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SUMMARY

This work is concerned with the investigation of neutron
shielding materials that are of possible use in future fusion
reactors. Measurements and calculations have been carried out

for shield of LiF, U238 238
two region of LiF and U

points source of energy 14.1 MeV produced by D(T,n)
at the centre of a cylindrical shield.

, a mixture of LiF and U , and a

238. The neutron source was a monoenergetic

4He reaction

The measurements were made with a 1iquid organic
scintillator (NE-213), and the gamma-ray background was rejected
by pulse shape discrimination using the zero crossing technique.

Calcuations have been carried out in spherical geometry with
a multigroup diffusion model where the uncollided flux was
calculated by the removal model. The cross-section data used came
from the UKNDL-file, and the YOM-20 cross-section set.

Measured and calculated spectra show reasonable agreement, and
do not indicate any discrepancies in the cross-section data used.

Removal cross-sections at 14.1 MeV have been experimentally
determined for the four shield assemblies and show a good agreement
with those used in the calculations which were based on the
transport cross-sections.
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CHAPTER 1

INTRODUCTION

1-1 Introduction

The study of the energy distribution of fast neutrons after
passing through various thicknesses of different shielding materials
which are of interest in nuclear technology is very important not
only from the point of view of the theory of neutron penetration
through matter but also from the design of nuclear reactors, and
their associated equipment.

Much work has already been carried out in developing analytical
methods and techniques fo handle shielding problems and in
obtaining experimental data suitable for design procedures, and
the test of theoretical calculations, but there are still
differences between results obtained by experiment and those given
by calculation.

Attenuation of fast neutrons is affected by degrading the
neutron energy by the elastic énd inelastic scattering processes,
until they are absorbed. The initial degradation of the energy
mainly takes place by the inelastic scattering process except
for the lightest nuclei, so uncertainties in the inelastic scattering
cross-section will seriously affect the accuracy of calculations
of neutron energy distribution(]).

The 14.1 MeV neutrons are not directly important for the
shielding and blankets of fission reactor, since these neutrons
are above the top end of the fission neutron spectrum (about 10 MeV),
but they are extremely important for the possible future fusion
reactors, since these will most probably use the D,T fusion

reactions, thus directly producing 14.1 MeV neutrons.



1-2 The Project Aim

The objectives of the present work are to study the neutron
energy distribution spectra of the 14.1 MeV neutron at different
depths inside different shielding materials, which are of interest
for the future fusion reactors, also to measure the removal cross
sections for these materials at 14.1 MeV and see how both the
neutron energy distribution spectra and the removal cross-sections
measured compared with those calculated.

It is important to carry out experimental studies of the
energy distribution of degraded 14.1 MeV neutron inside the
shielding materials in order to provide information by which the
theoretical calculations could be tested, for suitability of
method, and if the measurements are suffic{ently accurate for
testing cross section data.

4He reaction have been

14.1 MeV neutrons from the D(T,n)
used to study neutron energy spectra produced after passing
through different thicknesses of LiF, U2%®, a mixture of LiF and

U238 238.

, and a two Tayer shield of LiF and U The neutron
spectra were measured with a proton recoil scintillation counter
using the liquid hydrogenous scintillator NE-213. With this
scintillator it was possible to reject gamma radiation induced
pulses by pulse shape discrimination. The number of neutrons
produced was monitored by counting the associated alpha-particles
by using a thin layer of plastic scintillator (NE-102A).

For the theoretical calculations, the removal and multigroup
diffusion method was used to calculate the spatial energy

distribution of the fast neutrons. The cross section data used

for these calculations was. taken from the 20-group cross-section




21N

set by Yiftah and Sieger(z) for uranium and aluminium, and

R

the (UKNDL)(3) data set provided microscopic data for 6Li,
andT% which was converted into multigroup cross-sections matching
the Yiftah-Sieger group boundaries. Only the top ten energy

groups were used (En>0.3 MeV).

1-3 The Application of the Project

The Lithium fluoride and uranium were chosen in the
present work due to their potentially useful application in the
future fusion reactors for LiF, and in the fusion-fission
reactor for both LiF and uranium.

The neutron will be produced in the fusion plasma by the

reaction:

D + T—*gHe +n+17.6 MeV

about 80% of the energy released per fusion is given to the
neutron, which escapes from the plasma. Thus the plasma can

be regarded as an isotropic source of 14.1 MeV neutrons(q).

The main purposes of the blanket surrounding the plasma in a
fusionreactor are the conversion of the neutron energy into
thermal energy and the breeding of tritium, which is not present
in nature due to its short half-1ife (12 years).

6 ; g I

Lithium contains 7.56% "Li and 92.44% "Li, and produces

tritium by the reactions:

6 +

\
L1 + »1T - He + 4,78 MeV

I a3 4 1
3L1 - Dn»]T + 2He + On - 2.47 MeV



= Kim

OLi has a very high (n,a) cross section at thermal neutron
energies, but at 14.1 MeV the (n,na) reaction cross-section

for 7

Li isotope is higher than that for the B4 (n,a) reaction.
Neutrons for these reactions are produced when the deuterium
and tritium nuclei burn in the reactor by the D(T,n)gHe reactions.
The neutrons produced are captured by a Tithium containing blanket
surrounding the plasma, which will produce tritium and transform
the kinetic energy of the 14.1 MeV neutrons into heat(s).

In several fusion reactor concepts, molten lithium acts as
both a breeder material and a heat transfer f]uid(ﬁ). Another
form of molten Tithium of possible use is a molten mixed salt
(LiF - Ber). This is proposed because of the reaction
9Be(n,2n) 24He, which provides extra neutrons for tritium
breeding, and also the molten salt mixture has a lower melting

point than pure LiF.

The uranium has a high atomic weight and so is a good fast

neutron and gamma ray shielding material. The neutrons from
the D(T,n)gHe reaction can be multiplied through fission in a

heavy element blanket (U238)

, surrounding the fusion plasma.

The concepts which involve the use of fusion produced neutrons to
ultimately produce fission are called the fusion-fission hybrids(7).
The hybrid system Fig. [1-1] is an example of the system,

involving the fusion neutron with fissile material (U238) to
produce a multiplication of the fusion neutron source strength

and also producing more energy from nuclear fission. This effect
increases the energy output of the system, possibly increases
tritium breeding and also breeds fissile material for use in
thermal fission reactors. The thermal fission rate due to breed

plutonium in such a blanket would be Tow due to the high 6Li Cross-

section at thermal neutron energies.
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CHAPTER 2

NEUTRON INTERACTION WITH MATTER

2-1 Introduction

The interaction of neutrons passing through matter is different
from that of either charged particles or gamma-rays.

The neutron carries no charge, so there is no Coulomb repulsion
to prevent its interaction with nuclei and so it is able to cross
the nuclear boundary even when its velocity is very low. If the
nucleus is unchanged in either isotopic composition or internal
energy after interacting with the neutron the process is called
elastic scattering X(n,n)X; if the nucleus after re-emission the
neutron is left in an excited state the process is called inelastic
scattering X(n,n’)X*. In referring to these processes it is
common to say that the incident neutron has been scattered
elastically or inelastically, since a neutron reappears after the
interaction. However the emerging neutron may not be the same
neutron incident on the target nucleus.

The neutron may be absorbed by the nucleus with an emission
of gamma photon X(n,y)Y that is called the radiative capture, the
neutron capture may also lead te the emission of charged particles
in X(n,p)Y, X(n,a)Y reactions. At higher neutron energies two
or more neutrons may be emitted, these are (n,2n), (n,3n) reactions.

A detailed description of these processes is given below.

2-2 Elastic Scattering X(n,n)X

The slowing down of fast neutrons is due mainly to the elastic
scattering collision between the neutrons and the nuclei of the

target. In this type of scattering the kinetic energy is conserved




T

and the energy level of the target nucleus is the same before and
after the collision. By applying the principle of conservation
of momentum and energy it is possible to derive a relationship
between the scattering angle 8, (where 8 is the centre of mass
angle) and the energy of the neutron of mass 1 before and after
the collision with the nucleus of mass A (where A is almost exactly

the mass number), given by (8).

g A%42A Cos 8 4 1

£, = e gl d T e 2-1
where
E'.1 - is the energy of the neutron before collision
and E2 - is the neutron energy after collision

I[f ¢ is the angle in the lab.-system then the relationship

between the angle in C-M-system and the lab.-system is given by:-

Cos Y = 1+A Cos 6 2.2

/ A2+2A Cos 6+1

From equation (2-1) and (2-2) the neutron energy after collision

is given by:-
E. = E A2+2/A2—Sin2w-tos P + Cos 2 ¢ 2.3
2 1 (A+1)2
when 8 = 180° then ¥ = 180° (unless A = 1 when y = 90°)
8 = 0° v =0
so from equation (2-3) at ¢ = 0°, (EZ)max = EI

i.e. no scatter and the minimum value of E2 occurs when iy = 180° so
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2
- (A ¥
(Ez)m.in - [‘A‘;T} E-I .......... 2 4

The minimum energy of a neutron after a collision depends on
the mass of the target nucleus.
Elastic scattering of neutrons can be regarded as being composed
of two coherent contributions:-
a - The resonance scattering in which the formation of one
of the several decaying states of the compound nucleus
(n+X) whose energies 1ie within about the Tevel width
from the energy of the initial (n,X) system followed
by decay of the compound nucleus with emission of a
neutron having the energy as that of the original

incident neutron.

b - The potential scattering in which the neutron does not
penetrate the nucleus to form a compound nucleus but
without sharing its energy with the target nucleus
is scattered as it would be by a potential well. This
part may be considered as due to the large number of
states of the compound nucleus which are far removed

from the incident energy(g).

For lower energy neutrons (< 1 MeV) elastic scattering is
nearly isotropic in the centre of mass system(]o), as the eneragy
increases the anisotropy also increases. For resonance scattering
the angular distribution is characteristic of the spins and parity
of the levels of the compound nucleus involved and is more or less
isotropic(]i).

In potential scattering neutrons are forward peaking and this

becomes more pronounced as energy increases. Figure (2-1) shows the
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angular distribution for the 6Li elastic scattering.

2-3 Inelastic Scattering X(n,n)X*

The inelastic scattering becomes energetically possible when
the neutron energy is great enough to raise the nucleus above its
first excited level. The excited nucleus may decay to the ground
state by the emission of one or more gamma rays, and the energy
of the emitted neutron E is given as the difference between its

incident energy En and the energy of the first excited level E].

The threshold energy which the neutron must have to make the

inelastic scattering process energetically possible is given by:-

_ A+ »
th T Eex. .......... 2-6

E

where
Eth - inelastic threshold energy
A - mass of the target nucleus

Eex - the energy of an excited state of the target nucleus

In general if a monoenergetic beam of neutrons is incident on
a target nucleus a spectrum of neutron energies is emitted consisting of a
series of groups corresponding to a transition to different levels.
The relative intensities of these groups are determined by the partial
widths for the different modes of decay of the compound nucleus, and
some of the groups may appear as a continuous spectrum in the region
where the levels of target nuclei are very closely spaced.

The inelastic scattering is very important in problems of

reactor design and shielding. In the first case it is the main



e

process by which fast neutrons are slowed down below the inelastic
scattering threshold and furthermore inelastic scattering produces

gamma rays which have to be considered in shielding problems.

2-4 Radiative Capture X(n,y)Y

For neutrons below the inelastic scattering threshold the only
reactions which occur with appreciable cross-section are elastic
scattering and radiative absorption, The radiative capture
process is possible at all neutron energies, but is most probable at
low energies (less than 1 keV). However at low energies some
particle emission reactions with very Tight nuclei, and fission with
very heavy nuclei can take p1ace(9),

When a neutron is captured by the nucleus the resulting compound
nucleus is formed in a highly excited state, because the captured
neutron adds to the system both its kinetic energy and it binding
energy (~ 8 MeV). Since the compound nucleus lies above its ground
state it decays either by the re-emission of a neutron or by emitting
one or more gamma photons. However the éxcitation energy of the
compound nucleus is shared between its nucleons and the emission
of one of these nucleons is not possible until the nucleon gains an
energy greater than its binding energy in the nucleus. Therefore one
can expect that when the excitation energy is shared among a 1§rge
number of nucleons, the average time before neutron emission is much
more than the average time required for gamma emission, so the
compound nucleus may decay by emitting one or more gamma rays(lo)n

The compound nucleus may release the excitation energy with the
emission of a sing]e‘gamma ray and go to its ground state, or it

may emit several gamma rays of lower energy by going from the
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excited state level to intermediate levels then finally to the ground
state.

The existence of capture gamma rays greatly complicates the
shielding problem, since it is no longer sufficient to slow down the
neutron and then capture it, and therefore it becomes more significant
to use materials as a neutron absorber which do not give gamma rays
on capturing the neutron. 6L1' is an isotope which has very high
capture cross-section at thermal neutron, and on neutron capture

gives charged particles which are easily stopped.

2-5 Particle Reactions

Neutrons may also disappear as a result of particle emission
reactions, in which the neutron is absorbed by the nucleus which may
decay by the emission of other particles, and the nucleus resulting
from these interactions may be unstable and decay by further gamma
ray or particle emission.

Particle reactions are most prevalent for neutron energies above
about 1 MeV. Below that energy the reaction is generally inhibited
by the energetics of the process or by the Coulomb barriers which
must be penetrated by the reaction products. However in the case of
a very light element it may occur at intermediate or thermal energies

6

e.g. "B(n,a) L1, SLitn,a)T.

The most common of the above types of reactions are:-

2-5-1 The (n,2n), and (n,3n) reactions

For an incident neutron with energy greater than the binding
energy of the last neutron in the nucleus the emission of two or
three neutrons becomes possible.

This reaction could be regarded as a type of inelastic

scattering in which the first neutron comes out with an energy less




- 13 -

than the difference between the energy of the primary incident
neutron and the threshold energy, in that case the residual nucleus
is in a state having enough excitation energy to be able to emit a
second neutron. The (n,2n) reaction rapidly becomes more probable
than (n,n') reaction as the incident neutron energy increases above
the threshold for the (n,2n) reaction, and the bulk of the inelastic
scattering is now included as part of the (n,2n) reaction.

The Q-value of the (n,2n) reaction is equal to the binding
energy of the most weakly bound neutron in the target nucleus, and

the threshold energy in laboratory system is given by:-

_ A+1
Eth B e 2 R e U S T B 2-7

where
Eth - is the threshold energy

A - is the mass number of the target nucleus

In the case of (n,3n) reaction the relation of the (n,3n)
reaction to the (n,2n) reaction is similar to that of the (n,2n)
and (n,n') reaction. Thus a third neutron will be emitted if the
target nucleus still has sufficient excitation energy after the
emission of the second neutron in the (n,2n) reaction to free a
further neutron. The (n,3n) cross-section therefore rises from the
(n,3n) threshold at the expense of the (n,2n) cross-section. The
(n,3n) threshold is so high it ranges from roughly 11 to 30 MeV
which makes this reaction unimportant in fission reactor calculations,

but it has some significance in fusion reactors.

2-5-2 Charged Particle Reaction (n,p), (n,a)

These reactions are usually endoergic, however in a few light

108 7 6 3

nuclei they are exoergic as (nya) LT, SLi(nse) i, MN(n,p)MC.
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These reactions are useful in that they do not give rise to

energetic gamma rays.

2-5-3 Fission Reaction (n,f)

In the fission process the nucleus absorbs a neutron and the
resulting compound nucleus is so unstable that it immediately breaks
up into two Tighter nuclei ca11éd fission fragmenfs(]z). The
probability of neutron induced fission is described by the fission

cross-section ¢ and it is a function both of the target nucleus

and the energy of the incident neutron.

2-6 Neutron Reaction with LiF

In considering the 14.1 MeV neutron produced from the

D(T,n)gHe reaction with the LiF, the most important reactions are

7

those that produce tritons. The fast neutrons that react with ‘Li

will with fairly high probability produce a triton and neutron by
the reaction,

75 1 1 4
3L1 + 0n + T+ " + 2He

and the resulting neutron may be moderated by elastic scatters with

6Li and ?Li nuclei and captured by the gLi (n,a)T reaction to

produce further tritons(]3).

