission with low energy neutrons. . .

The theory of fission is beyond the scope of this book, however a
brief description of the generally accepted liquid drop model will give
a qualitative picture of the processes involved. The short range nuclear
forces, which are analogous to the surface tension of a liquid drop,
hold the nucleus in a more or less spherical shape in the same way that
a liquid drop is spherical, however if the nucleus is excited, possibly as
a result of absorbing a neutron, its shape may be distorted. In most
cases the distortion is limited by the action of the nuclear forces and
after de-excitation the spherical shape of the nucleus is restored, how-
ever it is possible that the distortion may lead to a dumbbell shape at
which point the Coulomb force of repulsion between the two halves
of the dumbbell exceeds the nuclear force which is weakened by the
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Figure 2.3, Four stages in the fission process.
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distortion of the nucleus. Once this point is reached the nucleus splits
into two fragments.

The characteristics of fission will be described by considering
uranium 235, however the fission of the other four isotopes is essenti-
ally the same in all respects. The first stage of the reaction is the ab-
sorption of a neutron in 23U to form 2%U at an excited state, In some
cases the 236U goes to its ground state of energy by the emission of
gamma radiation, an example of an (1, y) reaction, however in the
majority of cases the 23U nucleus splits as described above. The
products of fission are two fission fragments whose mass numbers vary
between about 70 and 160, a number of neutrons varying between
none and five, beta particles, gamma radiation, neutrinos and energy.
These products are shown diagrammatically in Figure 2.3.

The exact identity of the fission products and the number of
neutrons vary from one fission event to another, however the following
reaction is typical:

U + n > BU* > HiLa + EBr + 24

It will be seen that the masses of the two fission products, lanthanum
and bromine in this example, are not the same, and unsymmetrical
fission such as this is much more likely than fission with two products
of equal mass. The fission product spectrum for 3%U is shown in
Figure 2.4,and it can be clearly seen that the mass numbers of all the
fission products lic between 70 and 160, that the most probable mass
numbers which occur in about 6-5 per cent of fissions are about 96 and
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Figure 2.4. The fission product spectrum for uranium 235
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135, and that symmetrical fission with two products of mass 117 only
occurs about once in every 20 000 fissions.

The fission products are all radioactive, which is to be expected
since if a very heavy nucleus (in which the neutron to proton ratio is
just over 3 to 2) splits into two intermediate mass nuclei (in which. the
neutron to proton ratio for stability is just under 3 to 2), the fission
products have a surplus of neutrons. As we have seen, such nuclei decay
mainly by beta particle emission, although in a very few cases the decay
is by neutron emission. In some cases long decay chains are formed, an
example for the fission product tellurium 135 being:

135Te 5, 135] 4, 1385%,e 4, 138Cg 4, 138Bg

The radioactivity of the fission products creates serious hazards and
shielding problems in reactors, particularly in the handling of irradi-
ated uranium fuel. Another problem that arises in the case of a very
few fission products is the build-up in the reactor of isotopes which
capture neutrons to a large extent and which even in small quantities
have a serious effect on the possibility of establishing a continuous
fission reaction. Xenon 135, a daughter product in the decay chain
illustrated above, is the most notable example of this, and its effect on
the design and operation of a nuclear reactor will be considered in
detail in a later chapter.

The majority of neutrons emitted in the fission process are released
at the instant of fission, and are known as prompt neutrons. As men-
tioned above, a few of the fission products decay by neutron emission
and this provides a further source of neutrons which are released some-

- time after the original fission event, depending on the half-life of the

radioactive fission product concerned. An example of a neutron-
emitting decay chain is shown in Figure 2.5.

87 gr (stable}

Figure 2.5, The decay of the fission product bromine 87

The fission product bromine 87 decays by beta particle emission
with a half-life of 54-5 seconds to form krypton 87. In 2 per cent of
cases the *7Kr is formed at such an excited state that it decays immedi-
atcly by neutron emission to form %Kr. This is therefore a source,
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albeit a very small one, of neutrons whose emission is delayed by an
average of about 80 seconds (the mean life of ®'Br) after the fission
event that was their origin. The total fraction of neutrons which are
delayed is only (in the case of 33U) about 0-65 per cent of the total
neutron yield, however they play a vital role in the control of nuclear
reactors as we shall see later.

