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SUMMARY

In the present work the neutron emission spectra from a graphite
cube, and from natural uranium, lithium fluoride, graphite, lead and
steel slabs bombarded with 1l4.1 MeV neutrons were measur=sd to test
nuclear data and calculational methods for D -~ T fusion reactor
neutronics. '

The neutron spectra measured were performed by an organic
scintillator using a pulse shape discrimination technique based on a
charge comparison method to reject the gamma rays counts. A camputer
programme was used to analyse the experimental data by the
differentiation unfolding method.

The 14.1 MeV neutron source was obtained from T(d,n)*He reaction by
the bambardment of T -~ Ti target with a deuteron beam of energy 134 KeV.
The total neutron yield was monitored by the associated particle method
using a silicon surface barrier detector.

The numerical calculations were performed using the one -
dimensional discrete - ordinate neutron transport code ANISN with the
77 - FEWG 1/ 31 - 1F cross section library. A camputer programme based
on Gaussian smoothing function was used to smooth the calculated data

and to match the experimental data.

There was general agreement between measured and calculated spectra
for the range of materials studied. The ANISN calculations carried out
with P3=- Sg calculations together with representation of the slab
assemblies by a hollow sphere with no reflection at the internal
poundary were adequate to model the experimental data and hence it
appears that the cross section set is satisfactory and for the materials
tested needs no modification in the range 14.1 MeV to 2 MeV. Also it
would be possible to carry out a study on fusion reactor blankets, using
cylindrical geometry and including a series of concentric cylindrical
shells to represent the torus wall, possible neutron converter and
breeder regions, and reflector and shielding regions.

KEYWORDS : NEUTRON - SHIELDING, FUSION BLANKET, SPECTRUM MEASUREMENT,
TRANSPORT CALCULATIONS, LITHIUM FLUORIDE.
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CHAPTER 1

INTRODUCTION

For over three decades the major thrust of controlled thermonuclear
research has been directed towards the achievement of the plasma
conditions of density, confinement, and temperature necessary to produce
substantial amounts of power by nuclear fusion. At the same time it has
been recognized that the realization of fusion as a safe, reliable and
economic source of power would required extensions in available
technologies and the development of new technologies, as well as a
successful demonstration of the necessary plasma conditions. The first

comprehensive assessment of the technological requirements for fusion

power was performed by Spitzer et al{llin 1954, This study identified a
number of technological areas for future study including magnetic -
field production, neutronics, lithium corrosion, tritium recovery and
fuel injection. These areas of technology are still relevant to fusion

power. During the period 1954 - 1967 a number of studies of fusion power
. . (2-8) . . .
appeared in the literature . An excellent review of all this work is

provided by Rose (92 This time period was marked by a lack of positive
scientific results that precluded the initiation of any major efforts in

fusion power technology.

During the years 1968 - 1971 significant progress in plasma
performance was achieved in several experimental facilities. Within the
vears 1972 - 1975 a number of groups completed rather comprenensive

conceptual design studies of fusion power plants. It is emphasized that



these studies are neither definitive nor exhaustive; they are rather,
self - consistent descriptions of approaches to fusion power based on

extrapolations and assumptions in the areas of plasma physics and

technology (1@2 Since that date many studies were performed by groups in
all countries with fusion programmes to satisfy the technological

requirements for fusion reactor(ll_182

The fusion reactor concepts can be classified to four types : the

theta - pinch(lg? the Tokamak(zg_ 232 the mirror(24'252 and the inertial

(26-28)

confinement concepts. The required technology is divided into

three principal areas of concern : (a) the power balance, that is, the

unique power handling requirements associated with the production of

electrical power by fusion(29—3l,) (b) reactor design, focusing primarily

on the requirements imposed by a tritium - based fuel cycle(32—342

(35,36) (37-40)

thermal - hydraulic considerations and magnet systems ¢ and

3\
(c) materials considerations, including surface erosion(41 ; radiation
effects(422 materials compatibility(432 and neutron = induced
activation (44-47 )

The effect of nuclear heating and radiation damage will require
that a subtantial amount of radiation shielding be placed between the
breeding blanket and the superconducting coils in mirror and Tokamak
reactors. Depending on the magnitude of the neutron wall - loading, the
shielding requirements will be set either by heating considerations or