The possible reactions of neutrons with lithium fluoride are
as shown in table [2-1].

For the thermal region the high cross-section for the

6Li(n,a)T reaction makes it the dominant interaction (in natural

6 7

Tithium 7.56% “Li, 92.44% "Li 98.59% at 0.025 eV compared with

T3 1.412). At 1 keV this has

elastic scattering from 6Li and
changed to 3.5% (n,a) reactions to 65% inelastic scattering in

Tithium and at 0.5 MeV 2.2% (n,a) reactions to 97.8% elastic
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scattering. At 14 MeV the (n,a) reaction only has about 0.13%

TABLE [2-1] The fast neutron reaction with LiF

Interaction - Fig. of the cross-section
&, .

Li (n,a)T Fig. [2-2]
6Li (n,n)OLi Fig. [2-3]
6, . % .

Li (n,n’)°Li Fig. [2-4]
SLi (n,nd)a Fig. [2-5]
SLi (n,p)%He Fig. [2-6]
i (n,tan)a Fig. [2-7]
i (nymy L Fig. [2-8]
7 L .

E3 (o) LA Fig. [2-9]
PBr ()% Fig. [2-10]
B ovny e Fig. [2-11]

probability but inelastic reactions are now about 30% of the total,
elastic scattering still being the most important reaction(14).
The cross-sections versus energy for the reactions of neutrons

with LiF are shown in Figures [2-2] - [2-11].

2-7 Neutron Interaction with U238

238

] undergoes fission with fast neutrons: This fission is a

threshold reaction and the fission cross-section varies with energy

as shown in Figure [2-12].

238 U239

, which

(nsy)

is one of the important reactions in fast reactor calculations, for

The second reaction is neutron capture U

that reaction there is a need for better cross-section data in the

keV energy range since this reaction leads to Pu production,



- 16 -

the uncertainty in the value of this cross—section(]s) below
200 keV is * 15% and between (200-500 keV) is about * 10%. The
cross-section curve is shown(13) in Figure [2-13].

Thirdly the inelastic reactions (n,n) (n,2n) and (n,3n) occur
at higher neutron energies if the incident neutron has an energy
above the threshold for (n,2n) reaction it is likely that a second
neutron will appear, as a result the (n,2n) cross-section rises
rapidly above its threshold, and similarly for the (n,3n) reaction
as shown in Figure [2-14].

238 is shown

The elastic scatter cross-section for neutrons on U
in Figure [2-15]. At low energy its cross-section has a constant
value followed by a very sharp resonance with width usually ~ 1 eV,
the cross-section rises to greater heights, as moving to higher
energies the resonances can no longer be resolved and then the

cross-section becomes a smooth function of the neutron energy(ls).
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CHAPTER 3
FAST NEUTRON DETECTORS

3-1 Introduction

A detection system usually consists of two parts, a
detector for the incident particle and a measuring system to
measure the output signals from the detector. The detection
of nuclear particles and radiation is based on the detection of
ionization produced when passing through matter so the detection
of neutrons is in general more complicated than those of charged
particle because of their lack of charge and consequent lack of
ionizing power, and their very wide range of energies.

Neutron interactions with nuclei are of two types, scattering
or absorption. In the scattering interactions the neutron
collides with the nucleus and a fraction of the neutron energy
is transferred to the recoil nucleus.

In the absorption interaction, the neutron is absorbed
by the nucleus and disappears so the neutron must therefore
take part in a nuclear reaction which results in the emission of
charged particles which in turn interacts with the detector and
produce ionization and excitation of the molecules. In such
cases the primary energy of the neutron is dissipated through
the emission of secondary charged particles which Tose their
energy on passing through matter. Two media may be involved, one
of which is a radiator (scattering material) where the
neutron may interact to produce charged particles and another
one in which the charged particles may dissipate their energies.
These two components of the detection may be physically

distinct as in the case when protons are ejected from a hydrogeneous
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foil by fast neutrons to expend their energy in ionizing a gas.
In this case the energy dissipated in the scattering medium by
the charged particles is wasted so if the two components may
occupy the same space as when the gas itself is a hydrogen.
Therefore it is an advantage in designing a system with a

combined reaction and detector medium for the detection of the neutron.

3-2 The Main Parameter Effect Choosing the Neutron Detector

A great variety of methods have been used to measure the

(1?). The techniques include

3

energy spectra of fast neutrons

(18)

, proton recoil teiescope(19), and “He filled

(20),

nuclear emulsion
proportional counter The elastic scattering from hydrogen
nuclei which gives rise to detectable recoil protons is the basis
for fast neutron detection with the organic scintillators.

For choosing a neutron detector, suitable for certain

measurements, the following factors must be considered.

a - The aim of the experiment and the experimental configuration.
b - The energy range of neutrons to be measured.

¢ - Flux magnitude and its variation.

d - Detector sensitivity and energy resolution.

e - Physical size of the detector.

f - The presence of other ionising radiations.

These parameters are defined by the experimental configuration,
that is where the measurement will be performed (outside or inside
the medium under investigation) and by the aim of the measurement:
To give information about the neutron energy or the flux and in what
energy range the measurement will be performed. The flux magnitude
and its variation is a critical parameter for choosing a suitable

detector of known efficiency and cross-section.
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The physical size of the detector is considered as a limiting
factor (e.g. when the measurement is performed inside the medium
in the shielding investigation) a large size will perturb the flux.
The detector sensitivity to other ionising radiations is a
most important factor when choosing a neutron detector. Since a
neutron is usually measured in a background of other nuclear radiation
(gamma-rays), therefore the detector should either be insentitive to
the background radiations (threshold detector) or give output
pulses having different amplitudes or different shapes, so it becomes
possible to eliminate the unwanted pulses either by applying bias

or pulse shape discrimination.

3-3 Reactions used in Neutron Detectors

A neutron may produce a charged particle either by collision
or by initiation of a nuclear reaction, therefore most of the

neutron detectors are based upon one of the following reactions.

3-3-1 (n-p) Scattering Reaction

The detection efficiency depends on the (n-p) scattering scross-
section of hydrogen, which is a smooth function and decreases from
13 barn to 1 barn in the neutron energy range (0.1 - 10 MeV), and to

0.5 barn at 20 Mev(z}).

Figure [3-1] shows how the cross-section
varies with neutron energy.

The (n-p) reaction is isotropic in the centre of mass system
so the distribution in energy of the recoil protons produced by
monoenergetic neutrons is constant from zero up to a maximum value

of the incident neutron energy and the energy of the recoil proton

Ep is given by:

E

EXNCOs ool RNl T R e 3-1
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where & is the angle which the recoil proton makes with the
direction of the incident neutron of energy En in the Taboratory
system.

I[f the incident neutrons are not monoenergetic and have an
energy spectrum ¢0(En), recoil protons of energy E will be generated
by neutrons of energy Ean.

The number of recoil protons N(E) in a unit energy interval

is given by:

8

where E
L - the macroscopic scattering cross-section of hydrogen
assuming a pure hydrogen detector
d - the detector thickness
A - detector area
By differentiating the recoil proton spectrum given by equation
(3-2), we obtain the neutron energy spectrum in the following equation.

T Tt d N(E)
A%y’ e

ot

The (NE N 213) liquid scintillator detector which will be

discussed hereafter is an example of proton recoil detectors.

3-3-2 MNeutron Induced Reactions

The neutron interacts with the nucleus to form a compound nucleus
which has an excess energy due to the binding and kinetic energy of
the neutron. This energy may be released by the ejection of an

energetic charged particle or by the emission of a gamma ray.
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For the purpose of the neutron detection the following
classification for the induced reaction are useful.

a - Exoergic reactions

In this type of reaction energy is released after the interaction
of the neutron with some specific nucleus.

The reaction

3He +n-+T+p+ 765 keV

is important for the neutron detection because there is a high
cross-section for slow neutrons, and the product nucleus has no excited
state so that for each neutron energy there is a single reaction,

i.e. a monoenergetic neutron source will be represented by a Tine
spectrum. The cross-section variation with neutron energy is shown

in Figure [3-2].

For thermal neutrons the energy release is 0.765 MeV, therefore
the total available energy from the capture of for example a 1 MeV
neutron is 1.765 MeV which is low enough so that the emitted proton
(energy 1.324 MeV) and the triton (energy 0.441 MeV) can easily be
stopped in the detector, while at the same time the energy expended
by the electrons from gamma ray interactions in a moderate size of
3He filled chamber is considerably less than 0.765 MeV, so that their
pulses will not distort the spectrum and can be eliminated with a
suitable discriminator. However there are some disadvantages of
this detector for the neutron energy above 1.02 MeV that the recoil
3He nucleus from elastic scatters will have energy greater than
0.765 MeV so 3He recoiled nucleus will appear above this peak due to

the capture of thermal neutrons, and in addition that 3He is relatively

rare and expensive. Another useful reaction is

ﬁLi +n->a+ ! + 4,78 MeV
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That reaction has a very high cross-section for thermal neutrons
(946 barn at 0.025 eV) the cross-section varies as % in the thermal
region, and has a peak of 3.4 barn at 0.235 MeV, and then drops down
as shown in Figure [2-2]. The main advantage of this reaction is the
high Q-value, so that pulses from electrons induced by high energy
gamma rays will deposit energy in the detector much less than that
value. |

Lithium is used in scintillation counters as LiI or 6L‘iI
crystals as well as in photographic plates as a Li-loaded emulsion
for the thermal, slow and fast neutron spectrum measurementé(22’23’24’25).
But fast neutron measurement becomes difficult even with very Tow

thermal neutron fluxes present, due to the very high thermal cross-

section.

b - Endoergic reactions

For the threshold reaction, the kinetic energy of the reaction
products is less than the kinetic energy of the initial particles by
an amount equal to the reaction energy, i.e. energy is absorbed
rather than liberated (however this is not true for fast fission).
A direct detection of an endoergic reaction is difficult and one
normally measures the activity of the radioactive products, therefore
the radioactive product must have a suitable half-life so that the
activity after irradiation can be followed for at least two half
Tives. This is important because other sources of activity may be
present in the sample as a result of irradiation.

The (n,p) and (n,a) reactions are of interest in neutron

(26). These reactions usually take

detection as threshold detectors
place with 1ight elements, since for the heavy elements the high
coulomb barrier prevents this emission. The main threshold detectors

of these types are shown in Table [3-1].
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Table 3-1 Some of the threshold reactions for

the fast neutron detector

Reaction Half-Tife Z:;izgor}qgv
B]D(nsp)sisi 2.7 hours 1.4
325 (n,p) %% 14 days 2
Z?A](n,p)Z?Mg 9.6 min 3
*Fe(n,p)®M | 2.6 hour 5
2?J‘ﬂ(n,ct)zﬂ'N 15 hours 6

Another threshold reaction (n,2n) is used as threshold detector.
In this reaction a second neutron is ejected from the nucleus, so that

the threshold energy is the binding energy multiplied by a correction

A+1 (27)_

factor (_K_) allowing for centre of mass motion Above the

threshold energy the cross-section generally rises to a fairly flat
peak around (3-5)MeV above the threshold. A typical detector is

63 )62

Cu(n,2n) “Cu with half-1ife of 10 minutes, and threshold about

11 MeV.

¢ - Thermal fission

239

233 235 and Pu are

Thermal fissile materials such as U™"", U
usually used for measuring thermal neutron fluxes for many purposes.
They have considerable advantage over other neutron detectors where

there is a gamma-ray background, since the energy release per fission
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is relatively high giving fission fragments with energy about 80 MeV
compared with the energy of gamma rays. Thermal cross-section is
about (500-1000) barns which varies rapidly with resonances in the eV
region.

For the fast fission reaction detector the fissionable elements

U23 236’ Np23? 238 232

4, U st and Th are commonly used. This fission

process takes place above a certain threshold energy and these
nuclides are usually used for measuring fast neutron spectra,since

the cross-section above the threshold energies is relatively flat

and the threshold energies cover a wide range (0.26 MeV in U234,

3 238

0.32 MeV in Np237, 0.70 MeV in UZ3C, 1.3 MeV in U

23

and 1.5 MeV

28)

in Th 2) of considerable interest in fast reactor spectra(

3-4 Neutron Detector used in Present Work

The organic scintillators are used widely for measuring the
energy spectrum of different radiation particles. They are available
either as a pure crystal (stilbene) or in various combinations as
1iquid or solid solutions. The most important advantages of organic

scintillations are their high speed response ( ~ 10'9

sec), high
efficiency of detection for fast neutrons, and providing exact
information on the number, time of arrival, and energy of nuclear
particle. They can give information on the type of detected
particles from the differences in the decay of the 1ight output which
is very important if the measurements are to be carried out in
mixed fields of radiation.

Therefore the scintillator chosen for the present work was a
small (25 mm x 25 mm) cylinder of (NE-213) liquid scintillator

because it offers a good compromise between efficiency and resolution,

and is small enough to fit in the shielding assembly without grossly
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perturbing the system.

The (NE-213) scintillator is made with Xylene activators and
POPOP as a wave shifter. Naphthalene is added to enhance the slow
component of light emission. The scintillator was glass-encapsulated
and bubbled with pure hydrogen (or nitrogen) to remove the undesirable
oxygen which selectively quenches the slow component of 1ight
emission(zg).

A plastic 1ight pipe 25 mm in length and tapering from 25 mm to
19 mm couples the scintillator to the P.M. tube.

The NE-213 scintillator has the following characteristics:

a - Enhanced emission of delayed 1ight which gives it good pulse
shape discrimination between high and Tow linear energy
transfer particles(ao).

b - It has greater hydrogen content than sti1bene(31).

¢ - NE-213 is a liquid so its response to the neutron is isotropic.

d - Its response to alpha-particles and carbon recoils from 14 MeV
neutrons is only about half the pulse height that is produced

with stilbene scintillator(22332)

The scintillator and the P.M. tube are shown in Figure [3-3].

3-5 The Scintillator-Photomultiplier Tube Coupling

The photomultiplier tube chosen in the present work was an
EMI-9826B tube 19 mm in diameter, having an electron transit time of
25 ns, and rise time of 2.2 ns. This tube has 12 stages of
amplification which in spite of their small size are capable of high

gain (1x107) without loss of stability, and it has a low dark current.
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The voltage divider network Figure [3-4] is for fast pulse
application, the values of the resistances were chosen to provide
a series current in the network much greater than the mean anode

current(33).

The voltage between cathode and focus electrode is
fixed at 150 v by the Zener diode. Capacitors are required to

provide peak pulse currents and to avoid pulse distortion.
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CHAPTER 4

NEUTRON SPECTROSCOPY AND PULSE SHAPE

DISCRIMINATION

4-1 Introduction

In the scintillation detector the mode of decay and the decay
time of the Tight emission from the scintillator is important when
the timing resolution of the instrument is estimated or when the
physical processes in the scintillator are the subject of study(34).
These characteristics achieved new prominence following the report by
wright(352 that scintillations produced by alpha-particles and
electrons in anthracene crystals showed decay times of 53 mu sec
and 31 mu sec respectively. It was subsequently reported(36’3?’38),
that some organic scintillators have been used for measuring the
number, time of arrival, energy, and particle identification of
nuclear radiations.

The stilbene crystals and the liquid organic scintillators
(NE-213) are used in nuclear spectroscopy because they possess

desirable physical characteristics, good detection efficiency(sg),

large size, high speed and a good discrimination capability(40’41’42’

43’44). The pulse shape discrimination of (NE-213) is
independent of the temperature for the separation and width of the
peak(45).

The disadvantages include non linear light output for heavy
particles and the consequent difficulty of relating the pulse

spectrum resulting from proton recoils to the neutron energy spectrum.
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4-2 Discrimination between Neutron and Gamma Radiation

The technique of pulse shape discrimination in 1iquid
scintillation detectors has been widely used to detect and single
out neutrons when a large background of gamma radiation is

(46). The discrimination between the recoil electron and

present
proton pulses during the present work was performed using the method
of zero crossing technique which has been used by A1exander(4?), and

many other workers(48’49’50’5]’52).