The number of neutrons emitted per fission varies from one' event
to another, and also depends on the isotope undergoing fission and the
energy of the incident neutrons. The average number of neutrons
emitted per fission, v, is one of the most important parameters in
nuclear engineering, The variation of » with energy is more or less

WE) =y, + aE
and some values are given in Table 2.1,

Table 2.1, The number of neutrons emitted per fission

Incident
Isotope neutron energy v

L 8] 0:025 eV 242
1 MeV 2:51
epy 0:025 eV 2:93
1 MeV 3-04
Iy 0:025 eV 249
1 MeV 2.58
332Th 1:5 MeV 212
8y 11 MeV 2446

Fission neutrons are emitted with a variety of energies which can be
described by a continuous distribution or fission neutron energy spectrum,
If S(E) dE is the fraction of fission neutrons with energy in the range
E 1t E + dE, & generally accepted expression for S(E) is:

S(E) = 0:771 /Ee~07%E (2.13)
(Note that the above expression for S (E) is normalized, so that
ﬁ,%mvmm =1)
The average energy of fission neutrons is found from the equation:
z- ﬁmﬂmv dE
I, S8 dE

eﬁm«_.3399soenﬁ:zm:m:a:wsxggn2a<.E..:wa
shows the msion ncutron energy spectrum. i
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Figure 2.6. The fission neutron energy spectrum

Gamma radiation is emitted both promptly at the instant of m.m&.on
and at a later stage during the decay of fission products. Beta radiation
and neutrinos are emitted during fission product unn»w..ﬂ.w.o gamma
radiation, with its high penetrating power, presents a shielding prob-
lem, however reactors are usually large enough that most of the gamma
radiation is absorbed within them. Beta radiation is also wcmo&nu with-
in the reactor, but neutrinos stream out and their energy is lost, how-
ever they are not a hazard to health or safety. >

The energy release as a result of fission has already been Bnnjoana
in connection with the binding energy curve. A very approximate
calculation based on this curve gives some idea of the magnitude of this
energy. The binding energy per nucleon of #38U is about q..a MeV, msa
the binding energy per nucleon of nuclei of mass :Emcon in Hwo. region
of 117 is about 85 MeV, so the energy release is approximately
235 x (8:5-7-6) which is about 212 MeV. Much more accurate
measurements of the energy release have been made and are summar-
ized in Table 2.2,

Table 2.2. The emitted and recoverable energy for the fission of 335U

Emitted Recoverable
energy (MeV) | energy (MeV)

Fission products 168 168
Fission neutrons . 5
Prompt y radiation 7
Fission product decay
B radiation
y radiation
neutrinos 1
Capture y radiation

oONI®
MO ~N® ~ W

Total 207 ~200
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The kinetic energy of the fission products accounts for the bulk of
the energy release, but this is rapidly converted to random molecular
energy (heat) by atomic collisions, and the fission products travel no
more than a fraction of a millimetre from the point of fission. The
3 MeV of kinetic energy of neutrons is accounted for by an average
of about two and a half neutrons per fission with average kinetic energy
of 2 MeV each, and this energy is also degraded to heat as a result of
scattering collisions in which neutrons progressively lose energy. As
noted previously the beta and gamma radiation is absorbed in the re-
actor and its energy converted to heat, The energy of the neutrinos is
not recovered. There is a further small source of energy in a reactor
resulting from the radiative capture of neutrons which do not cause
fission, the capture gamma radiation which is emitted is for the most
part absorbed and its energy converted to heat. The figure of 200 MeV
of recoverable energy per fission is not exact, however it is the generally
accepted value,

2.8 Neutron flux, cross-sections and interaction rates
It is now necessary to establish a framework for measuring neutron

interaction rates quantitatively, These rates do not depend on the-

direction of neutron motion within the target material so we may
visualize for simplicity a situation, which seldom occurs in practice, in
which all neutrons are moving in the same direction in a parallel beam.
The neutron flux, ¢, may be defined as the total number of neutrons
which pass through a unit area normal to their direction per second.

If all the neutrons have the same speed , and if the neutron density
is # neutrons per unit volume, then:

¢ =nv :
If in the more likely event the neutrons have a spectrum of speeds

such that n(v) dv is the number of neutrons per unit volume whose
speed is in the range v to v + do, then:

¢ = .\,ievme
all

spoeds :

For the case in which neutrons are moving in all directions the
neutron flux can be defined as the total track length of all neutrons in a
unit volume per second. This definition is consistent with the one given
a few lines above for a parallel beam of neutrons, but it does not depend
on that condition. Being applicable to neutrons moving randomly in all direc-
tions without reference to their direction of motion, it emphasizes the scalar
(as opposed to vector) nature of the neutron flux.

The interaction rate betweeén a beam of neutrons and the nuclei in a
target materizl has been experimentally observed to be proportional
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(a) to the neutron flux, and (b) to the number of atoms in the target,

which is assumed to consist of a single isotope. )
Consider a beam of neutrons, all of speed v cm/s .&E density n
neutrons/cm®, incident on a target of area 4 cm? and thickness dx cm

containing N nuclei/cm?®, sec Figure 2.7.

d=nv

il

Figure 2,7, The interaction rate of neutrons
The preceding statement can now be used to express the interaction rate
F in the target material thus:

F < ¢ NV
F = o¢ NV 2.19)

where V = A dx, the volume of the target, and NV is the ﬁoE. number of
atoms of the isotope in the target in which the reaction is Brﬁn.u?no.

