Slowing down the neutrons

Clearly, an obvious way to make a reactor work, and to make use of this
characteristic of the 235U(n,f) cross-section, is to slow down the fast, fission
neutrons. This can be accomplished, for example, when the neutrons
collide with nuclei and scatfer in some substance (a moderator).

It moderates the neutrons
(slows them down).

If this could be achieved, neutron-induced fission would be very much more
likely.
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Slowing down the neutrons

Say that the neutrons could be slowed down until they are in
thermal equilibrium with the surrounding material in the reactor.

They would then have the same distribution of energies as the molecules
in the material.

This is the same distribution of energies as for the atoms or molecules of a
gas, say, in thermal equilibrium at the same temperature.

What would such a distribution look like?
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Thermal neutron distribution

Originally Boltzmann analysed the statistics of a number of particles at
different energies in thermal equilibrium (actually for the molecules in a gas).

This produced the Maxwell-Boltzmann distribution.

pes E is the neutron
n(E)=n 4 E% exp _i energy in Joules
ik, T kT

\< /
/ T is the temperature of the moderator

n(E)dE is tl%e numbe.r of and hence of the neutron distribution in
neutrons with energies equilibrium with the moderator.
between E and E + dE.

Thus one talks of “300 K neutrons”
for example.

The total number of
neutrons, n. kg is Boltzmann’s constant.

ky = 1.38 X 1023 LK
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Thermal equilibrium
Once again, to express this as a flux distribution we multiply by v.
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Slowing neutrons down

So, we have decided that we have to slow the neutrons down from the
fission spectrum energy distribution to something like the thermal
distribution.

In order to see how this can be done let’s consider what happens in an
elastic collision (elastic scattering).

Let’s work out the energy of a particle of mass m after it collides with a
stationary particle of mass, M.

We will examine this process in some detail remembering that the
momentum and the kinetic energy are both conserved in such an elastic
collision.
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Elastic scattering

recoiling  energy, E,

nucleus
mass, M
neutron nuc!eus
masé, M
mass, m
energy, E,
energy, E,
scattered mass, m
neutron
Before collision After collision

The energy of the scattered neutron depends on the
scattering angle, 6, and the mass of the scattering nucleus.

We apply the equations for conservation of momentum and energy.
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recoiling
.nucleus

nucleus

neutron @ —» @
mass, m Mass, M

scattered
neutron

Before collision After collision

the x direction m

Conservation of momentum in 0+ mv! sinf+ Mv', sing
the y direction "

L
—my,

Conservation of momentum in i , )
my, =my cosO+ My, cos¢
+
i +
Conservation of energy 2 ;

1 1
—mv’? +5Mv;j or
E,=E, +E,

Remember we want to find the final energy of the neutron, E, in terms of
the masses, the scattering angle 6 and, of course, the initial energy, E,,.
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Notice that we can get rid of the angle ¢ by squaring and adding the momentum
equations, because cos’ @ +sin’¢p=1.
First, it probably makes it easier if we E= 1 my? for non-relativistic speeds
express everything in terms of energies using: p=my and energies.
1
so pr=m = 2m§mv2 =2mE

and p=mv=~2mE

C tion of tum in th
\2mE, =]2mE, cos6++2ME, cos¢ " Gcion
Using this we get for the two

momentum equations _ : H Conservation of momentum in the
0=2mE, sinf ++/2ME, sin¢

y direction
We want to get rid of the ¢ \2ME cos¢=-2mE, — l2mEf cosf

terms, so lets put them on the

left hand side. N2ME, sing =—./2mE  sin6

Squaring and adding: 2ME, (cos2 ¢ +sin’ q)) = (1/2mE0 —+[2mE  cos 0)2 +2mE  sin’ 6
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Our last equation was: 2ME, (COS2 ¢ +sin’ (b) = (“lszo —+/2mE cos 9)2 +2mE, sin* 0

Now since: cos’p+sin’¢=1 for any angle.