The zero crossing technique
makes use of information contained in the time dependence of the
current pulse from the photomultiplier tube.

In these scintillators the pulse consists of a component with
a short decay time plus a component with a long decay time. The
energy contained in the long time decay component is quite different
for the recoil electron (from gamma ray) and the recoil proton
(from neutron), assuming equal recoil energies. When the pulses are
integrated and double differentiated the zero cross-over point is
different for the neutron and the gamma ray as shown in Figure [4-1].
The timing of the cross-over with respect to the start of the
pulse is sensitive to decay components in the scintillation but
insensitive to pulse amplitude.

The time relationship between neutron and gamma ray pulse shapes
at various points in the pulse shape discrimination system is shown
in Figure [4-2]. Neutrons and gamma rays interacting with the
scintillator produce at the pick-off dynode of the photomultiplier
current pulses having different decay times. After integration and
subsequent double differentiation, bipolar voltage pulses are
produced from the dynode current pulses. These bipolar pulses cross
the base 1ine at different times corresponding to the pulse shapes

independent of amplitude. Measuring of the zero crossing times of
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the bipolar pulse relative to the start then uniquely determines the
nature of the interacting part1c1e(53).

In neutron gamma ray discrimination, the nature of the neutron
source, dynamic range of pulse amplitude and the counting rate are
important considerations, since they will ultimately determine the
degree of discrimination that is achieved. In particular measurements
at high count rates will result in pile-up which may affect the
pulse shape, also the measurement performed over a large dynamic
range may be affected by electronic limitations such as
photomultiplier tube and amplifier noise rather than by intrinsic
P.S.D. properties of the scintillator.

A figure of merit for pulse shape discimination may be defined

as:

where T - The separation between neutron peak and gamma ray peak
tn,tY - F.W.H.M. for the neutron peak and gamma peak respectively.

An adaptation of the method used by G.W. McBeth et a1(49)

is
used for discrimination between the electron and proton pulses.
This system operates by measuring the time difference between a
fast anode current pulse and the zero crossing of a doubly

differentiated voltage pulse obtained from dynode 10. A detailed

description of that method follows.

4-3 Pulse Shape Discrimination System

The NE-213 scintillator was coupled to EMI-9826B tube as
discussed in [3-5] and shown in Figure [3-4]. The linear output
signal is taken from dynode number 10, the current pulses are

integrated by the input capacitor of the preamplifier. This gives
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a voltage step of rise time determined by the scintillator decay time
and the time constant of the amplifier input network which produces a
decaying pulse with a 50 us decay constant.

Double differention is accomplished in the main amplifier by
means of resistance and capacitor network. The main amplifier and
the zero crossing discrimination must have a small cross-over walk in
order that the recoil proton and recoil electron pulses at the
output of the zero crossing discriminator occur at nearly constant
times measured with respect to the anode pulse as a zero time
reference for a wide range of pulse amplitudes. The difference in
zero crossing times is typically ~ 100 ns.

Small time difference (< 1 us) are commonly measured by time to
pulse amplitude converters which produce output signals of amplitude
proportional to the time difference between the input signals.

The anode pulse after being suitably delayed is used as the start
signal for the time to amplitude convertor. The stop signal is
obtained from the zero crossing, the output of the time to amplitude
convertor gives the neutron-gamma time spectrum. Figure [4-3] shows
the time relation between neutron and gamma ray pulse shapes at
various points in the P.S.D. system.

In the present work the P.S.D. is set up by measuring the counting
rate at the output of the fast coincidence as a function of the delay
in the delay and gate generator. The delay and gate generator is
adjusted to produce a coincidence pulse with a leading edge occurring
within + t of the leading of the electron zero crossing signals
(where 2t is the resolving time of the coincidence unit). Any
zero crossing signals that occur outside this time interval are then

blocked by the coincidence unit. Figure [4-4] is the block diagram
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of the P.S.D. system. This compares with the system used by McBeth

at a1'19)

which uses anticoincidence between the falling edge of the
delayed anode pulse and the electron pulse. He appeared to have a
much wider time separation between neutron and gamma pulses (although
without improving the relative separation of the neutron and gamma
ray time peaks) and this time separation was too great for the
resolving time of the coincidence unit. It was found possible by a
simple modification to increase the resolving time to 150 ns instead
of the standard 100 ns which enabled all the appropriate pulses to be
measured. Coincidence was used because the leading edges of the
pulses were sharper than the trailing edges.

The recoil proton output pulses from the coincidence unit are
then applied to the linear gate which controls the passage of the
linear delayed pulses coming from the main amplifier through the
linear delay amplifier, and the sorted proton pulses from the linear
gate are passed to the input of the multichannel analyzer (INOTECH
Type 5200, used as a 512 channel system). Figure [4-5] shows

the measuring system used.

4-4 Calibration of the Spectrometer

The spectrometric measurement is concerned with the analysis of
pulse amplitude distribution, which is proportional to the number of
photons in a light pulse arriving at the photocathode of the
photomultiplier, and so it is related (non-linearly) to the amount of
energy absorbed in the scintillator, so the pulse amplitude

distribution is given by:-

VR EPIE) T LR e 4-2
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where
K - is a constant which is the energy relation
between the pulse height and the light output
P(E) - is the pulse height of the 1light yield

The above relation is sometimes distorted due to the characteristics
of electronic devices used in the spectrometer, such distortion can
be taken over by a factor D(E) which depends on energy and therefore

equation (4-2) will become:

VIE = IR BtE s T LN 4-3

Therefore for each practical case, especially when adjusting a
new spectrometer a certain series of measurements should be performed
to test the Tinearity of the spectrum. If the calibration result :
is that D(E) = 1, this means the absence of non linear distortion.

The set of measurements and tests which were carried out for

the spectrometer are described below.

4-4-1 Spectrometric Linearity

The spectrometer linearity was tested by means of gamma-ray

137 22

sources Cs, ~"Na, the channel number is plotted against the

maximum energy of the Compton electron (E__ ) which is generated as

max
a result of the Compton scattering process with the scintillator,

the value of the maximum energy for gamma quanta of energy E0 is

given by:

The value of the maximum energy Ema is taken at the half-height of

the Compton edge (54).

X
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Figure [4-6] shows the linearity of the spectroscopy up to about

first 3 of the scale.

To check the linearity of the full scale used during the present

work, the gain of the main amplifier was fixed and the channel number

of the Compton edge of 22Na was found, together with the half-height

channel number of the 14.1 MeV neutron spectrum edge. Then the gain

of the main amplifer was doubled and the H.V. on the detector was

22

reduced until the Compton edge of the ““Na was restored to its

original position. By checking that the 14.1 MeV neutron edge was

at the same position the system linearity was established over the

whole range.

4-4-2 The relation between Recoil Proton and Electron

The relation between the pulse height and energy of the recoil

proton can be expressed by giving the pulse height in terms of

equivalent electron energy as f0110w5(55).

For
Ee < 1.85 MeY
2
Ep = 3.48 Ee3 .......... 4-5
and for
Ee > 1.85 MeV
Ep = 1.78 (Ee =SB 0 e S R RS i A 4-6

for Ee = 1.85 MeV, the Ep = 5.25 MeV

Ee - is the equivalent electron energy corresponding to the

same pulse size and is proportional to pulse size.

The shape of this relation should hold for individual NE - 213

scintillators but the scale may vary slightly.
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Consequently it is convenient to relate the proton pulse size (P)
to the recoil proton energy (Ep) from equations (4-5) and (4-6),
since except for very low energies the 1ight output from an electron

is proportional to energy.

For Ep > 5.25 MeV

TZIE.E'II - 0.161 i LF 2 4-7

T R S 1 4-8

where P = EE%?

P - is normalized to 1.00 at 14.1 MeV

P

and for E

N

The relation between pulse height and energy for recoil protons

normalized to 1.00 at 14.1 MeV is shown in Figure [4-7].

4-4-3 The Standardization of the Gain and the Energy Scale

The gain standardization has been found to be one of the most
troublesome problems in the experimental measurements. This was

ensured by measuring the ez

Na pulse height spectrum at the time of

the neutron experiment when the LiF shielding was in use, and

adjusting gain to keep the Compton edge in the same position. In

the case when the uranium shielding was in use (which gave considerable
gamma-ray background) the check was for the position of 14.1 MeV
neutron edge, corresponding to an electron energy of 6.82 MeV.

Figure [4-8] shows the pulse height spectrum for the 14.1 MeV as

obtained on the P.H.A.
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4-5 Detector Efficiency

For a cylindrical scintillator length d and area WRE with a
parallel neutron beam ¢o incident normally on the plane face, the
reaction rate for the first collision proton recoil is::

Nyoy (172 (1-3%)
¢0 NHGH+NCGC e

where
a = (NHOH - Hccc)d
0, _ reaction rate

The efficiency = Tov
Therefore

N,,c

H"H 2 -a

£ = 7 25 e Rt P G 4-9
MHo*Neoe ~ C

In a shielding assembly the flux is more nearly isotropic and so
the efficiency was calculated from the fraction of incident neutrons
in a parallel beam interacting in a spherical scintillator of the
same volume f%w R3 =T Rgd). This efficiency is independent of
neutron direction and so is more closely applicable to the experimental
arrangement used. No simple function such as the exponential exists
for this case, but sufficient accuracy is obtained by the following
power series which was derived by expressing the exponential as a power
series in the integration over the sphere volume.

NHoH 2,

i ? ] ]
3 NHGH+NCUC [TR L§(a+ W YTt Tt




=BG

where
R - radius of the sphere, and
a = 2(Ny oy + N UC)R
The NE-213 scintillator used in the present work has the

parameters:

Chemical formula = CH1.213

density = 0.874 gm em™3

N, - 0.048342 x 10°* atom cn™3, the number of
hydrogen nuclei

Ne - 0.03985 x 10°* atom cm™> the number of

carbon nuclei

The data of scatte}ing cross-section for hydrogen U(n H)was

obtained from the re1ation(28).

O(n,Hy = T[5-603/(1 + 7.415E + 0.1105 E%) 4
0.8652/(1 + 0.2427E + 0.0028E%)] barns/atom

and the cross-sections for carbon gc were taken from cross-section

data(21) Figure [4-9].

In the above discussion only single scattering events were
considered. Recoil protons can be produced by neutrons which have
been already scattered one or more times by carbon or hydrogen,
double scattering from hydrogen results in the production of two
recoil protons at practically the same instant of time. Such events
are registered as one proton by the photomultiplier tube and thus the
number of recoil protons registered is not affected. However, double
scattering from hydrogen does result in a distortion of the output

pulse height spectrum of the scintillator. Recoil protons may also

be produced by neutrons which have a first collision with carbon
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énd second collision with hydfcgen, this results in an increase in
the number of protons produced.

The value of € the detector efficiency was calculated using
formula (4-10) for neutron energies between (0.1 - 15) MeV and is

plotted in Figure [4-10].

4-6 Correction for the Scintillator Size (Shape Correction)

The relation between the observed pulse height spectrum and the
neutron spectrum contain a correction factor which depends on the
scintillator size and is a function of the neutron energy. The
second scattering and wall effects must be treated together since
they both depend upon scintillator size. As the scintillator size
increases second scattering becomes more important while wall effect
(31)

.
.

becomes less important. Both these corrections are given by

B = (1 - 0.78%max/_ 1) + 0.09 N.L O + 0:077 Nyar, r
S e e b e 4-12

where

Rmax - The range of proton which receives the full neutron

energy mg/cmz.

L' - The scintillation thickness in mg/cm2

L - The scintillation thickness in cm

r - The scintillation radius in cm

Ny - The number of hydrogen atom, atom em™?

%,H - Hydrogen cross-section at energy E

9'n,H - Hydrogen cross-section at energy 0.68E

The correction was calculated over a range of neutron energies
(0.1 = 15) MeV for the NE-213 scintillator and is shown in Figure [4-11].
This correction was derived for monoenergetic neutrons but is thought

to be applicable to a broad neutron spectrum. The corrections
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calculated were applied to the unfolded neutron spectrum to eliminate
the size effect.

The scattering of neutrons from carbon nuclei produces only
small Tight pulses due to the low energy (< 0.284 En),.and short
range of the recoil carbon nuclei. Pulses from carbon recoils are
less in size than from protons energy :‘%ﬁ En' Neutron induced
reaction in carbon which lead to charged particles can be ignored
as the reaction thresholds are high and the cross-sections are much

smaller than the (n-p) scattering cross-sections.

4-7 Smoothing of the Experimental Data

The measured pulse amplitude data contain statistical
fluctuations. Because it is necessary to differentiate the
measured data these fluctuations, if ignored, will give fluctuations
in the neutron energy spectrum which may have a larger amplitude
than the structure of the actual neutron spectrum, so the measured
spectrum has to be smoothed before applying the unfolding method.

In the present work {he smoothing is done by a least squares
fit of a quadratic to a 1imited number of points which may be
explained as fo?lows(ss).

To fit a series of equally spaced points Yi’ to a curve

_ 2!
Y = ao + a1X + a2X

There must be always an odd number of points (seven in the
present work, ranging from -3 to + 3 in step of one). The least
squares condition is that the sum of the squares of the difference
between the computed number Yi and the observed numbers is a minimum

SO
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by putting the partial derivatives of equation (4-13) with respect

to s 3 and a, equal to zero we get:

-2y_3 T 3y_2 + Gy_I + 7y0 + 6y1 - 3y2 - 2y3

Bs % ) T e e e R TSR 4-14
=3y 2+ 2 5= Y 1t Y, + 2, + 3y
2y =3 S A i ot SRR B oS 4-15
5Y_2 = 3y_q = 4y, - 3y, + 5y
By =l LR 2 A" st el g 4-16
From (4-14, 4-15, 4-16) in equation (4-13) and
putting X = -3, -2, -1, 0, 1, 2, 3 respectively we get:
ol 64y_3 - 3Qy_2+ 6y_1 - 8y0 - 12y1 - 6y2 - ]0y3 i
-3 - I R e s AP g N
o 30y_3 + 24y_2 + 185/_.I - 12y0 + 6y1 - 6y3 i
-2 ! 84 ----------
gk 6y-3 - 18y_2 - 24y_1 - 24y0 - 183/1 + 6y2 - 12y3 bl o8
_"l o 84 cccccccccc
“2Y_a + 3 o + 6y 1 + 1Y, + By, + 3y, = 2y
¥ S Z SR R B Sl 4-20
g -12y_3 + 6y_2 + 18y;1+ 24y0 + 24y] + 18y2 + 6y3 s
1= L T e TR L i
-6y_, + 6y_, + 12y, + 18y, + 24y, + 30y
Yy omaes ] — & S S 4-22

10y_3 - 6y_2 - 12y_1 - 8y0 - 6y1 - 30y2 - 64y3
3 34
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In the present work the computer program NEUTRON, Appendix 1, used
equations, 4-17, 4-18, 4-19, 4-20, 4-21, 4-22 and 4-23 for smoothing
the data, the forms Y.3s Y_ps ¥_q were used for the first 3 points
and Yis Y5 Y3 for the last 3 points, all the other points were
smoothed using the form Yo Smoothing was carried out four times
first on the raw data and then a further three times on the

successive sets of smoothed data.

4-8 The Unfolding Method

The experimental data given by the spectrometer measurements do
not produce directly the desired information on the energy .
distribution of the recorded particles. To obtain such information
the raw data must be interpreted and unscrambled before an
evaluation of the quantities which the experiment was designed to
measure can be obtained.

In the measurement of the energy spectrum of neutrons whenever
the detection system is based on the proton recoil technique, the
experimental pulse amplitude distribution is related to the energy
spectrum of the recoil protons; An appropriate analysis or unfolding
method must therefore be performed on the measured pulse amplitude
distribution to evaluate the neutron energy spectrum.