The constant o in equation (2.14) is known as the Bmo_‘owno_u,_n cross-
section of the isotope concerned. Its units are cm?/nucleus, and it can be
regarded as the area presented by each nucleus to neutrons to cause a
reaction. (This area is not the same as the actual size of the nucleus, in
some cases it may be larger, in others it may be smaller.) The values 4».
o for most isotopes lie between 10-32.and 10-28 cm?, and the usual unit
in which values of o are quoted is the barn.

1 barn = 10-%¢ cm?

The total cross-section of all the nuclei in unit <o_=nmn of musﬁoung
is called the macroscopic cross-section, Z, and has units cm*/cm® or

em~, L =No
and the interaction rate per unit volume,
F=21¢ 2.15)

The probability that a neutron entering the target will interact with-
in a distance dx is:

Number of neutrons interacting per
second in a target of thickness dx  o¢NA dx

Number of neutrons per second ¢4
incident on the target
= oN dx

= ZJdx (2.16)
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It mo:o%.m that the macroscopic cross-section can be interpreted as the
probability per umit track length that a neutron will interact.

The attenuation of a beam of neutrons in a target material can be
found _u.«. equating the rate of interaction in an element of thickness dx
to the difference between the number of neutrons entering and leaving
the element per second:

Interaction rate = (Flux in — Flux out) x 4
o¢NAdx = — A d¢

(the negative sign indicates a decreasing flux).
Rearranging:
d¢é

J*IEIQZQ.&“ I.MQ.R

Hvo moEmou. of this equation for 4(x), the flux which penetrates to a
distance x without interacting, is:

P(x) = goe~2* @.17)
where ¢, is the incident neutron flux.

The average distance that a neutron travels without interacting is

known as the mean free path, A. Considering a number of neutrons, 7
we may write: e

1 Number of neutrons Probability of
A= ” M s&.o.v travel a distance | x muﬁon»nmhw in]xx
ol |\ x without interacting distance dx

neutrons

The quantity on the right of the summation is the total distance
travelled by mz. neutrons without interaction. Using equations (2.16) and
(2.17) and altering the right-hand side to an integral over all possible values
of x, namely 0 to oo, the equation for \ is:

~ a0
A= |.‘, ne ** Xx dx
nJo

1
=5 (2.18)

Thus the mean free path is see i i
vy e p n to be the reciprocal of the macroscopic

The nnnnn&um discussion in this section has made no distinction be-
tween the n_&..nnonn types of neutron interaction such as scattering
capture or fission, and all the statements and results obtained so m»h
apply to any type of interaction.

Thus the rates at which elastic scattering, inelastic scattering, cap-
ture and msuEb take place are characterized by the elastic mnﬁmnaum
cross-sectiom, o,, the inelastic scattering cross-section, o,, the capture
Cxoss-section, a,, and the fission cross-section, oy, (which is zero for all
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non-fissionable isotopes). The total cross-section, oy, is the sum of these
cross-sections, and measures the rate at which any type of interaction
takes place:

Qo“Q..TQ—.TQO.TQn

The absorption cross-section, o,, is the sum of the capture and fission
cross-sections, and is of course, the same as the capture cross-section
for all non-fissionable isotopes:

0y = 0, + Oy

In addition to the use of cross-sections as a means of determining
reaction rates, a qualitative interpretation as a measure of probability
is often useful, For example, if an isotope has capture and elastic
scattering cross-sections of 0-1 and 10 barns respectively, it is evident
that elastic scattering is the most probable reaction in this material and
that by comparison capture is almost negligible, occurring in less than
1 per cent of all reactions.

The distinction between mean free paths may be made by defining
the scattering mean free path, A,, as the average distance travelled by
neutrons between scattering collisions:

N 1
| ] M.
The absorption mean free path, A, is the average distance travelled
by neutrons up to the point where they are absorbed:
1
A, = M..l.-
The total mean free path, A,, is given by the equation:
1 1 1

oA A

It is frequently necessary in nuclear engineering to calculate cross-
sections for compounds and mixtures of materials. Strictly speaking a
microscopic cross-section can only refer to a single isotope, however it
is often convenient to use an average microscopic cross-section for a
naturally occurring element which-consists of a mixture of isotopes.
Example: Calculate the microscopic absorption cross-section of
natural uranium, which consists of 99-285 per cent 338YJ and 0-715
per cent 226U, The microscopic cross-sections for 0-025 ¢V neutrons are:

338: o, = 2:72 barns 386Y: o, = 101 barns
ar =0 o, = 579 barns
o, for patural uranium = 0-992 85 x 2:72 + 0-007 15 x 680
= 7' barns




-\ .S CBLIILINLD VS ISUCERT  PUWET

Macroscopic cross-sections for mixtures and compounds can be

calculated from a knowledge of the cross-sections and numbers of
atoms per unit volume of the constituents. If a mixture or compound
contains N,, Ny, N, etc. atoms per cm® of elements whose micro-
8copic cross-sections are o,, a;, 0y, etc., the macroscopic cross-section
of the mixture or compound, Z, is given by:

Z = Nyo, + Naog + Nyog + - -

This equation is based on the assumption that the nuclei of the ele-
ments in the compound interact with neutrons independently of each
other. If the molecular or crystalline structure affects the neutron
interaction processes the equation is not valid. Two important ex-
amples of this effect are the elastic scattering of low energy neutrons by
water and heavy water which will be referred to in the next section.