. _ _ 2 .2
Wehave:  2ME, = (2mE, - 2+2mE, \[2mE cos 6+ 2mE  cos’ 6) + 2mE  sin’ 6
=2mE; -2x2m.|EE, cos6 +2mE,
using cos’@+sin* 0 =1 as well
Remember, we want E in terms of E, and 6 (as well as M and m) so we have to get rid of E,.

We do this by going back to the original equations and E E + E E -E -E
using the one for conservation of energy: so

Then substituting for E, and M(E -E ) =mE. =2m.[E E. cosO+mE
cancelling out the 2, we have: 0 f 0 s f

Now we have an equation that only contains E, E, and cos6 (as well as M and m) but
it is not in a convenient form — we would like to have E, by itself on one side.
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12
In order to do this, we We can find x in _ -bx~\b"-4ac

2 =
remember that if we havea @X T bx+c=0 terms of a, b and c: 2a
quadratic equation:

into this form with

So let’s get M(EO - E/) =mE;-2mE, -2m.EE cosO+mE, |E, playing the part

of x.
Move the terms to the left _ _ _
o groun the factors (M +m)E, +2mn[E, cos0,[E, +(M -m)E, =0
o (M+m)E, -2m[E, cos6.[E, (M -m)E, =0
We can now apply the 2m+[E, cosf = J4mZE0 cos’ 0+ 4(M2 -m’ )E0
above formula for a E ;=
quadratic to write: 2(M + m)
2mE, cos = 2Jm2E0 cos’0+(M* - m*)E,

2(M +m)
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Elastic scattering

Continuing to simplify

D .
Olng the Mathy

this equation: ;

m\/Eiocosex\/Eio\/mzcos26+(Mz—m2)

. m\/ET,cos@:\/sz0 cos’ 6+(M2 —mz)E0

(M +m)

Take .,/ E, out of the
square root.

step-by-step.

_E

M+ml

E,

M+m|

VE,
M+m
EO
M+m

S

T Maim

mE,

(M +m)

-mCOSHi(m200829+M2 _mZ)Vz]
-mcosﬂi(mz{l_sinz 9}+M2 _mz)/l/é]

[ 1
mcosH:r(m2—mzsin26+M2—m2)/z]

] y
mcos@i(M2 —mzsinze)/z}

[ 2 b2
cos@:({M} —sin® 0)

m
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Thus we obtain: \/Eif _ ]’Z\/F

+m

. . Fin,
stic scattering "Mally, ¢he

> P
{ } —sinze)

Tesuly

M

m

%lcosO+

1/
2 2 /2
m’E, M .
or E, =———|cosf+ {} —sin’ 6 a
(M + m) m sides 3?‘
ceafary 2 m'“\\)s sigh \\
S opping pingf®
aropP?’ e
pecavs® b
For a neutr?n scattering off m=1 Because the masses always
a nucleus with mass number M=A occur in ratios.

A we can take:

0

’

(A+

LZ[COSB +(A* -sin® 6)%]2

)
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Elastic scattering

Initial energy of the
neutron.

\

v
2
E = Ii"lz[cose+(A2 —sin’ 9)%]

(A+1) L t

Final energy of the
neutron, after
scattering. Mass number of the Scattering angle —

scattering nucleus angle through which
the neutron is scattered
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Elastic scattering

E, 2 o 2 for a1l MeV neutron and
If we plot: E ;= W cosf + (A —sin 9) different scattering

substances we obtain:
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As you can see all the neutrons that would be scattered through 90° or more are basically
stopped (and thermalised) in one collision with a hydrogen nucleus (proton). In the case of
carbon the maximum energy loss is only about 300 keV even for a scattering angle of 180°

(7t) so several collisions would be necessary to thermalise the neutrons. 64
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Elastic scattering
Exercise 36

A neutron with an energy of 1 MeV is scattered by the moderator in a
light water reactor. In other words in a reactor where the moderator is
ordinary H,O.

Suppose that it is scattered through an angle of 45°.
Calculate:

1. Its energy after scattering if it were scattered by the oxygen.

2. Its energy after scattering if it were scattered by the hydrogen.

In the second case, what is the energy of the proton after the scattering?
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