In the present work the method of differentiation was used which
is considered as the simplest (and most accurate) for measuring real

(5?). Assuming that a scintillator of thickness d,

neutron spectra
received in a unit time a number of neutron 9 (En). The number of

recoil protons in the unit time due to a single scattering is given by

IH
Np = &8
ol

b, [t=axp BeEd}] . ionsy senes 4-24

see paragraph (4-5)
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where
L - is the macroscopic total cross-section

for neutrons by the nuclei in the scintillator

EH - is the macroscopic scattering cross-section for

hydrogen atoms

The energy spectrum of the recoil protons due to a single

scattering is calculated assuming that the n-p scattering is

1

isotropic in the centre of mass system leads to P(Ep) e
n

(28)

which is a good approximation up to 14 MeV So the number of

recoil protons with energy E in the unit energy interval is:

N(E) = 6401 - exp (-Zd)I/E,

The maximum value of energy which the recoil protons can gain
from the scattering neutron by the hydrogen nuclei is equal to the
neutron energy En, and therefore equation (4-25) will be for a
cylindrical scintillator

N(E) = A —zﬁ [~ exp E-BAMIIE . wovmnnsne 4-26

I[f the scintillator received neutrons of complicated energy
spectrum ¢ (En), the recoil proton of energy E will be generated
by neutrons of different energy starting from En = E, so the number

of recoil protons in a unit energy interval is (see equation 3-2)

o0

Iy ¢ (E,) [-exp(1-Id)]

S n
o

N(E) = A

By differentiating equation (4-27) with respect to En and dropping

the subscription we get,
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E dN(E)
dE

8(E) = —
A E? [1-exp(-Zd)]

from equation 4-9

e = KM [1-exp (-Zd)]
z
therefore
E dN(E
Bl MGl D 0 Rl o e 4-28
HElE =

This means that the neutron spectrum can be calculated from the energy
distribution of the recoil protons by differentiation.

From the experiment the measured data are the pulse amplitude
distribution N(V) and not the recoil proton energy distribution, so
by assuming that the protons of energy E produce pulses of amplitude
V, the number of the protons in the interval dE should be equal to

the number of pulses with amplitude V within interval dV i.e.
N(E) dE = N(V) dV.

By differentiating with respect to E we get

dN(E) _ d dvi av :
- e B SRR S 4-29

From equation (4-29) on (4-28) we get

Thus the analysis of the results was reduced to a multiplication
of the measured pulse height distribution N(V) by %% for (each
channel), differentiation with respect to the pulse height scale,

_ 4V (58)
followed by multiplication by'ﬁ?
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From equation (4-2) we get

dv(E) _ K dP(E)

dE E

so equation (4-27) will be, including the shape correction factor

(equation 4-11) as follows:

5 dP d dP
¢“-€-§-.HE-.EN|:N(V] EIF:| .......... 4-3]

In order to minimize the oscillations in the differentiation of
the experimentally amplitude distribution, Kazanzkii et a1(57)
suggested the method of least squares for determination of the
derivative. In that method the spectrum is expressed over seven
adjacent points with a pitch AV in the form of a second order

parabola (generally similar to the smoothing method), then

d dP|_d
v |:N(V) EF'{I_ i f (Vi)
For the central point

Mgt e e T i e

d s s
£ f(v,) = AL 4-32

generally similar expressions were derived for the first and last 3
points of the data which could not be central in a group of 7 points.
Thus the analysis of the results was reduced to a multiplication
of the measured pulse height N(V) by %E for each channel, then
differentiating with respect to pulse height followed by multiplication

by a normalising factor which is given by:

F <= 06 % Ca .......... 4-33
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where
Q - is the normalised neutron source strength
G - the geometry factor for the alpha-particle detector
Ca - is the number of counts recorded by the associated

alpha-particle monitor

4-9 Testing the Spectroscopy and the Unfolding Method

A check on the spectroscopy and the unfolding method technique
is done by measuring the continuous spectrum from a standard neutron
source, by analysing the position of the peaks and comparing these
with known spectrum.

24]Am-Be source was used. The

In the present work a 0.3 Ci
source is supplied by Radio-Chemical Centre, Amersham, U.K., the
yield of the source 2.5 x 105 n/sec the source was covered by a 3 mm
lead sheet to cut off the 60 KeV gamma rays from Amqu.

Comparing the measured spectra Figure [4-12] with these reported

by Radio-Chemical Centre(sg)

which obtain a spectrum for Am-Be
shows peaks at 3.3, 4.3, 4.9, 6.8 and 7.7 MeV and a shoulder at

9.5 MeV. However in the present work for the 0.3 Ci Am-Be source
there are peaks at 4.75, 5.75, 7.25 and 8.5 MeV and a shoulder at

9.0 MeV. A point which must be made is that (Lock(sg))

experiments
are only a comparison between a certain source produced at Amersham

Centre at a given time.
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CHAPTER 5

NEUTRON PRODUCTION AND THE SHIELDING

ASSEMBLY

5-1 Introduction

Neutrons were produced from the D(T,n)qu reaction, with
deuterium ions of energy about 120 keV (obtained by using a S.A.M.E.S.
type J accelerator) incident on the tritium target, a neutron of
14.1 MeV being obtained at 90° to the beam direction.

The spectra of fast neutrons passing through the shielding of
LiF and U238 have been measured for a short cylindrical assembly with
a point source of 14.1 MeV neutrons at the centre. This was the
nearest approximation possible to the sphere used for calculation
purposes. The measurement was made with the NE-213 detector at
different distances from the centre of the assembly. The intensity
of the neutron source was monitored by the alpha particle associated

with the neutron by a plastic (NE-102A) scintillator.

5-2 S.A.M.E.S. Accelerators and the Target

The deuteron beam was accelerated by the S.A.M.E.S. type J
accelerator shown in Figure [5-1]. The accelerating voltage is
produced by an electrostatic generator which is housed in a
hermetically sealed unit in a hydrogen atmosphere. The generator can
deliver 2mA at + 150 KV with a stability of * 1%(60)

The target and shielding assembly are situated at the far end
of the laboratory (6.5 meter) away from the accelerator. Due to the
length of the beam tube an auxilliary pumping stage at the target end

5

was necessary to maintain a pressure of less than 10 ° mm.Hg, and also
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extra beam focusing was required. This was achieved by two
electrostatic quadruple 1enses(6]).

The targets used were of the type TRT-51 supplied by the
Amersham Radio Chemical Centre. The target has a copper backing
disc of 2.82 cm diameter and 0.25 mm thickness, a very thin layer of
titanium of 2.5 cm diameter and 0.257 mg cm'2 is deposited by

vacuum evaporation(sz).

This is then exposed to tritium gas which
is absorbed to give a tritium content of about one tritium atom for
geach titanium atom. There is some uncertainty about the tritium
distribution in these targets, but these depend on the manufactdring
technique and condition. However the possible distribution of
tritium and the average energy and yield are relatively unimportant
at low Sombarding energies from its effects on the emitted neutron

(63,64)

spectrum although the absolute yield may be strongly affected.

5-3 The D(T,n) *He Reaction

The nuclear reaction:

?H + ?H +%e +n + 17.5% Mev

2

has been used as a source for the production of neutrons of high energy.
Because of the high Q-value the variation of neutron energy with
the incident deuteron beam energy is relatively small.
The products of that reaction will show the energy of 17.596 MeV

plus the bombarding energy, nearly as the inverse ratio of their

masses depending on the angle of emission which gives the neutron(ss),
17.59 x zo7 = 14.1 MeV, and the alpha particle

17596 % ﬁ%T = 3.51 MeV, at zero bombarding energy:

The energy of neutrons emitted at very low bombarding energies,
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at 90° to the incident beam is 14.1 MeV with small variations due to
bombarding energy.
The cross-section for this reaction rises to a peak of 5.1

(66,67,68,69)

barn at a deuteron energy of 110 keV as shown in

Figure [5-2].

5-3-1 Kinematics of D(T,n)4He Reaction

In the D(T,n)4He reaction it is possible to compare the energy
and the angle of emitted particles by using the laws of conservation
of energy and momentum. The reactions produce two particles, neutron
of mass ma and alpha particles of mass My s the mathematical expression
for the energy of neutron E3 as a function of angle is given by the

following expression(7o’?1).

m m m
- 4 I
E3 K (“E] +Q) Mo+, @ E] [m1+m2] m, Cos ¢

i
o
o5 g My, //@1(uEI+Q)m4 . E,2 Sin % mym,

m'| +m2 m3+m4 (m3+m2) i ITI-] +m2

m1,ET - is the mass and energy of the deuteron, and
m, - the mass of the triton at rest
my - neutron mass
my = alpha-particle mass

¢ - the angle with respect to incident beam in the hole system
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In deriving equation 5-1, it is easier first to work out the
mathematical equation for the conservation of energy and momentum in
the C.M-system and then transfer to the lab-system.

The variation of the neutron energy emitted from the
D(T,n)4He reaction for various deuteron energies as a function of the

laboratory angle is shown in Figure [5-3].

5-4 Measurement of Neutron Yield by Associated Alpha-Particle

The expression for the total neutron yield per detected alpha

particle 15(63)
i
dX
gc.M(E) dE
N = < Lo AR (R e 4 oy 5-2
AQ dw
dX c.M
—_— oc.M(8f) - dE
4 g d { “lab]u

where
&qu - is the solid angle subtended by the alpha detector.
oc.M(E),%.m. (8-E)- The cross-section and the differential cross-section

for the (D,T) reaction in the c.M. system. .

| the inverse of the rate of energy loss of deuteron
in the target.
6 - the angle of emitted alpha-particle in c.M. - system.
d Yc.M
41 3p

- the solid angle conversion factor from the c.M. to
the lab-system for the detected alpha-particle.

E - is the incident deuteron energy.

Implicit in the derivation of equation (5-2) the following

assumptions must be considered:
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from D,T Reaction at Different Deuteron Eneragy.
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a - the reaction products are isotropically distributed in the
centre of mass system for the incident deuteron energies.

b - %% is fairly well known in the region from (0-E).

c - no scattering of the incident deuteron

In measuring of the neutron yield by the detection of the
alpha-particles, it is important to know the angular distribution
of alpha-particle so we can transform the number of counts to the
total yield. For deuteron beams of energy used at the present
work (120 keV) the angular distribution of both the neutron and
alpha-particle are isotropic in the centre of mass system, so in the
laboratory system the degree of anisotropy at 90° is equal to 0.9946
for 3.5 MeV alpha-particle and is equal to 0.9997 for the 14.1 MeV
neutron at a deuteron energy of 120 keV. The alpha-particle
anistropy which varies with deuteron energy and angle can effectively
be eliminated by detecting the alpha-particle at an angle of 90° to

the incident deuteron beam(72)

, since the angular distribution in
the Taboratory system and the centre of mass system is almost the
same at 90°.

The associated alpha-particle emitted from the D(T,n)aHe
reaction which has an energy of 3.5 MeV was initially detected by
the (NE-102A) plastic scintillator placed inside the beam tube at a
distance 55 cm from the target in the backward direction at an angle
of 175° to the deuteron beam, the scintillator was coupled to an
external photomultiplier tube with a light pipe. This was done in
order to simplify construction of the shield. It was noticed
nowever that the detector gave very high counting rates following

a high voltage trip. This could not be tolerated as it meant that

the recorded alpha-particle counts were unreliable. No satisfactory
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explanation of this effect has been found, tests showed that light
leakage or earth loops were not responsible. It may possibly be due
to the badly defocussed beam which occurs as the voltage collapses
causing strong production of D-D neutrons by the drive in target
effect very close to the (NE-102A) alpha-particle detector. However
this was mostly overcome after trial and error by using a flight
tube at an angle of 90° to the beam tube. In this arrangement the
target was inclined at 45° to the direction of both the incident
deuteron beam and the axis of the flight tube, in order to give
minimum absorption to the alpha-particle energies from the target
as shown in Figure [5-4] and Figure [5-5].

In addition a relay system was arranged to break the inputs to
the alpha-particle scaler and the pulse height analyser at the
occurrence of a high voltage trip. This was also arranged to give

simultaneous start and stop to the two detector inputs.

5-5 The Alpha-particle Detector

The alpha-particle is a doubly charged particle so it doeslnot
easily penetrate to the nucleus and its primary interaction is with
the electrons and the Coulomb field surrounding the nucleus. The
alpha-particle Toses energy to the surrounding medium primarily
through ionization and because of the intense ionization produced it
can be detected with 100% efficiency.

In the present work the NE-102A plastic scintillator was chosen
because it is readily available in thin sheets, has a high light
output, fast decay time, a low neutron detection efficiency for thin
sheets and being an organic material with Tow Z number it has a
low detection efficiency for gamma-rays, and a most important 100%
detection efficiency for the 3.5 MeV alpha-particles. The range of

alpha-particle in NE-102A scintillator is shown in Figure [5-6]?3
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Fig. [5-4] The Target Assembly and the Alpha Flight Tube.
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which gives a range of 0.025 mm for 3.5 MeV alpha-particles.

The scintillator used was 0.5 mm thick and was coupled to an
EMI-9524B photomultiplier tube. The scintillator was placed inside
the flight tube at a distance 33 0.1 cm from the target, the
interior view of the scintillator and the photomultiplier tube is
shown in Figure [5-7]. A very thin foil of Aliminium (0.0015 mm)
was used to cut out Tight and to prevent scattered deuterons from
reaching the scintillator. The output pulses from the photomultiplier
tube were fed to a charge sensitive amplifier and then to a scaler.

In order to determine the real number of alpha-particles and
in turn the absolute number of neutrons, the number of alpha counts
recorded by the detector have to be multiplied by a factor G (the
geometry factor), which depends on the solid angle that the alpha
detector subtends at the source.

Assuming C, is the alpha-particle count recorded by the
detector at a distance R, so the source strength S0 is given by:

C
S i -
S0 BT . b e 5-4

where

S - is the source strength of an isotropic alpha-
particle source in the laboratory system, and

AQ - is the solid angle subtended by the detector of a
diameter D at a distance R from the source, and
given by

dared

AR N S MR
(distance)

2
AQ =-EE? (provided that D << R)
4R
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Assuming that R is large and the target area is small enough so

it is effectively a point source, therefore

e AERE

0 o. D?
and

SO = Ca G fou et s e A R 5-5

2
where G = lﬁ%_
D
The value of the geometry factor was calculated to be equal to

Vo130 105. This value was used in the computer program (Appendix 1)

written for analysis of the data to normalise all the measurements
to the same source strength. The 14.1 MeV neutron spectrum from the
D(T,n)4He reaction is shown in Figure [5-8] and was derived by

using the computer program neutron (Appendix 1).

5-6 Neutrons Produce in the Experimental Assembly

a - Neutrons from the (D,D) reaction

This reaction is described by the equation:

2 1

2D + 2D > e + 'n + 3.28 Mev

The angular distribution of the neutron from such reaction is
not isotropic and the degree of anisotropy, which is forward peaked,
varies with deuteron energy. Using lower deuteron energies, the
spectrum of neutron at 90° is approximately monenergetic with an
energy of about 2.5 MeV if a thick target is used(Gg).

Because of the target assembly used for the tritium and the
beam tube material used in the present work the (D,D) reaction can

occur due to the drive in target effect and the spectrum measured
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using a plain copper target instead of the tritium target is shown in
Figure [5-9]. (There is no direct correlation between the vertical
scale of Figure [5-8] and Figure [5-9] since currents were low and

difficult to measure accurately).

b - The Spontaneous Fission Neutron

In the uranium shielding spontaneous fission neutrons are
produced. About 23 nuclei per gram suffer spontaneous fission per

(74). For a full load of uranium this is about

hour on the average
3t % 104 fast neutrons per second from fission. Figure [5-10] shows
the spectrum of spontaneous fission neutrons and Figure [5-11] shows
the fission neutron spectrum measured by the (NE-213) detector and

unfolded by the use of computer program neutron (Appendix 1).