In the case of a compound, the numbers of atoms per cm?® of each of
the constituents can be determined from a knowledge of the density of
the compound, its molecular weight and Avogadro’s Number.
Example: Calculate the macroscopic capture cross-section of water
of density 1 g/cm®, The microscopic capture cross-sections of hydro-
gen and oxygen are 0-332 barns and 0-0002 barns respectively.

miaw Avogadro’s number, the number of molecules of water per
cm? is:

. . 26
0-001 x a_mon x 10 = 3.35 x 102

Z, for water = 2 x 3:35 x 1092 x 0-332 x 10-32¢
+ 3-35 x 1032 x 0-0002 x 10-3¢
= 00222 cm~?

2.9 The variation of cross-sections with neutron energy

Cross-sections for neutron interactions are in many cases not constant,
but vary with neutron energy. A complete description of the variation
of cross-sections is beyond the scope of this book, and we will restrict
ourselves to a general view, with a more detailed look at some examples
of particular interest in nuclear engineering. In general the variation of
cross-section depends on the type of interaction involved, whether
scattering or absorption, and the mass number of the element in-
volved. For reasons that will be clear later we will restrict ourselves to
neutron energies between 0-01 eV and 10 MeV.

Elastic scattering cross-sections for light elements are more or less
independent of neutron energy up to about 1 MeV. For intermediate
and heavy elements the elastic scattering cross-section is constant at
low energy and exhibits some variation at higher energy. However, we
gre usually more interested in light elements as far as elastic scattering
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is concerned so as a generalization we may regard o, as being constant
at all energics for all elements of interest, Furthermore, there is not a
great deal of variation from one clement to another, and nearly all
clements have scattering cross-sections in the range 2 to 20 vw._.uu. Aro
important exceptions to this concern water and heavy water in s_zo.r
the molecular structure affects the scattering of low energy neutrons in
such a way that although ¢, for the free atoms of hydrogen, deuterium
and oxygen remain constant, the value of o, for water na.n heavy water
rises as the neutron energy falls below 1 eV. Figure 2.8 illustrates this
effect.
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Figure 2.8. The elastic scattering cross-section of water for low energy neutrons

Inelastic scattering occurs principally between high energy neutrons
and intermediate and heavy elements, and is of importance in 2.58..
engineering because high energy neutrons can lose a large fraction of
their energy as a result of inelastic scattering with heavy elements E.wnr
as uranium. Ineclastic scattering with light nuclei m..o. not of B:.nr im-
portance because the threshold energy ca_ci.sgnr o =01is very
high. The threshold energies for inelastic scattering for oxygen, mom—EB
and uranium are about 6-5 MeV, 0:4 MeV and 0-05 MeV nomv.oonc.u_ﬁ
and above these thresholds the inelastic scattering cross-section rises
to a more or less constant and rather small value, man.on».__w afew cmuu.m.

Absorption cross-sections exhibit much more variation than elastic
scattering cross-sections, not only from one isotope to »uomron .cE also
with varying neutron energy. The cross-section for many _mmru isotopes
is inversely proportional to the neutron speed over a wide range of
energies, i.e.

1 1
0y C — € ——

v +E
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The variation for boron 10 is shown in Figure 2.10.

For heavy isotopes the 1/v variation is exhibited at low energies up
to about 10 eV. In the intermediate energy range from about 10 eV to
1000 eV the cross-section displays a very erratic behaviour and rises
to a number of peaks known as resonances at which the cross-section
values may be very large. At high energies above 1000 eV the reson-
ances cannot be resolved and the cross-section assumes a fairly con-
stant value of a few barns. The variation of o, for %*U is shown in
Figure 2.9.
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Figure 2.9. The total cross-section of uranium 238
Isotopes of intermediate mass exhibit a behaviour between that of

the light and heavy isotopes, thus a typical variation would be g, ¢ 1/v
at low energies, then a few resonances at intermediate energies, and
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Figure 2.10. The total cross-sections of cadmium, indium and boron 10
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finally a rather low and slightly varying value at high energies. The
cross-sections of cadmium and indium are shown in Figure 2.10.

It is possible to explain qualitatively some of the reasons for the
characteristic variations of absorption cross-sections. At energies be-
low the resonance energy region the probability of interaction is
governed by the time during which the neutron is in the neighbour-
hood of the nucleus, and this time varies inversely as the neutron
speed. Thus we have the variation expressed by o, o 1/v.

To explain the resonance peaks it should be borne in mind that we
are dealing with interactions involving compound nucleus formation.
The compound nucleus is formed with an excitation energy of
B + E,, where B is the binding energy of a neutron in the compound
nucleus and E, is the neutron energy multiplied by A/(4 + 1). If the
energy of the neutron is such as to produce the compound nucleus at
or very near one of its excited states as shown in Figure 2.11 the
probability of the interaction taking place is very high, corresponding
to a high value of the cross-section. If, on the other hand, the energy of
the incident neutron is such as to produce the compound nucleus at
Some energy midway between two excited levels, the probability of the
interaction is very low, corresponding to a low value of the cross-
section. Heavy nuclei such as 2%°U have a large number of closely
spaced excited levels which accounts for the large number of reson-
nnces in the absorption cross-section of 338U,

Energy Resonance for this

value of £,

Excited states st 22 .\n
of At _x

E,, the reduced energy
of the incident neutron

Ground state of

A
target nucleus “X 8, binding energy
plus a neutron at of a neutron in 4+ 1Ly,
rest

Ground state
of compound
nucleus 4* %

Figure 2.11, Energy levels and resonance absorption

The fission cross-sections of 225U, 233U and #*®Pu vary in much the
same way as capture cross-sections of heavy isotopes described above,
Figure 2.12 shows the variation of o, for 235U which exhibits the
characteristic 1/o portion at low energy, resonances at intermediate
encrgy, and the smooth curve a high energy where individual reson-
ances overlap. The fission cross-sections of 238U and 23*Th show the
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Figure 2.12. Fission cross-sections of **U and ***U

existence of a threshold neutron energy below which fission does not
take place. Above the threshold o rises to a more or less constant and
rather small value, see Figure 2.12 for the fission cross-section of

23817,

2.10 Elastic scattering and slowing down of neutrons

In preceding sections of this chapter we have seen that neutrons are
produced by fission at an average energy of about 2 MeV, and that in
the case of 235U, 22°Pu and 23°U low energy neutrons are the most
effective for causing fission, as the value of oy rises at low energy.
Anticipating some of the subject matter of the next chapter, we may
conclude that if neutrons are produced by fission at high energy and
are most effective in causing fission at low energy, then an important
process in a reactor is the slowing down of neutrons in which, as a
result of successive scattering collisions, their energy is. progressively
reduced.

With intermediate and heavy nuclei inelastic scattering is the most
effective process for slowing down neutrons provided their energy is
high enough, however the analysis of this process is beyond the scope
of this book, and we will confine our attention to elastic scattering,
which is the only possible type of scattering between neutrons pro-
duced by fission and light nuclei.

In an earlier section of this chapter, the analysis of elastic scattering of
neutrons was carried to the point where it was shown that, according to
equation (2.10), the energy of a neutron after an elastic scattering collision
is xelated to its energy before collision, the mass of the scattering nucleus
and the angle of scattering in the C System. In a reactor in which billions of
neutronsare beingscattered each second, we are interested not so much in
the loss of energy of each neutron as the average loss of energy per
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mmuzmmbm collision of all these neutrons, which depends on their angular
&mﬁvﬁ.ﬁu after scattering. In the C system this distribution is given by
the empirical scattering law:

Elastic scattering is isotropic in the C system.

In other words there is no preferential direction of scattering in the C
system. If we imagine a large number of neutrons, all moving initially
along the same path and being scattered at point O, the centre of a sphere,
then the number of neutrons emerging through any unit area on the
surface of the sphere is independent of the position of the unit area, We
can deduce a scattering law in terms of 6, the angle of scattering in the
C system.

.

Initial
neutron
direction

Figure 2.13. Scattering law for the C system

Referring to Figure 2.13, the fraction of neutrons whose angle of
mm»s.nau.m in the C system is between 6 and 6 + d@ is given by the
distribution function p(8) d6:

The area of the ring subtended on the
surface of the sphere by the angle d6

Total surface area of the sphere
2nr sin 0 r d0

4nr?

Hm m.m more useful to have a distribution function in terms of the post-
no.Em_on energy. If P(E) dE is the fraction of post-collision neutrons
with energies in the range E to E + dE, then p(6) d6 and P(E) dE are

related by: P(E)dE = —p(8) dé

2(6)do =

= }sin 6 df (2.19)

== lxmvulnm&
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(This is an example of the standard method for equating the distribution
functions of different but related variables, in this case # and E. The
relationship in this case is equation (2.10) with the post-collision energy
E, replaced by E. The negative sign in the preceding equation is
necessary since as 8 increases, E decreases, i.e. d8 and dE have opposite
signs.)