5-7 The Shielding Assemblies

The assembly is 86 cm overall length 82 cm effective length
and made in a hexagonal shape of 7.725 cm centre to corner for the
inner hole so the beam tube can go through and a maximum 29.35 cm
centre to corner outer boundary, seven layers of the shielding
material being possible with LiF and uranium. The assembly
supporting frame is of aluminium. It supports the ends of the tubes
to minimize disturbance of measurements and itself supported on
rails so it is very easy to move the whole shielding assembly to
allow for other experimental uses.

The hexagonal shape was chosen to be close to cylindrical
geometry and is easy to build from rods. A cross-section of the
assembly is shown in Figure [5-12].

The design was governed by the shape and size of the uranium

rod available (81 cm in length and 3.09 cm in diameter) so the same
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shape and size of aluminium tubes was chosen for the LiF which
filled the tubes up to 82 cm length, the remainder being
aluminium end caps. The average density of the LiF inside the tube
was about 0.87 gm cm'3 which is much lower than the density of a
LiF crystal, but the powdered form would not pack more densly.

The assembly was designed with the tubes touching rather than
having a supporting lattice plate in order to minimize the air
voids in the system. Figure [5-13] shows a view of one of the

experimental shielding assemblies.
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CHAPTER 6

THEORETICAL CONSIDERATIONS

6-1 Introduction

The neutrons move about in the shielding material in a
complicated zigzag path due to repeated collisions with the nuclei.
This motion is similar in some aspects to gaseous diffusion or
the diffusion of the heat. The fundamental difference between the
theory of the diffusion of gases and that of neutrons is that the
molecules of a gas collide with each other whereas neutrons collide
with the nuclei of the medium in which they diffuse and not with
themselves because the density of neutrons is extremely small even
in high power nuclear reactions(?5’76).

The treatment of these collisions can be described by the
transport method formulated by Maxwell and Boltzmann in which one
can predict the neutron flux distribution throughout the medium.

The transport method has been widely dsed for several years
for the study of attenuation of monoenergetic neutrons, therefore
the study of a wide energy range must be represented by a group
structure. The inaccuracy in the average group cross-section can
lead to unacceptable error in the estimation of the neutron flux
behind the shielding, even if the effective group cross-sections
are known with a good accuracy, since the value of the effective
group cross-section of an interaction can be changed with the shielding
thickness if the groups are too wide in energy, due to changing
neutron spectrum,

The application of the Boltzmann transport theory to practical

design calculation was made by empirical methods. These methods
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are mainly based on the results of experimental studies of the
transport equation to the study of neutron slowing down problems by

(77) and E. Fermi(?8).

L.S. Ornstein-Ohlenbek

In the past 30 years, the technical development of high speed
computers with large storage capacities has led to a wider
application of numerical methods for solving the transport equation.
This has resulted in several hundred different reactor codes which
were written for many types of digital computers(?g). Unfortunately
where the computational techniques of these codes are discussed in
the published papers usually the name of the code is mentioned

only, so the choice of a method which is suitable for a certain

application is difficult.

6-2 The Transport Theory

Three view points of different degrees of complexity can be
used in establishing the basic equation of transport or diffusion
theory.

In the first (kernal method), the probability that a neutron
appears at a given point with a given set of properties after
appearing at some other point with other properties is weighted
with a general transfer function (kernal) usually determined
experimentally.

The second view is the integral transport theory which seeks to
relate the collision density after n collision to the collision
density after n-1 collisions.

Thirdly is called the general transport theory (Boltzmann) it
seeks to compute the distribution of the neutrons from a general
integro differential equation into which only macroscopic cross-sections

and no other experimental information enter(?S).
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The Boltzmann transport equation is given by(go):
Q.V%(r,U,Q ) + Zt(r,U).Q(r,Q,U)
U
g IdU' JdQEe(r,U)CI)(r,Q',U') . g (2,0 :2,0)
U-e,i
U
+ J du' J dQ‘Zi(r,U') & rah Uty . gitﬂ',u’:Q,U)
U-—e,i
+ g¢ (U) I du’ J de'u(U") Zf(r,U) efr.at,u")
0
+ SO AN =T 1 L IR RS e e a2 e 6-1

where
Et’ze’zi’zf -are the macroscopic, total, elastic,

inelastic and fission cross-section respectively
a(r,U,Q) -is the angular neutron flux

U-ei -represents the Towest Tethargy from which
neutrons may be elastically or relatively

scattered into U
S -is the external neutron source

) -the number of neutrons produced per fission
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6-3 Method Used for Solution of the Boltzmann Transport Equation

Methods of solution of the transport equation are inherently
complex due to the integro-differential form of the equation. An
exact solution of the equation is limited to a few highly specialized
problems, and the most practical techniques are approximate methods.

In recent years considerable progress has been made in the
solution of one speed neutron transport equations. K.M. Case(81)
in 1960 found a complete set of eigen functions for one-speed neutron
transport equation for the case of isotropic scattering. This has
been extended by J. Mika(gz) to include anisotropic scattering and

(83)

has been used by J. H. Ferziger et al to solve some thermalization

problems. J.dJ. Me]nerey(84)

found a solution of the space-energy
angle dependent neutron slowing down problem by a method parallel to
those developed by Case.

In general the methods and techniques used to solve the

transport equation are described hereafter.

6-3-1 The Spherical Harmonic Method

The spherical harmonics method theory for approximation to the
Boltzmann transport equation has been developed in various reports,

(85)

in a tensor form by C. Mark , and its simplified form for

spherical and plane symmetry(Bs). Avery's much simplified method is

given by Davison(g?)

, for use with complicated geometeries.

The spherical harmonics method approximation consisting of a
series of differential equations which are independent of the
angular direction. This is done by expanding the function

%5 9g» 94 and 9¢ in equation (6-1) in terms of spherical harmonics by

a - Assuming that these functions can be written as an infinite

power series in the variable uy with coefficients that depend on Z.
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u = Cos 8
where

8 - is the angle between the Z-axis and Q.

b - Assuming that the medium is isotropic and homogeneous so that
the cross-section is independent of Z, and the scattering is
azimuthally symmetric about the initial direction of motion of

the neutron

ge(u', s gk, U) ge(U', u, uo)

2L+1 :
T e = ge,L(U sU)pL(‘uo) .......... 6-2
and
. = 2L+ |
g;(u'sU' : oy, V) = LEo ‘z%‘ 8o B (USSR U Y st 6-3

where
PL - the Legendre polynomial of degree L, and

= Q.Q' =
uy = Q.0 Cos eo

The angular neutron flux is expressed as follows:

8(Z,u,U) = T - o 4 A Py R A 6-4
L=o
and
o 2141
SO (Z,U,U) = LEO “Ax SOL (Z,U) PL(U) .......... 6-5

we have for the Legendre polynomials
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I
™
osde
-
=
i
-

1
J PL(H)Pp(1)du s
_'I ----------
=0 ifn=-1
Substituting equation (6-2 - 6-5) into the transport equation and
using the relation in equation (6-6), we get the spherical harmonic

form of the Boltzmann transport equation.

6-3-2 The Discrete Ordinates SN Method

In 1953 Car1son(88) improved the SN method and used it to solve
the transport equation. To compute the numerical solution of the
discrete ordinates equation efficiently these methods must fulfil

two essential requirements(gg).

a - The equation relating to the central flux and the two end points
fluxes should provide a good approximation of the true variation of

the flux in the neighbourhood of the cell.

b - An additional equation combined with the discrete ordinate
equations must produce a final set of equations that can be solved

easily and quickly on the computer.

The SN method was originally developed for the case of
isotropic scattering and has been extended to take account of

anisotropic scattering by using the transport cross-section given
by(goj.

+1
Oy =9, - J u‘Fe (p) du R EE RS 6-7

where



- 101 =

s Og = The transport and scatter cross-section respectively

fe (u) - The angular distribution of scattered neutrons

In this method the integral in the transport equation is
approximated by a discrete ordinate quadrature, the solid angle is
divided into N segments and discrete direction and weights. For a
plane and spherical geometry the range of u = -1 to u = +1 is
divided into equal intervals, and &(u) is taken to vary linearly with
u in each intervals, then the range of integration over u is divided

into equal sub-intervals N. Let the points which define these

sub-intervals be,

The number of intervals N define the order of approximation,

so the angular flux for a certain energy group i is given by

B e B T

| TRE TR T 1 ol | AN b e -
un-un_'1) 1 (rsun_'l) 6 8

This approximation is then used to reduce the one velocity
transport equation to a set of N equation in N + 1 variables
G(r,un). The additional equation to be combined with it is
obtained by setting u = -1 directly in the one velocity Boltzmann
transport equation, the resulting set is then solved numerically
for the fluxes.

The method is now one of the most important analytical tools

in the reactor shielding calculation, it has the advantage of being
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more suited to large digital computers(91).

6-3-3 The Slowing Down Theory

The description of the Fermi age theory is available in the

published 11terature(92’93’94).

The conditions for this theory to
be fulfilled are firstly, inelastic scattering is assumed absent,
the elastic scattering is spherically symmetric in the centre of
mass system and, thirdly the effect of chemical bonding is neglected.
The theory treats the succession of discrete energy losses in
individual collision by which neutrons are actually slowed down as
equivalent to a continuous slowing down process which results in
the same average rate of energy loss. In the Fermi theory it is
assumed that diffusion theory is valid at all energies(94).
The arrival and departure of neutrons with lethorgies between
U and U+dU in the volume element at a position r, may be expressed
in terms of slowing down density q(r,U) which is defined as the
number of neutrons crossing a lethargy level U per cubic centimeter

per second. The number entering dU is g(r,U) and the number

leaving dU is q(U+dU,r).

Thus,
St A= q(irsy) Falys Vel " T R N o N e o 6-9
d (U,r)
e R RS b GRS R LSS SR A 6-10
du

Combining equation (6-9, 6-10) with the diffusion equation

DV2¢+S = 0, we get

> dq(rsV)

D(U)V4¢(r,U) =J’*du— .......... 6-11
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The relation between the neutron flux and slowing down density

is given by:

@:-—g—- (o]
EZg
Go SET i{
e L R L R I A T 6-12

From the above discussion, the Fermi theory applies to a medium
in which there is no absorption of neutrons, but it is found that for

a weakly absorbing medium a sufficient approximation is:

q*(U) = p(U) - q(U)
where
p(U) = The resonance escape probability for a

neutron of energy U.

6-3-4 The Moments Methods

This method was proposed by Spicer et a1(95)

(96)

, and used by
Goldstein and Wilkin , for extensive computer calculations to
obtain build-up factors and differential energy spectra for
infinite homogeneous media as a function of the penetrations.

The polynomial method in a semi-numerical technique which has
been used to give quite accurate solutions to the Boltzmann
equation. In this method the angular flux is expanded in a series
of Legendre polynomials, and assuming that the scattering is
spherically symmetric in the centre of mass system. By this it
reduces the original equation containing three variables
(Q,r,U) to a sequence of coupled integro-differential equation of
two variables (r,U), then these equations are multiplied by pL(w,Q)
and integrated over all solid angles. In this way one obtains a

double sequence of linear integral equations for the spatial moments
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of the Legendre coefficients.

The solution of Boltzmann equation by qsing this method has been
carried out for both neutrons and gamma rays in an infinite
homogeneous media with a simple source(?S). However the solution for
neutrons is more complicated than that for gamma rays and that is
because of the rapid change in neutron cross-section with energy
and because neutrons undergo many collisions before absorption.

The main advantage of the method is the determination of the
fast neutron space energy distribution after considering the

anisotropy of elastic scattering.

6-3-5 Monte Carlo Method

The Monte Carlo method is a technique for solving physical and
mathematical problems by using random of sampling of an analog

nature(g?).

The most extensive and successful applications have been
to physical problems that are inherently statistical.

The problem of neutron transport is basically concerned with
random events such as the behaviour of neutrons when interacting
with matter. In this problem the histories of a large number of
neutrons are followed from collision to collision. In going from
one collision to another the problem is to determine the distance
travelled before the next collision takes place, the type of
collision and the energy, and direction of the neutron after the
collision.

The Monte Carlo result however is exact only when an infinite
number of independent estimates of a given result have been obtained.

Any answer that derives from a finite number of tries has a

statistical uncertainty.
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The Monte Carlo method has the major advantage of allowing

even complex transport problems to be formulated rather easily, and

can obtain an exact solution to the Boltzmann transport equation(gs).

The main disadvantage of the method is.that its results are
statistically uncertain.

A survey for the application of the method for shielding and

(94)

reactor calculation is given by Goertzel et al , and the

(97)

application to the transport problem by Kalos et al and

Arnecke et a1(99).

6-3-6 The Diffusion Theory Method

The diffusion method is a simplified method for solving the
Boltzmann transport equation by assuming that all neutrons have the
same lethargy (U) and under the conditions that, the scattering
processes with nuclei do not involve any change in the neutron
energy. The basic assumption of the elementary diffusion theory
is the validity of Fick's Tlaw.

The relationship between the flux and the current are identical
in form with Fick's law, which has been used for many years to
describe diffusion phenomena in gases and liquids. For this reason
the use of that law in reactor theory leads to a diffusion
approximation(]s).

Fick's law states that the current density vector is

proportional to the negative gradient of the flux.

Jir) = = Ugrad Oifr) L0 T pisdien e 6-13
where
D - The diffusion coefficient having the

dimension of length.
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The above relation is valid only for the diffusion of neutrons
in regions which are not closer to boundaries than two or three mean
free paths, the absorption cross-section is very small, and the
neutrons are scattered without loss in energy.

From the continuity equation, the diffusion equation in the

steady state dn _1do 0, is given by
dt v dt

szqa—za T e SR e U S 6-14

where
V2 - the Laplacien operator, and

Za - the absorption cross-section

The absorption cross-section can be determined from the macroscopic
scattering and capture cross-section and the average cosine of the

scattering ﬂb which is given by:

o A0
uO_-j-K .......... 6-15
where

A - the atomic weight of the element of the diffusion medium

In case of mixture of elements in which the ith element has

an atomic scattering cross-section 94

z [N'ici ('3%7)1

i s

? [N'ig'i]

where

Ni - The number density of the ith type of atoms in the mixture.

The most important type of boundaries occurring in reactor problems

are between comparatively dense media and essentially vacuum, and to
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handle such problems a boundary condition at the surface of the

medium is assumed of the form:

ol —
3%
I
al—

where

d - the extrapolation length

The value of d is chosen such that the solution to the
diffusion equation satisfying equation (6-17) matches as nearly as

possible the rigorous solution given by transport theory in the

interior of the medium(16), d is given by
d = 0.71 Atr .......... 6-18
where
Atr - the transport mean free path of the medium and is given by
1
A -
tr Zs -

For the treatment of a continuous energy spectrum the energy
range is divided into discrete groups and each group is treated

separately with its appropriate parameter.

6-4 The Removal Diffusion Method
(100)

Albert and Welton introduced the concept of removal
cross-section to describe the attenuation of neutrons by the removal
collision. The removal diffusion method is a process in which the
neutrons slow down by firstly removal collision and secondly a
diffusion process, so the penetration of the forward neutrons is
described by a removal process which consists of an exponential and

a geometrical attenuation factor and the diffusion theory then

predicts their migration following such collisions.
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The neutron flux can be obtained from the knowledge of the

removal cross-section and in cases where it is not available one can

use the transport cross—section(101), which is given by:
Oy * Ogop s = J oe1(8) 0S8 aft Sl i 6-19
4
where
Utot. - the total cross-section, and

081(8) - the elastic scattering cross-section for scattering

in a solid angle d? in the direction of 8.

In this method the energy range of the neutrons is divided into
a number of energy intervals and it is assumed that the monoenergetic
diffusion theory is applied to the neutrons within each interval.
The removal method can be applied with the age theory to predict the
subsequent slowing down after a removal collision.

The removal cross-section for the material used in the shielding
must be determined, and it has been shown they are roughly 5 of the

total cross-section(102).