. 24E,
From equation (2.10): dE = — @11y sin 8 d6 2.20)
. (4 + 1)y
Therefore: P ANV dE = 'mmllg
dE
= e 2.21
YA @20

The quantity (1 ~ «)E, is the range of possible post-collision energies,
and equation (2.21) indicates that after scattering collisions neutrons
are uniformly distributed throughout this range. Alternatively, neutron
scattering may be said to be isotropic in post-collision energy in the
range E, to «E,. The average energy of neutrons after collision is
(1 + «)E,, and the average loss of energy is (1 — «)E,.

Two important points emerge from these results. Firstly, the average
loss of energy increases as a decreases, or as the mass number, 4, of
the scattering nucleus decreases, from which we conclude that light
elements are more effective than heavy elements as far as neutron
slowing down is concerned. Secondly, the average loss of energy is
proportional to the pre-collision energy, and therefore decreases as
neutrons lose energy. In order to have a quantity which characterizes
the average loss of energy per collision and is at the same time inde-
pendent of energy we will introduce the average decrease of (log
energy) per scattering collision, log E, — log E, which is given the symbol
¢ (xi), and may be expressed as follows:

By
§= . (log E, — log E)P(E) dE

_
= - F &mu - om
By making the substitution x = E/E,, we get:
1 dx
f=a= 3‘\ 8 *

2.22)

} -~
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In terms of the mass number, A:
A4-1)7 A4+l
24 g

For values of 4 greater than about Ho the equation for ¢ can be closely
approximated by the simpler expression:

2
¢= 17253 @.24)
The quantity ¢, often called the logarithmic energy decrement,
characterizes the slowing down power of an element for neutrons of
any energy, and in the form given by equation (2.24) it is seen quite
clearly that the most effective elements for slowing down neutrons are
those of low mass number.

Frequently, slowing down takes place in a mixture of elements or a
compound, and in this case the average value of the logarithmic energy
decrement ¢ for such a mixture is found as the weighted average of the
values of £ for each of the constituents of the mixture. The weighting
factors are, logically, the probabilities of scattering in each of the
constituents, which are proportional to the numbers of atoms of each
constituent per cm® of mixture multiplied by their scattering
cross-sections. Thus ¢ is calculated from the equation:

- M Z.Q:m.
m \M N, 191

£=1- 2.23)

(2.25)

Where N is the number of atoms per unit volume of the mixture of each
element i whose microscopic scattering cross-section is o, and
logarithmic energy decrement is £,. The summation is carried out for all
the constituents of the mixture.

In the case which is very common in nuclear engineering in which a
heavy element such as uranium is mixed with a light element whose
function is to slow down neutrons, the slowing down effect of the
heavy element can often be neglected (provided the neutron energy is
below the inelastic scattering threshold of that element), and for such a
mixture the value of £ is nearly the same as ¢ for the light element,

In concluding this section we may mention that although neutron
scattering in the C system is isotropic, and the average angle of scatter-
ing, 0, in the C system is 90°, neutron scattering is not isotropic in the
L system, It can be shown that the average value of cos ¢, where ¢ is the
angle of scattering in the L system, is given by:

2

cos ¢ = i (2.26)
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where A is the mass number of the scattering nucleus. The inference
from this result is that neutron scattering in the L system is preferenti-
ally in the forward direction since cos y as given by equation (2.26) is
always positive. As the mass of the scattering nucleus increases, cos ¢
approaches zero and the average angle of scattering approaches 90°.
Thus for heavy elements it may be said that neutron scattering is nearly
isotropic in the L system.

2.11 Thermal neutrons

In analysing elastic scattering collisions we have assumed that the
nuclei of the medium are at rest since their speeds are much less than that
of the neutrons. As the neutrons slow down their energies are reduced
to values comparable with the energies of the nuclei, and a point is
reached when scattering collisions no longer progressively reduce
neutron energies. At this point neutrons have reached thermal equili-
brium with the medium in which they are being scattered, and are
known as thermal neutrons. The scattering of thermal neutrons has on
the average no effect on their energy, although individual neutrons are
at different energies and as a result of individual scattering collisions
they may suffer either a slight increase or decrease of energy. The im-
portant point is that their average energy remains constant,

The situation is analogous to gas molecules in a rigid container at a
constant temperature. The molecules are moving to and fro, colliding
with each other and the walls of the container and gaining and losing
energy, but the total energy (or average energy) of all the molecules
remains constant. The distribution in terms of speed (or energy) of gas
molecules is given by the Maxwell-Boltzmann distribution, and this
function can be applied to thermal neutrons provided that their rate
of absorption is small compared with their rate of scattering, that is
provided o, « o,.

The Maxwell-Boltzmann distribution in terms of neutron speed, v,
is:

m
2nkT

3/2
n(v)dv = 4N A v &~ mvHAKT 43 g (2.27)

where n(v) dv is the number of neutrons per unit volume whose speeds
are in the range vto v + dv; N is the total number of neutrons per unit
volume; 7z is the neutron mass, kg; T is the absolute temperature
of the scattering medium, K; and % is the Boltzmann constant,
138 x 10-%3 joule/particle K.

The upper curve of Figure 2.14 shows the shape of the Maxwell-
Boltzmann distribution for neutrons in a medium at 20°C.
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The most probable neutron speed, corresponding to the maximum
point on this curve in Figure 2.14, is obtained by differentiating the
distribution function with respect to  and equating to zero. The result

is:
2&T
Unp = >\ “m (2.28)

and the corresponding energy is 4mv, = AT.
Example: Calculate the most probable speed and the corresponding
energy of thermal neutrons at 20°C.

2 x 1:38 x 10723 x 293
I x 166 x 10~27
1138 x 1072° x 293
1602 x 10~1°

= 0:0253 eV

These values of the speed and kinetic energy are taken to characterize
thermal neutrons in a medium at 20°C.

The average speed of thermal neutrons is determined from the dis-
tribution function by the standard statistical method:

Opp = = 2200 m/s

E=

0
- v) dv
= i ont Vn (2.29)
h.. n(v)dv
q ! _ ' _ , Maxwell-
Boltzmann
- - spectrum
Hardened _|
spectrum
niv} 7]
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Figure 2.14. The Maxwell-Boltzmann distribution for thermal neutrons

The integration is carried out from zero to infinity to include all neu-
tron speeds, although negligibly few neutrons have speeds greater than
three or four times the most probable speed. The denominator in the
preceding equation is equal to N, therefore, using equation (2.27):
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2.12 Thermal neutron flux, absorption rate and absorption
cross-section

The thermal neutron flux is given by the equation:
~Jvy ~ 39
bo= [ ) dv = [ onto) do
0

If the Maxwell-Boltzmann distribution is used for n(v) dv the integra-
tion may be carried out from zero to infinity because, as already
pointed out, there are very few neutrons in the Maxwell-Boltzmann
distribution with speeds greater than 3vyp. Thus:

0
da = [ onto) do
0
The rate of absorption of thermal neutrons per cm?, F,, is:

F, = % " E(0)(0) dv = % " 2 (w)on(v) dv @.31)
0 0

Since thermal neutrons have a spectrum of speeds or energies, and
absorption cross-sections are energy dependent, an average cross-
section for thermal neutrons may be defined as:

5 o B _ L L) do
obn [Ton(v)do

Many absorption cross-sections vary inversely as neutron speed in the
thermal energy range, i.e. Z,(v) = ¢/v, ¢ being some constant, Using
this relationship and equation (2.29):

g _¢ [, n(v) dv
s = Fo

.ﬁ. on(v) dv
where ¢/? = Z,(¥), the absorption cross-section corresponding to the
average speed. The conclusion is that the average cross-section for

thermal neutrons in a 1/v absorber is equal to the cross-section corre-
sponding to the average speed:

¢
=5 (2.32)

Z, = 5,(%) (2.33)
Absorption cross-sections are usually tabulated for neutrons with a
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speed of 2200 m/s, this being the most probable speed of thermal
neutrons at 20°C, and it is more convenient to express the average
cross-section in terms of this tabulated value, Z,(2200). Recalling that
9 = 4/(4/m)vyp, it follows that:

Zy(D) = >\ m Zy(vup)

and for thermal neutrons at 20°C:
$,(20°C) = >\ m Z,(2200) = 0-8862 Z,(2200) (2.34)

The average cross-section for thermal neutrons at 20°C is 1/(n/4) times
the tabulated (2200 m/s) cross-section.

As can be seen from equations (2.28) and (2.30), the most probable
and average neutron speeds are temperature dependent, and
in fact vary as the square root of the absolute temperature. It follows
that absorption cross-sections vary with temperature as follows:

1
B« 7

293
. £(T) = 5000 | 7

The complete expression for the average cross-section of thermal
neutrons in a medium at temperature T in terms of the tabulated

value is:
Z(T) = 08862 )\ u%.m.ﬁusv (2.35)

The absorption rate, F,, given by un:»mou. Q.u_.v can be expressed in a
slightly different way by replacing Z,(v)v in the integral .u% Z,(2200)0,,
where v, is 2200 m/s. The resulting expression for F, is:

F, = Z,(2200)v,N
= Z,(2200)4, (2.36)

o is called the 2200 m/s flux. It is a somewhat artificial concept as
thermal neutrons do not all have a speed of 2200 m/s, however the
significance of this artificial flux is that it is the m&m that would be
determined by measuring the thermal neutron absorption rate in a 1/v
absorber and dividing it by the tabulated absorption cross-section.
The calculation of absorption rates in a reactor is also simplified using
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the 2200 m/s flux as, regardless of the temperature of the reactor, the
absorption rate is given by equation (2.36).