It has been suggested that the removal
cross-section is effectively the same as the transport cross-section

- T

where

U - is the mean cosine of the scattering angle and is

given by(]6).
2m ¥ ;
TE == o (8)'Cog 8 Sin Bd = Ll eadhees 6-21
0¢ s
0
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where

6 - is the angle of scatter in lab. system

The distribution of monoenergetic source neutrons above a certain

threshold for most shielding materials may be conveniently

described by the following expression(103).

q > e s AT R N 6-22

‘D(}",E ) -
9 4mrr

where
Q - the strength of the source
d - the shield thickness
r - the distance between the source and detector

Zr- the macroscopic removal cross-section

(104), used the removal calculation in conjunction with

Avery et al
the multigroup diffusion theory to describe the penetration of the
forward directed neutron and the diffusion theory to predict where

their angular distribution is nearly isotropic.

6-5 Choice and Comparison of the Calculation Method

The spherical harmonics Pn approximation method and the
polynomial SN method are widely used for multilayered sh1e1ds(104).
The application of the spherical harmonics technique to the transport
equation is difficult and becomes formidable for multigroup energy
cases. The method has been extended to cover the anisotropic
scattering and the approaches have been applied in the P3 and P5

approximations(105’ 106).

In general the Pn approximation seems to
offer no particular advantage over the SN method, however it is

more suited to modern high speed computers.
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The SN-method produces good neutron penetrating results in
simple geometries with Tess computer time than the other accurate
method. But the geometry of the problems to be solved was not
sufficiently simple and the suitable computer is not available for
use so this method had to be rejected.

The Monte Carlo method is considered as the most developed for
practical design calculation. In principle that method can
incorporate any arbitrary geometry, source anisotropy, and
scattering properties. In addition it is able to handle three
dimensional geometries for the multigroup cross-section(107’ 108).
However the Monte Carlo method has some Timitation due to the
time needed to build up accuracy and the Targe amount of computer
store needed.

In the present work the available codes developed for the
method could not be used because they were unsuitable for running
on the available computer due to the large amount of storage space
needed and length of calculation as well as incompatibility of
certain sub-routines with the available computer. Consequently
a method had to be used which was compatible with the restrictions
of the computing facilities.

The removal diffusion theory is a good method for reactor
shielding design, some reasons for using the multigroup theory

are(104, 109)

a - The neutron flux spectrum may change rather rapidly in the
vicinity of interfaces between materials with differing
shielding properties, the multigroup method can to some

extent take account of this.
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b - Because of scattering resonances in the cross-section of
certain materials, neutrons can stream through large
thicknesses without much attenuation. A suitable choice of
the energy groups in the multigroup model can allow for this

behaviour.

¢ - The multigroup diffusion equations are easily adaptable for

solution by the computer.

The main disadvantage is that the neutron flux has to be
assumed to be isotropic in each group except the highest energy
group, which is treated by the removal method. This may not be a
good approximation for small shields or for boundaries involving
large changes in material constants and the main justification
will be how closely theory and experiment agree.

In the present work the removal diffusion method was chosen and

the description of the method follows.

6-6 The Multigroup Method

In the multigroup method of calculation, the energy range is
divided into a number of intervals, the higher the number of groups,
the higher accuracy is acheived providing that the data are
accurately known.

A comparison of methods in general use show that these rely
largely on numerical solutions of the relevant multigroup equation(lio).
Recommendations for the optimum use of diffusion theory vary from
choosing an empirically obtained multigroup neutron cross-section
data set (Avery et a])(1]]), to choosing a correct diffusion constant

for each energy group(112’ 113).
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For the solution of the multigroup equation assuming G neutron

energy groups, there are G roots to the solution of the equations:

2 2
D Vo0, - Lg% * L L S I 6-23

where
J - indicates the energy group and ranges from 1 - G
ErJ - the removal cross-section given by
G

=X + b
k=J+1

™
1

rd Ze1 -k E z1'n

L_- the macroscopic absorption cross-section

- the macroscopic elastic scattering cross-section

e]J+K
from group j to group k
G
Zin - the macroscopic inelastic scatter = _Z zin sk
k=J+1
SJ - the neutron source given by
G j-1 J-1
Oq =N Y 50 ne 5 S T O £ e S o)
J J ka1 f/K°K k=1 el k+j7k o] N g K

To solve equation 6-23, one of the following methods can be used.

6-6-1 Fundamental Mode Method

This method only applies to an unreflected system of uniform
composition, by using either an eigenvalue or final source option(]14).
Because of the unreflected system of a uniform composition one can

assume that all the group fluxes have the same eigen function so:

assume a value of Sf (unity is usually chosen), then uncouple the
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dependence of one group on all the others and therefore for

Sf = |
2 L]--I
-uD, +d,~Z% &, +L fo s & B, B ul, Fye D
J J rd-J e1J_] J-1 el I, K J
.......... 6-25
The General solution of (6-25) is given by:
J-1
LR S TS T
o, = J-1 i 2 R s e e g 6-26
2
D, +2
J ry

A value for u2 is first made and using the equation (6-26) to
evaluate % to @G in turn, since the fission source is assumed equal
to one.

The fission source Sf is then calculated from

™Mo

S¢ =

(VEp)®
K fi K

1

1]

So if the value of u2 is correct then the value Sf will be one, and

2 are tried until the value that makes

if not successive values of u
Sf = 1 9s found. Such a calculation can be used for fast reactors

to compute a histogram of the MultigrouP neutron energy spectrum.

6-6-2 The Finite Difference Method

For the purpose of the present work the finite difference method
was used. By choosing sufficiently small intervals it is possible to
obtain a solution to the multigroup diffusion equation which is
sufficiently accurate such that any errors can be attributed to the
diffusion theory approximation, rather than to the numerical

approximation procedure(]TS).
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The solution of a second order differential equation of the

116)

form( is as follows:

2
-DV @n + Z@n = Sn ..........

For the spherical geometry:

2

r = nh, so equation 6-27, will be

o ey 2D D i
}?D n] @n_“[_? + z]cpn ;?{nﬁ}pm

or
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Consequently a set of such equations exist for each mesh point.

The method of solution, together with the treatment of inner
and outer boundaries as well as internal boundaries is given in
Appendix 2.

The spectra of fast neutrons which have passed through LiF and

U238

shielding at various thicknesses inside the shielding have
been calculated by using the combination of the multigroup
diffusion theory and the removal diffusion equation using the

method described above.

6-7 The Multigroup Constants

To obtain the average values of the group constants in a
particular group, it is necessary to know the neutron spectrum within
the group. That spectrum may be known in thermal system being
Maxwellian for thermal neutron and have a-% variation for slowing
down neutron, when ®(U) is taken as a constant. In the fast system
there is no such well defined spectrum and several groups are needed
for correct representation.

In a multigroup calculation the entire range of neutron lethargy

is divided into G groups which may or may not be of equal size.
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The flux @g (r) of the neutron in the gth group is defined by:

Ug
@ (r) = J f A ) aUE R s 6-34
Ug-1

Ug and Ug-1 are the upper and lower lethargies of the group

respectively, and

® (r,U) - is the lethargy dependent flux at the point r.

6-7-1 Cross-Section

The neutrons may disappear from a group either in an absorption
interaction or as the result of elastic or inelastic scattering
which increases their lethargy to that of another group, the average

cross-section in general is defined by:

Ug
T E BT U N 6-35
g ‘I’g

Ug"] ~

6-7-2 Diffusion Coefficient

The diffusion of neutrons within each group is described by an

average diffusion coefficient given by:

v2 - the Laplace operator
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The value of Dg is usually a function of r, unless the ¢ (r,U)

can be written as a function of r and U

& (raU) = F (r) - @ (U)

where @& (U) - is the lethargy dependent part of the flux.
This approximation must be made in order to carry out the group
calcuation, and that Dg will be given by:
Ug
Dg = — J BeUY Al L L siaisa deaaes 6-37
Ug-1

In the case of isotropic scattering in the lab. system which is
true only at low energy the value of Dg can be calculated from the

method of transport and is given(16).

B s 1) o e e T 6-38
But for anisotropic scattering this quantity is decomposed

into many terms by the number of collisions which the neutron suffers

in the course of it is flight from a region i to a region J(117).

So for the anisotropic scattering and for strong absorption, Dg

should be determined from the following equation(16).

3 Za|? =
Es D ’Zt + T : 1+3025u
— + In B e L wwals atinies 6-39
2 a g L_g}é 143021
R

where
Lys Igs Iy - are the macroscopic total, scattering and

absorption cross-section respectively.

U - the average value of the cosine of the

scattering angle in the lab. system.
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6-7-3 Group Cross-Section

The transfer neutron from gth group to the (g+i) group
(i=1,2,3 ..) as a result of elastic or inelastic scatter can be

described by the group transfer cross-section which is given by:

=T + .
sg-a—g+1' 1ng+g+1'

29+9+1
The average elastic scattering cross-section for the gth group is
defined by:
U
1 g

Leq T J B (NG (AN R R 6-41

Ug-1

Zs - is constant in the group, and
ng - is the actual macroscopic scattering cross-section
at any lethargy within the group

The neutron transfer by scattering from one group to another

described by I these are defined so that I ® (r) is

grgHi’ grg+i’Tg
equal to the number of neutrons which are transferred from the gth
group to the (g+i) group per em® sec”| at the point r.

The value of the elastic scattering cross-section depends on
both the nuclear properties of the materials in the system, and
the number and width of groups used in the calculation. If the
maximum increase in lethargy of a neutron undergoing an elastic
collision is less than the width of energy group, the neutron can
only be elastically scattered into the adjacent group, and the
groups are said to be directly coupled. The constant I

sg+g+l1’

can be computed from 6-40 assuming that & is the total number

-1

.0
sg ¢

of scattering collision per cm3.sec in the gth group.
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If 2; is the average lethargy increase in an elastic collision
in the gth group, the neutrons require Ug/%é collisions on the
average in order to traverse that group. If there are ng.Qg
collision cm-3 sec_1 in the gth group therefore the number of
neutrons scattered out of that group will be equal to %fsg‘égfug
cm"3 sec'1. Since these neutrons must enter the (g+1) th group in

the directly coupled case the cross-section is given by

= Egzsg 6-42
ng+g+-| o T .......... I

The group transfer cross-section for inelastic scattering is
straightforward. Consider the lethargy interval dU' in the
(g+1) th group. Since neutrons can be scattered into dU' as the

result of collisions at any lethargy in the gth group, the number

arriving per cm—3 sec-'I in du' from this group is the number
Ug
scattered into dU = dU' J L (U) & (U) p(u=u') du.
Ug-1

It follows that the total number of neutrons transferred from the

gth group to the (g+1) th group is

Ug+1  Ug
' £,(U) @ (U) p(usU') du du'
Ug  Ug-1
and this number is equal to I, .$, so
g-g+]
Ug+1 Un+1
in gsn - ét L. (U) @ (V) { P(U+U') duldu
)
Ug Uy
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where
P(U+U') - the probability distribution fraction for

inelastic scattered neutrons

The source of the cross-section data, and the inelastic
scattering probability for the multigroup calculation was the
Yiftah Sieger et a1(?) and the UKNDL file(3) which covered 11
groups of neutron energy ranging from 0.3 MeV up to 14.1 MeV.

For the (n,2n) and (n,3n) reactions in the uranium the
group constants were calculated from UKNDL and added to the upper
energy group of the Yiftah Sieger et a1(2), since these were

originally absent.

6 9

For the "Li, 7L1 and L F the group constants derived from the
UKNDL(S) on the assumption that the neutron lethargy flux is
constant (@ (E) a‘%) because the form of the flux is not known.
Since the lethargy intervals are small (< 0.5) the constant is

not very sensitive to the flux form used.

A computer program DATA was written for the macroscopic data
preparation (Appendix 3), and two computer programmes were used in
the present work based on the method explained in Appendix 2, one for
one material region (Appendix 4), and the other for two regions

(Appendix 5).

6-7-4 Fission
If fissile materials are present in the system it becomes
necessary to define the average fission cross-section for each group

as in 6-35.
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The prompt fission neutrons are emitted with a continuous
energy spectrum, and so
Ug

E J S T S SN T ol i 6-44

Ug—]

x (U) - is the fission spectrum normalized to one emitted

neutron

The average number of neutrons emitted for fission depends upon
the energy of the incident neutron, and for fission induced by

neutrons of the gth group is given by:

i
Yy > 55 J v (U) & (U) dU s 6-45

Ug—]
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CHAPTER 7

EXPERTMENTAL AND CALCULATED RESULTS

7-1 Introduction

Fast neutron spectra have been measured at different radii
from the 14.1 neutron source situated at the centre of the shield,
which was constructed of LiF and uranium. An NE-213 scintillation
counter using P.S.D. to reject the gamma ray background was used
for the measurements.

ALL the measurements and calculated results were normalized
to a neutron source strength of 1 x 109 neutron per second for
comparison purposes.

In addition to 14 MeV source strength, degraded neutrons from
the target assembly and from the D-D reaction were considered and

fed into the spectrum calculation for each energy group(118)

, using

experimentally obtained values. The spontaneous fission neutron

source was also included when uranium shielding material was used.
The removal cross-section for the first energy group

(14.0 - 14.1) MeV, for LiF, Uranium, a mixture of LiF and Uranium,

and a two region system (inner region LiF and the outer uranium)

have been determined experimentally and compared with the values

used in the removal calculation.

7-2 Fast Neutron Spectra in a LiF Shielding Material

The neutron spectra were measured for neutron energies between
1.35 and 14.1 MeV inside a LiF shield at distances of 9.3, 12.4,

17.8, 18.6, 21.7 and 24.8 cm from the point source in the centre.
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The measured and calculated spectra are plotted as neutron flux
MeV™ ' versus neutron energy in MeV and are shown in Figure [7-1 to 7-6].
The figures show that the neutron spectral shape does not
change very much with shield thickness. It is seen that there is

generally good agreement between the measured spectra and those
calculated by the removal diffusion method above the (2.225 - 3.0)
MeV neutron energy group, and as the shielding thickness increases
there is some difference at the neutron energy group (10 - 12) MeV.
For the first energy group (14.0 - 141 ) MeV, there is good
agreement between measured and calculated total neutron flux
compared at different thickness inside the shielding material.
The comparison was made by finding the area under the calculated
first energy group and also the area of the rather broad measured
peaks centred on 14,1 MeV.
Table [7-1] represents the total calculated and measured flux

for the (14.0 - 14.1) MeV energy group at different thicknesses

inside the LiF shielding assembly,

Table [7-1] The Total Flux for the First Energy Group at Different

thicknesses inside the LiF Shielding

Total neutron flux (n cm-2 sec']) for a source strength
Thickness of 1 x 10° n sec™!.

n cm

Calculated Measured
9.3 8.314 x 10° 7.76 x 10°
12.4 3.83 x 10° 3,58 x 10°
17.8 1.308 x 10° 1.2886 x 10°
18.6 1.148 x 10° 1.1063 x 10°
21.7 6.879 x 10 7.1516 x 10°
24,8 4,315 x 10 4,466 x 104
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The difference between the measured and calculated spectra may
be due to the difference in the experimental and theoretical
geometries (cylindrical and spherical respectively), the use of
diffusion theory and the uncertainties in the group constants. This

comment applies to all the systems investigated,

7-3 Fast Neutron Spectra in Uranium Shielding Materials

Figure [7-7 to 7-16] shows the measured and calculated neutron
spectra inside uranium shielding material of thicknesses of 9.3, 10.1,
12.4, 15,5, 17.8, 18.6, 20.2, 21.7, 24.8 and 27.9 cm, from the
central source.

The form of the spectrum for neutron energies below 6 MeV does
not change as the thickness of the shielding increases. From the
figures it can be seen that in that energy region the number of
neutrons is higher compared with that measured in a LiF shield. This
is because for the lighter element elastic slowing down is important,
whereas for heavy elements such as uranium the slowing down of the
neutron by inelastic scattering is the main interaction which
produces directly more low energy neutrons.

As shown in the figures the calculated and measured spectra
at all the measured points are in reasonable agreement.