The results of this section apply to absorption rates in materials
whose absorption cross-sections vary inversely as the neutron speed.
In the case of some isotopes this relationship is not exact and a non-
(1/v) factor, g, is introduced to enable the absorption rate to be ex-
pressed as:

F, = g£.(2200), (2.37)

Values of g for important reactor materials are tabulated in nuclear
enginecring literature, however a detailed treatment of this subject is
beyond the scope of this book, and it will be assumed in all our calcu-
lations that the value of the factor g is 1 for all isotopes of interest.

In applying the Maxwell-Boltzmann distribution to describe the
thermal neutron spectrum it has been assumed that neutron absorption
is small compared with scattering. If the absorption rate is appreciable,
the thermal neutron spectrum is distorted, and this distortion is most
pronounced at the low energy end of the spectrum where, if o, oc 1/v,
the absorption is greatest. The distortion is shown in Figure 2.14 by
the lower curve, and it can be seen that the effect of the distortion is to
shift the peak of the spectrum to a slightly higher speed, although the
general shape of the spectrum is not much altered. This effect is known
as hardening of the spectrum.,

Although the hardened spectrum is no longer precisely Maxwellian,
it is often convenient to assume that it is, although shifted to a higher
temperature as if the temperature of the medium were higher. The
neutron temperature is defined as the temperature which, when used
in the Maxwell-Boltzmann distribution, gives the best fit to the actual
neutron spectrum in the absorbing medium. This method of represent-
ing the thermal neutron spectrum in an absorbing medium is only valid
if the concentration of the absorber is small.

2.13 Reactor power, rating, fuel consumption and burnup

The calculation of the thermal power output of a reactor involves a
knowledge of the mass of fissile material, its fission cross-section and
the neutron flux. In the following example, which concerns a reactor
fuelled with natural uranium, it will be assumed that all fission takes
place in the *°U and is caused by thermal neutrons. These assump-
tions, as we shall see in the following chapters, are not exactly true,
however in many cases they are sufficiently accurate to give a good idea
of the magnitude of the quantities involved.

Consider a reactor fuelled with 100 tonnes of natural uranium
(1 tonne = 1000 kg), in which the average 2200 m/s flux is 10°
neutrons/cm?® s, The 2200 m/s cross-sections of 235U are:
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op = 579 barns, o, = 101 barns

The total number of 233U atoms in the reactor

10° x 0-007 15 x 6-023 x 10%
238.05

= ]1-81 x 10°7 atoms

Using equation (2.14), the rate of fission in the reactor
= ]1-81 x 10%7 x 579 x 103 x 108

= 105 x 10'? fissions/s

The rate of energy release or thermal power of the reactor
= 1-05 x 10'® x 200 MeV/s
105 x 10'® x 200 x 1-602

o1 MW

= 336 MW

The rating of the reactor is the thermal power per unit mass of fuel n.ua
in this case is 3:36 MW/tonne of uranium. The rate of consumption
of 238U by fission is equal to the rate of fission, namely 1-05 x 10'®
atoms/s. Expressed as a mass this is:

1.05 x 10 x 23504 x 60 X 60 X 24 _ 353 po/day
6023 x 10% (or 353 grams/day)

A useful figure to keep in mind that is shown by this result is thet the
complete fissioning of 1 gram of **U releases about 1 MWd of thermal
energy. It requires about 3 tonnes of coal to release the same amount of
energy in a combustion process. .

The total rate of consumption of #*5U is greater than the fission rate
due to the fact that 235U is also used up when it captures neutrons to
form 3*¢U. The total consumption rate of 2**U in this example is:

9%+ % y 0.353 = 0-415 kg/day (or 415 grams/day)
O¢
The burnup of nuclear fuel is a measure of the 88_. amount of
energy released by fission per unit mass of fuel over a period of rime.
In this example, if the reactor operates at steady and continuous power
for one year the burnup is 3:36 x 365 = 1226 MWd/tonne of
uranium. The fraction of 234U consumed, both by fission and neatron

capture, in one year’s continuous operation is:

0-415 x 365 x 6-023 x 10%* _
= 0-214
235-04 x 1-81 x 107
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(Note that if the reactor operates at constant power for a long period, and
if all fission occurs in 235U, then the neutron flux does not remain
constant, but increases to compensate for the decreasing amount of 23U
in the reactor.)

It should be emphasized, however, that these results depend on the
assumption that all fission takes place in #*U. In any reactor which con-
tains 2*U, as we shall see in the next chapter, neutron capture in #*U leads
to the production of the fissile isotope 2*Pu. Once this isotope is created
in the reactor, a fraction of the fission occurs in it and the amount of U
used is less than the figure calculated above, provided the reactor continues
to operate at constant power.