For the first group there is a good agreement between the
calculated and measured total neutron flux at a different thickness

inside the shielding material as shown in Table [4-2].
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Table [7-2] The Total Flux for the First Energy Group at Different

Thicknesses inside the U238 Shielding
Total neutron flux (n cm™? sec"1) for a
source strength of 1 x 10° n sec”!
Thickness

in cm

Calculated Measured
9.3 7.693 x 10° 7.29 x 10°
10.1 5,999 x 10° 5.63 x 10°
12.4 3.036 x 10° 3.45 x 10°
15.5 1.363 x 10° 1.91 x 10°
17.8 7.901 x 10% 7.42 x 10%
18.6 6.64 x 10° 6.94 x 10%
20.2 4,739 x 10% 5.66 x 107
21.7 3,423 x 10% 3,35 x 10°
24.8 1.838 x 10% 1.9% a0
27.9 1.019 x 10% 1.08 x i0*

7-4 Fast Neutron Spectra in a Mixture of a LiF and U238

The shielding was built up from 88 LiF tubes and 88 uranium
tubes (1:1 in volume). The spectra for the fast neutron inside the
shielding were measured at radii of 9.3, 10.1, 12.4, 15.5, 17.8,
18.6, 20.2, 21.7, 24.8 and 27.9 cm from centre of the shielding
assembly, and with the calculated spectra are represented in
Figures [7-17 - 7-26].

From the figures it can be seen that the general shape of the
spectrum does not change with thickness and there is an agreement

between the measured and calculated spectra for all the energy group
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down to 2.225 MeV. Below this there is a difference as in the
previous measurements because the P.S.D. system fails to fully
distinguish between gamma ray and neutron pulses, which move into
the gamma ray region at Tower energies.

For the first energy group there is a good agreement between

the calculated and measured spectrum as shown in Table [7-3].

Table [7-3] The Total Neutron Flux for the First Energy Group at

a Different thicknesses inside a Mixture of LiF and U238
Shielding
Total neutron flux (n em? sec'1) for a
T source strength of 1 x 107 n sec”!
n cm
Calculated Measured
9.3 7.998 x 10° 7.87 x 10°
10.1 6.359 x 10° 5.94 x 10°
12.4 3.411 x 10° 3.240 x 10°
15.5 1.655 x 10° 1.81 x 10°
17.8 1.014 x 10° 1.03 x 10°
18.6 8.712 x 10 8.86 x 10
20.2 6.463 x 10° 6.44 x 10°
21.7 4,852 x 10 e w10t
24.8 2.816 x 10° i 2,98 x 10%
27.9 1.687 x 10% | 173 et
238

7-5 Fast Neutron Spectra in a Two Region of LiF and U

Shielding Material

A two region of the shielding built from LiF inner region 72 tubes

238

in a three inner layer and 150 U“~° tubes the outer region four layer
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(1:2 in volume).

The measurements were carried out at radii of 9.3, 10.1, 12.4,
15.5, 17.8, 18.6, 20.2, 21.7, 24.8 and 27.9 cm inside the shielding.
The measured and calculated spectra represented in Figure [7-27 - 7-36],
shows reasonable agreement between the measured and calculated spectra,
the slope and the shape of the spectra does not change with the
increase of the shielding thickness.

For the first energy group there is a good agreement between
the measured and calculated spectra and the total neutron flux at
different thickness inside the shielding assemblies represented in

Table [7-4].

Table [7-4] The Total Neutron Flux for the First Energy Group at a

Different Thicknesses inside a two layer of LiF and
238 '

Shielding
Total neutron flux (n t:rn_2 sec-}) for a
Thickness source strength of 1 x 109 n sec_'I
mn cm ;
Calculated Measured
9.3 8.314 x 10° 7.9 x 10°
10,1 6.74 x 10° 6.57 x 10°
12,4 3.83 x 10° 3,44 x 10°
15.5 2.009 x 10° 1.94 x 10°
17.8 1,258 x 10° 1.21 x 10°
18.6 1,058 x 10° 1.09 x 10°
20.2 7.548 x 10° 7.37 x 10%
2.3 5,45 x 10° 5.46 x 10
24.8 2,928 x 10 2,88 x 10*
27.9 1.623 x 10 .48 x 104
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In the inner region the -spectrum is very close to that measured
and calculated in the LiF shielding assembly which in the outer
region is more like that measured and calculated in the uranium

shielding material.

7-6 The Removal Cross-Section Calculation

The removal cross-section is used to determine the number of
neutrons which are removed from the first energy group (14.0 - 14.1)
MeV by the removal collision, we have that:

o (r,E,) ﬁ; exp [+ Int] T
The value of the removal cross-section can be determined if the flux
values at two or more different radial positions are known. From

equation (7-1)

4 Q 2
L om® = 1oge oy 1oge (d.r7)
t=r = ro
lo (@rz) = =1 r+z r.+ 1o 2 7-2
ge rem. rem- 0 ge ET- 00009003000

From equation (7-2) it is clear that the determination of the
removal cross-section does not need the knowledge of the absolute
source strength of the neutrons, and so the uncertainty in the
absolute efficiency of the detector does not enter in the evaluation
of the removal cross-section.

In the calculation and measured result the value of the inner
radius which is the distance from the neutron source to the inner
layer of the shielding material which is equal to 7.6 cm was added

to the shielding material thickness.
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Figure [7-37 - 7-40] represent the total flux for the four
shielding assemblies at different shielding thickness and shows how
for the first energy group (14.0 - 14.1) the neutron flux varies
with distance in the shielding.

The values of the measured neutron fluxes inside the shielding
materials for the first energy group multiply by Rz, with the value
of the shielding thickness (R) was fitted by the method of the
least square fit from which the slope gives the removal cross-section.
A computer program (Appendix 6) written for that purpose.

Figures [7-41 - 7-44] represent the fitting curves for the
measured and compared with that calculated.

The removal cross-section for the different materials is

represented in Table [7-5].

Table [7-5] The Removal Cross-Section for the Different Material

Removal cross-section Cm--l
Shielding
Material
Calculated Measured
One-region LiF 0.0640 0.054 + 0,003
One-region =2 0.1100 0.1068 + 0.0042
One-region |Mixture LiF,U%38|  0.0894 0.0834 + 0.0027
LiF 0.0640 0.0624 + .0093
Two=-region 238 i
U 0.1100 0.116 + .0059
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CHAPTER 8

CONCLUSIONS AND DISCUSSION

The results of neutron spectrum measurements and calculations

238, a mixture of LiF and

238

at various radii inside shields of LiF, U

U238

, and a two region system of LiF and U have been presented
in Chapter 7.

The following conclusions may be drawn:
1 - Cross-SectionsData-File

The agreement between the calculated and measured indicate the
general validity of the cross-sections of the UKNDL file for 6L1,

7 19F and the modified YOM-20 data set for U238 and aluminium.

Li and
It is not possible to Took for detailed errors in the data because
the flux is low apart from the 14.1 MeV flux and similarly it is not
possible to carry out meaningful sensitivity calculations for the

cross-section used for the shielding.

2 - The Calculation Method

The good agreement between the calculated and measured spectra,
indicates that the calculation method used with its built in
approximation of isotropic flux except for the 14.1 MeV neutron is
valid for the experimental system used and the available data. The
small computer time used during the calculation is especially an
advantage.

For the overall spectrum shape the neutron flux per unit
lethargy was plotted against the energy for both the calculated and
the measured spectrum in the present work and compared with the result

(119)

of B.Y. Underwood et al , Who carried out similar measurements in
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a 1.25 m diameter sphere of LiF, Fig. [8-1]. There is no
direct correlation between the values along the vertical axis,
since the measurements are at different radii, but spectra drawn
in the figures show good agreement in general shape, especially
for the calculated spectra.

This gives some confidence in the removal diffusion method,
since the shape compares closely with transport calculations,
although for a more precise check the removal diffusion calcuations
would need to be performed for the large LiF sphere.

It will also be noticed that Underwood's experimental and
theoretical spectra do not agree exactly, even though his results
were analysed by the more precise response function matrix method.
This may indicate some possible errors in cross-section.

The over-all spectral shape shows, for the shielding materials
studied, that the Towest neutron intensity is in the energy group
(12-10) MeV, and that is because the only neutron source at that
region is from the 14.1 MeV inelastic scattered neutrons. The
neutron intensity for lower energy grdups increases. This is to be
expected as the asymptotic slowing down flux tends to % in the
absence of absorption. In the uranium shielding the lower energy
groups in shields containing uranium have a higher intensity than
the 1ithium fluoride shields because of the fast fission neutrons

produced in the shielding assembly.

3 - Comparison of the Shielding Assemblies Used

Measurements have been made for neutrons degraded in energy down
to about 2 MeV. The LiF is more effective at Tower energies because
of the high elastic scatter cross-section, while for the uranium
shielding it is noticed that the neutrons degraded from higher energy

groups are more than for the LiF due to the fast fission neutrons
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generated in the uranium and (n,n), (n,2n) and (n,3n) reactions.

The elastic scattering will be the best mechanism over the
whole energy range for light materials such as LiF, but the inelastic
reactions are very effective for the higher energy neutrons
particularly for heavy atoms.

From the above it appears that no single shield material is ideal.
The U238 is very effective in the energy range where the inelastic
scattering process is predominant while one can find that LiF is
best in the energy range where the elastic scattering is important.

238

Fast fission of U increases the number of neutrons in the few

MeV range and down to thermal energies and so would require additional
shielding in this range.

Another form of the shielding assembly is the mixture of the

238

LiF and U which is effectively better than that of either

material separately over the whole energy range down to 2 MeV

238 on the

investigated. The two layers were arranged with the U
outside in order to give better absorption of the gamma rays produced

from inelastic scattering and neutron capture.

4 - The Removal Cross-Section

The removal cross-section was calculated for the different
shielding assemblies for the first energy group (14.0 - 14.1) MeV,
by assuming that it is equal to the transport cross-section which is a

function of the elastic cross-section.

238

The removal cross-section measured for the U , a2 mixture of

38 238

LiF and U2 , and for the two region of LiF and U are in
agreement with those used in the calculations within the experimental

errar.
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38 calculated

The microscopic removal cross-section for the U2
from the measured removal cross-section is 2.96 barn, compared with
Finan = 3.20 barn and Qe 2.86 barn used in the calculation.

This indicates that the use of the transport cross-section for the
removal cross-section is not right in the experimental measurement
because of the poor resolving power of the detector used.

The source of the error mainly could be due to the detector
efficiency in this energy range which might be due to uncertainties
in hydrogen and carbon total cross-section used for the scintillator
efficiency and shape correction. The other point which affects the
comparison of the result is the different geometries used in the
calculation (spherical) and those used in the experimental work
(cylindrical with a point source).

For the LiF removal cross-section there is a material difference

between that used in calculation and that measured experimentally,

and that may be due to either of the following points.

a - From the measured removal cross-section a microscopic value for

LiF of Gatt — 1.60 barn is obtained. This compares with

= 1.967 barn, and ¢ = 1.311 barn obtained from the

Y%rans non el

UKNDL data and is in between these two values. From Figure [8-2]u,
mean scattering cosine for ?Li (6L1 is not so important due to its

low isotropic abundance) from ENDF/B-1V files agrees reasonably with
that used in the calculation (UKNDL-file) but from Figure [8-3] the
UKNDL file has only one elastic scattering angular distribution for
19

F to cover the range 7-14 MeV, and consequently 1 at 14 MeV may

really be higher leading to a Tower value of O com?
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Figure [8-3] also shows p from the ENDF/B-1V file which has
a value of 0.693 at 14 MeV. This reduces (1—_E)Ue1 to 0.265 for

19

F and to 0.545 for LiF giving o = 1.864 barn which is closer

tran
to that calculated from the measured Erem (1.60 barn).

b - With the broad peak for the 14.1 MeV measured the removal by
elastic scattering could be even less than the (1-u) a1 and the

total removal not much more than the o This effect would

non el’
be more important in LiF where (1-ﬁ)cs is over 30% of the transport

cross-section, whereas in U238

it is only 14%. So because of the
poor resolution of the detector and the large range of the energy
group the removal cross-section used should be less than the

transport cross-section, but greater than the non-elastic cross-section.

5 - Suggestions for future work
For the future work the project could be improved from the experimental

point of view as follows:

a - The pulse-shape discrimination fails to discriminate adequately
between gamma rays and neutrons below aboutlz MeV neutron energy and
the neutron spectra were cut off below 1.35 MeV corresponding to a
group boundary. So to study the neutron spectra removed from the
14.1 MeV neutron to below 0.5 MeV the pulse-shape discrimination

method used by P. Speir et a1(1203

, (which uses the zero crossing

method with a specially designed amplifier in a single unit) or the

pulse shape discriminator model 5010 manufactured by Link Systems Limited
(which uses the charge comparison method) could be suitable. Both
systems claim to have good discrimination between neutrons and

gamma rays below 0.5 MeV, and can cover a dynamic pulse range of

400 : 1.
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b - Because the LiF density inside the tubes is very iow compared
with molten LiF it is important to try to increase that density.
This might be possible by compressing the powder into pellets in a

hydraulic press.

c - The alpha-particle detector should be restored to backward

direction at an angle 175° to the deuteron beam, if the noise

problem can be overcome, so it will simplify the construction of

the shielding assembly. A change to a silicon surface barrier detector

might have advantages due to its small size.

d - Remove as much scattering material as possible from the
experimental area (not easy because of other uses equipment), so as

to decrease as far as possible the back scattered neutrons.

e - Decrease the beam tube length and build it up from stainless
steel so as to decrease the neutron production from D,D reaction
(the results of a recent MSc project suggest that the yield of
neutrons from a drive-in target is much less for stainless steel
than for brass). Also decrease as far as possible the amount of
metal near the target to reduce the number of degraded neutrons

input to the system.

f - Build up a more nearly spherical shielding so it will be
comparable with that used in the calculation. This could be done by

using different lengths of tubes containing LiF.

g - From the point of view of shielding a three region shield could

be tried. The first from a heavy material (U238

) for rapid energy
degradation by inelastic scattering, and increase the neutron yield

by fast fission and so aid tritium breeding, the second from a
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lighter (LiF) material for slowing down by elastic scattered and
produce more tritium, and the outer region from a heavy material to

absorb the gamma rays produced in the previous layers.

h - If improved calculation methods could be adopted a single slab
shield could be tried. The main advantage of this would be economy

in materials and ease of construction.
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Fig. [8-3] The Mean Cosine of the Scattering Angle various

the Neutron Energy for 19F.

-------- x ENDF/B - 1V file - UKNDL

| I I | |
_____...-~-&"""'—-.-..._]Er_‘_.-m_--.I
o N
== e 1
/
<
S
/]
x /
I g/ -
| /
l £
( /
i -
B v ‘*/
2y 7
e X il
\
\
| 1 | ! | |
0 2 4 6 g 10 12 EqMeV 14
Fig. [8-2] The Mean Cosine of the Scattering Angle various
the Neutron Energy for 7Li.
-------- X ENDF/B - 1V file - UKNDL
| ! |} [ 1
///
X
/ —
|
e v



- 183 -

APPENDIX 1

PROGRAM NEUTRON: Transform of pulse
amplitude distribution into neutron energy

distribution by differential method.



- 184 -

.

MYy ea) =24

1 INIXMYMIA=2 A0
ISINN0) - UOLIMNON 2T YYd YHANY , INTHWOD, “d¥YIy=:ud
PLEINIINT 40 HHOWAN AZHNYHDY TWHMTS L IMIUWWOD, TaY3IU=:T
INTIMNT 40 MAGEAN VIMNVHD IVILINT (IN?UWNO), ‘avad=:]
23902 NOLJWOD LY MIAWAN TINMYH) INIRW0), fovId=1I)
CNOTIYNRTIIYY HO4 AIUINIG 7902 NOLAWOD ,LNZMHOD, fay3y=IXyWl
P HTAN 0L, aN3HLy 5> 10T w41,

ZINTIRINIIXS 0 HIAAWNN L IMIWWOD, ‘avIN=: 107

T1X3N

e 9= 103

r

1

N

1

D 9L=[211R3706° S ==2T (Mt Cl=as(sLAFIINe L=y 93
tenTel=sret193fusTol=21 Gocsl=cellae3iosT 21=rnl 193

30 2 =2 0A )R ingG . G I 9=31/23372999°¢=2[2]R3
Innte=Ifg]9nlcyeT A2 6 L=2051727620°0=2(Z]93

tIELYR D= dS I D=6 1Sd3I2969C " N=2%2]5d7

APCRS T N=02E)5dRIRL66C T =20 22]8dT " AEsI G 3da i Ges - =2 %7 )543
L 0= S2ISdAITC0Ly =T E22NS AR It YeY T U=2ELR]SdZ09neeT =207 1843
1C)e e N=T6LISdITOLELE " ()=2CaLISIRIOLANE N=2T211543789¢L97N=209115d3
£I1659 0= SLISdI I YLZ2 0= 21 18cd iz 292 =205 3542789962 =L 15d3
NCCGEe Q=T LL]SdIIGENA (=2 (OLIGATIGT 966  N=206]S27 20 L=2T51541

L b (el el ) 1 fhoy el e e e e A Rl B B R R AR R I BT

S TTIR L s o5 [ A S A o e e o A s e Ve e g i BoltE R ool KR SN KA R
ST

Sty s B8 Bl ey

: IARL=2D

ITPOS SLIMM  AVYUNY, H¥IOTLNT,

IS IS LOSLI0I AT LI LANTLYLAN2N S AVY2Y,, JTVIEN,
FY07 141102 10°A3 XN L0 7MY T NI 4978579 (YN,
TLI XV 2N LN VLI RO "2 R L E 0 XS RTNER T I PR W IR T JNIDIANT,
ZQOH) W IVTANINILLTN

A NOTIAAINISTA AOMIAINT NOMIATH OINT NOILAGINASTIO FaN1TdWY

CINd 40 NOTIVMYOASNY AL , IMINKOD,
. «HID3IR,

st s = it

LS




- 185 -

TN OTIINMNYHI ONT AOMINT 01D

00,

r

wﬂﬁ
xmcmz\<u~<mz~9hz~%z\<>ao\*mqu,qala\&u~m”~u\_z:cu_y<L:<. i

wa-.n..r,N._D

J

(L2970 [M]23) %Ry "C=11W 2
el 59%1 43V [ 4T,
12 JINIHWOD, TAdy =z W33

WNT930,
.._w._Z:- ﬁ ._..‘_.uh«n. Hl.u_._ -IDm.
ST124DCPI3LINUWI“a’Nd 43709

NI330,

“(9°7274) INYud
¥ALNOTIIINN0De)¢) AXITTNGUM
Sy Y 2 aYS
YUy N Tad

<Cole=xS HOOIZHOLIMONMEYHA IV, ) ) IXII2 M

“AeCe=18

0

1

SCY) HIVS

SRRSO N T Y
IVILZANLIH020,),) IX2312) MM
(%) Iavds

CEH0) INT M

S0 Ce=220:) ) XL 14
C7) aMIInTN

“Co CoTZNNEHI ZAZAAM, ) ) LX) 21T HA

wﬂ.ﬂ-

ZFHIQTIMETIUNVHD ) o) IX 090 TN

CS T R0y 1T

(%) 20vd
N7C%) INTN-
wﬁ.m-.ﬂw_z.v-v LXALSHITEM

(Y)Y 3V

Co CoNFN, ) )1 XILALTHM
ICC2XVHI)Y INTUA
-\A-A.uamﬂ\.xdq.,am_-u-u._.xu._u_.—z.‘.._
£¢Z) 2NITIM3IN

NS 10V INT Hd

'y
—

e Co= S ANANZZINIWTN IAXT L)) IX3rainin

S(Y)INTIACN




- 186 -

IHQCTTINIY Qe L =-TIVI X2 L+

mwlﬂuquaqm+ﬁmlﬂd¢ux¢m+m¢lﬁ~¢U4a_+mm1ﬁumugo+ﬁelﬁHquxmelvnumu1ﬂdnu

L2/ (LS #WIVINT -

ﬂm*zuauam+m,+z~<u*o+ﬂsuqu*m*ﬁaasdqugq+ﬂmlzuzukﬂ+qm|eg¢u*rlvw”qz_:u

2004 526 o T1A°ND . | o RS, F4T=24 «HO4,
SR/ CLY+1IVIZ L~

mn*_uﬁux@+ﬁ¢+Hu:u«mr+ﬂw+Hd¢u«¢m+ﬂu+aumu«¢u+me+qu:u«wr*ﬂuﬂﬁu«@vnnﬂm*qqnu

LA B o e 1 I 2 5

CY4TIVIvO+ LS +ITYI2 L4 2+TJVI L4041 Jedxh7+ [T 1¥I«0C)=CL+119)

ZRFCEO LY )L 4

CS+1IVI¥9-( 94T TYI¥aL-CEHLIVI*R=-[2+TIVIXxQ4LL+TIYIxNCHLTIVI¥G9)=:L11HI
SNTYSY

S=2ip P

fLUN3,

ITWIINNOD =S IYD

r

W

T3MNYHD

29 *T1=THILNNOD=2[M]ILNANOD
I(O=RLy[WILNNOIINITINI=2T

Iy AV =:CW1INNOD

‘—._H...u.ﬁﬁ-

204y P 4NTINDy L «d31Se T=:3M L¥0d,
LLGNF,

1Ay EL #1843+ (10-1L) ¥ [N]8dE=[WINIST
I1-¢x[W])d2=270

wn_am.ﬂul_ -Z..__I._,- \:..u ._.O- i .mm.

22y TW1d43INAT AN =27

dHTHAL,

c0dLL b W LENR: b s9F15¢ I=2W + YO,
L4 aANS3,
Ivoct()=:rwWy13adag
358713,

G+ W)d3xChHI™N=[(W])30dd
-Z_.UI.__._- mwlm ~.LJ. fi1d3 -“_H-
03 Fet st xEL L= [W]d3

-....ﬁ_,-

NI A9Y7 N3 HOLOUd LN



- 187 -

-un.._ma m-n -__u._rc,\v- -ZLI._.- q.?__.dl.u -1_.@-_ ﬂd—:-_ -._._—-

1S

Ef=2" L3 =)

Ty ONT,
mA>a«>a«m£_:«:._dzm.._,$\w«ﬂ_ﬁ_m_a«_n_«_1._..__~¢>a:*ﬂ_,_._mu|u“ [W])J4N

L= [N

NI,

USRI FANTs U «d31S, TEh 804,
CHKICLTYIOIYAC+[L=-F]9D+9+

SEPIH0O 9-L9-1J93* L2 )=[rIYAQQ
S5/CTICI0dYy 6240 L-)AD¥94

CS=FI1P)*6-CS-FIRI*L-LY=FPIN2%GL-[S=F)1SI¥P-T2=FIMDxlLl)=2[L-rI1¥YAQT
CHULCITTINd YA

CL=Ta90¥ 9+ Z-FIHD* 8 -TAHI*R=-CY=T 18I ¥ A= S~F THUI¥O-T9-FTAI)=:T7=TIYAQQ

CE=FI0)*SLl=LE-PIA2¥9E=FI=FFAISL =

o —

i

wnmxAﬂﬂ+3gnuan+mu+z_3u«m+m~*zaau+P~|zH:q1ﬁn|zuuu«nqmmrz;nu«ﬂlwuuﬂ:_<>:s
-CA._- m|ﬂ. --.-.—..—..7:.—- _‘ -l-u._.—.v.- W‘HHH_Q -”____G*-
NN/ CL94T 111D~

CO+T 1M *94CY+1 19D 74+ 0T 4100 ¥ Q4[24 I S+ CL4TJRI*G=-[TIHIx6l=-)=2T2+T]¥NAQ
uﬁ.q\nmn{n T2 LI-TS41192x9+

L7410y GL4CE+T00)*CL 402417190 A4TL4T10I¥G-TT JHI*67-)=-[L+T 1VACQ
192/(r9+719v1L 2~

i}

CS+ITAD*9409+ 1A LZ4 0 +ID ¥R 24 +T10ADYGLALL4T INI¥G-TTIBI¥AS-)=:TTTVYAG]

LMIZAdax [HIAd=2 (1))

s TSI T N L s2d)S,: 1=k 404,

1SSV

INIVOY 0109,

Z28SVd 0109, «MIHL. Y<PrP 37,

Al e

TIWIR)=Z(NW]Y)

CAGE B I TINN,: L od21Se T=SW ¥04,
2RICCPIVIXH 94

CL=P YIS +0e=TIVI*04 (=P IVINE =L Y%=FP YO él=[S~FIVIYO-(9-FIVI*LL)=2TT]8)
IHRI(IPIYI YOS+

Cl=FIVI x4 [ 2=V OxGLALS=MIVI*Z L4 0= IVI¥GH[O=-PIVI¥9-)=2[L=F19)

-
L )




- 188 -

Y¥yy

"2 aNT,
TIYNT S
“L¥3aN ,01009,
Z.a0N7T,
TN,

uaq\:\ﬁﬂﬁx_¢n|ﬂm¥4¢gv\4kuhzuz;

TCE27M2Y1dA)INT Y4

SCC 2 0LNIAT) INT YA

ICLYINTIMIN

WAm:ngfH_+zazpvﬂmziu$z+_*uuq*

100, L-CL+TIPN LITUIND. L ,d3LS, CIIrN=2w , 504,
SEL+ 1INz 22 2TV rN=2

=573

NI 24,

EU eSS AN Gl i, 1= Ry

Sf=Sf213rN S1=:79

<

il
'
-
7

£68 1 0008 pESa . o D109, MIHL, XVW] rop s (S
4 e 1o SW=2T1JrN

¢S «0L09, ,35

L
-
il

]

5 0109, it SRR e [

s,

A8 N5 9SS 009, o, NS, 1383 ,19, [W)d4:

LY
—r

= O

L
-

i

-
=
—
<
o



- 189 i




- 190 -
Equation 6-30, Chapter 6

MR TR R T IR soeassssse 0=30

For the inner radius when n = mh, we get for no neutrons current

(i.e. no internal neutron source), at the inner radius

® =9

M-1 M

(agy * aZM) TS T S S TR S S Y ceeo A2-1

and forn =M+ 1, and n =M + 2, we get
(Q1me1) O * Qme1 Ome1 * 23me1 Oz = Swel Vol L B

AMe2 el T 2me2 Ome2 t ¥3me2 Ye3 T

and so on up ton =N

a.-!N (bN-'l +32N ¢N+a3N ¢N+-I =SN coooenoooe A2'4

for the outer boundary, the flux becomes zero at a distance A
(the linear extrapolation distance) given by a

A = 2.13d beyond Nh ®

therefore (o)
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equation A2-1, A2-2, A2-3, A2-4, A2-5, build up in a matrix form

as follows:
am+a2 a3M 0 0 0 0 @M SM
Ul B2 e 0 0 011 ®u1| |Smad
0 fQm2 3 A3M42 0 0 || ®ma2| |Sme2
0 0 31M+3 % a3M+3 0 O3] = |SMe3
0 0 0 a1N a2 a3N @N SN
n
1 - divided row 1 by a, + gy
a S
3M M
1 0 0 0] _—
Bty ¥ 3ty
M4 3, a1 9 |%ma1 SM41
let
a
3M
A, = ——— oot A2-6
M a2 + a1M
and
S
M
I e I T R e v i A2-7
M a2 - a]M

AM is the negative of AM used in the computer program

Appendix 4 and Appendix 5.

2 - multiply first row by 21041 and added to the second row.

|
1 AM 0 0 o BM

0 | Oyl |S

_A
25-By A4 3341 ME1 T M 21M4]
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3 - divided row two by diagonal element, and let

a
3M+1
A A e e T e e o A2-8
ML ay - Aaquy
and
S T B
By = ———— eseressees A2-9
3 7 MR Me]
1 AM 0 0 @M BM
? ] L Me1|= |Bya
0 3y 3 Agyy ®Mi2|  (Bms2
4 - by repeat steps 2, and 3 for each line in turn and
in general but
a
3n
A = s0000 000 @ AZ‘]O
W Joly An-"Ia1n
S = B sas.
g, =Ll n e R
%0 = A-121n

These recurrence relationships can be used from

-
i

M to N for A and

=
"

M to N+1 for B, by defining

A

1l
1
——

M-1
B

"
o

M-1
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This gives the anxiling matrix equation

1 AM 0
0 1 AM+1
0 0 1
0 0 0
0 0 0
0 0 0
0 0 0

Hence

but

and

therefore

and it is therefore

0 0 0 0 0 @M BM
0 0 0 0 0 ®M+1 BM+1
M+2 0 0 0 0 ¢M+2 BM+2
1 AM+3 0 0 0 ¢M+3 BM+3
0 0 T Ay 40 o1l |By-
0 0 0 1 AN @N BN
0 0 0 0 1 ¢N+1 BN+1
P41 = Bya
Bl 1m et
1\ N 2.13d
B - o - T ) A2-12
A T T
N 2.13d
o]
@ = N+] aaaaaa eo0a9a A2'13
N n
(T - "72.134)
B
3y = A i WS, A2-14
1 + AN(}- /2.13d)
not necessary to find ¢N+1 or BN+T’
-1 * An-1 O = By
-1 = Bn-1 " An-1
@n = Bn - An @N+1 ,,,,,,,,,, A2-15
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If there is a source of neutron & at the centre of the sphere,

the current at the inner boundary is ° , which is equal to
4mh2M?
do
= DHF
(oy_1 = 2y)
E D02 b S T, L e e s A2-16
The equation (6-29) for the inner boundary (1- = Mh) is now
1 2 D
[- fg‘ (1) - (;2 +2)] oy -y (T4 8y,
) 1
=S +_(]- ) spoeaocneonan A2-17
M 41Th3M2 M
or
£ $ 1
(a-lM o aZM)¢M + a3M @M_‘_-} = SM + m (1 - T‘T) aaaaaaaaaa A2-18
i
This leaves AM unchanged and BM can be calculated by putting
e
M=1 " 4nMZho
For the two region, the boundary between materials 1 and 2
at n = J, equation 6-31, 6-32 and 6-33 becomes
et £ i .
a-IJ-—;]?-(] '3') oooooooooo A2-19
D,+D oS il
| e e
= + aaaaaaa 2900 A2-20
%23 [( : ) ¢
2
D 1 _
a3J “h_z (‘I+j) R - O AZ 2]
and
Siaa, + 5
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APPENDIX 5

Multigroup diffusion by finite difference,

spherical, two region
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TRACE?Z

MASTZR LAIN

DIMENSION X(20),F(C20),2(23)
READ(3,12)NUM

FORMAT(IZ)

sumMz=0C.0

sumx=0.0

SuUmMxz=0.0

sumx2=0.C

SUMD=J .0

DO 14 I=1_,NUM
READ(3,18)F(I1),x (1)
RORMAT(F8.1,F5.1)
ZEID=ALOGCFUL) =X (1) *%2)
SUMZ=SuMzZ+Z(I)
SUMX=sumMx+x(I)
SUNKZ=SURXZ+X(I)*Z(I)
SUML2=SUMX2+X (1) xx (1)
CONTINUE
TERM=NUMASUMX Z=SUMX *SUMX

A= (NUM*SUMXZ=3UMX*SUMZ) /TERM
S=(SUMXZ*SUMZ-SUMX*SUMKLZ)/TZEM
DO 23 I=1,NUM
D=(AxX(I)+(E=2(1))) *»%xZ
SUMD=SUMC+D

CONTINUE
DALTA=SART(NUM*SUMD/((NUM=2)*TERM))
WRITE(E,11)A,8,CALTA
FORMAT(1X,F6.4,2%X ,F10.3,2X,F6.4)
g 15 121,20

READ(3,14)1IR

FCRMAT(L2Z)
FLUXZEXP(AXIR+3)/IR*%x2
WRITE(G,13)I8,FLUX
FORMAT (11X ,12,2%X,E5.4)
CONTINUE

STOr

EMD
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