(48)

py radiation damage considerations . In reactor design studies there



should be model experiments, simple with respect to geometry and
material camposition, to facilate the interpretation of differences
between measured and calculated quantities. These studies have usually
been based on one - dimensional radiation transport calculations. The
effects of penetrations and other geometrical irregularities will be

very inportant in shield design(492 and therefore, muitidimensional

radiation transport calculations will be required in any realistic
shielding design. Also, it is expected that, the effects of nuclear data

uncertainties will be important in shield design(°%52)

The purpose of this work is to conduct both experimental and
theoretical studies of the energy distribution of neutrons emerging fram
same shielding materials. These materials are chosen that could be of
possible interest to the fusion reactor programme for use in breeding

blankets. These materials are lithium fluoride, graphite, lead, steel

and natural uranium ( 238y ).

Lithium fluoride was chosen as a fuel ( for tritium breeding ),

blanket coolant, heat removal and neutron slowing down. A large nurber

(53_57)using

of conceptual fusion reactor designs have been proposed
different heat exchange media, of which lithium, lithium fluoride and

LiF - BeF, eutectic mixture ( 66 % : 34 % by weight ) called Flibe(58)

have been widely considered.

The importance of fast neutron spectral measurements in graphite

comes fram the fact that graphite is used in same conceptual designs of



fusion reactors as a reflector of fast neutrons into lithium blankets to

increase tritium breeding,as a shield for the superconducting magnets

and to improve the neutron econany in the system(sg"63 ) Several attempts
were made in the last few years to measure and claculate the fast

neutron distributions in unreflected lithium(12’64,) in lithium with

graphite reflector(65-69)and in graphite(—m—?zz Generally, it was found
that, concerning the lithium, it can be concluded that, there is
agreement, more or less, between calculations and experiments. The

situation is different for graphite. There are discrepancies of tens or

even hundreds of percent between calculation and experiment(732 These

discrepancies make it mecessary to improve the experimental and
computational efforts in order to resolve the discrepancy. In the
present research a graphite sphere and slabs were chosen to check the

accuracy of calculation and experiments spectra.

Lead and graphite were chosen because most of the cammon design of
fusion reactors include at least one of these materials for shielding

and to increase tritium breeding. For example, shield composition used

in some fusion reactors blanket designs are ; lead + graphite(74'75,)

lead(76) and lead + B4C + structural steel(-”z In the recent years,

increasing attentions has been devoted to the use of the eutectic

Li 4Pbg, as liquid preeder / coolant material for experimental and
. . (78,79)
commercial fusion power reactors ! Measured and calculated neutron

spectra framn lead slabs were performed using ANISN = one dimensional

oode(%)and Monte Carlo code(Bl)

Iron is an important structural and shielding material in fast



breeder reactors and is also being used in the design of fusion reactor
blankets. Most of the earlier experimental and theoretical studies were
confined to the measurement and calculations of neutrons leaking out

fram various iron assemblies(82-882

The uranium was chosen in the present work due to its potentially
useful application in the fusion and the fusion - fission reactors. It
has a high atomic weight and so is a good fast neutron and gamma ray
shielding material. The neutrons can be multiplied through fission in a

heavy element blanket ( 238y ),

surrounding the fussion plasma. The
concepts which involve the use of fusion produced neutrons to ultimatly

produce fission are called the fusion - fission hybrids(892 The

conceptual design of these fusion — fission reactors requires the use of
accurate codes and cross sections. Given the complexity of the
designs, the codes and cross sections can be only be checked against
measurements of single materials in a simple geametry. The measured and

(99)

. . . 9
calculated neutron spectra from uranium ; iron - uram_um( 1)

and

lithium fluoride - 1.1;:'::11’1.’11,1Ir1(5 5)have been reported.

The first fusion reactors will use the T(d,n)4He reaction because

of its relatively low ignition temperature due to the reaction resonance

(92)

at 119 KeV and large energy release . For this reaction, the energy
extracted is associated with the neutron and is transferred to a heat
exchange medium surrounding the plasma as the neutron slows down. Since
tritium does not naturally occur, the choice of heat exchange material

is dictated by the need to include lithium in it, sO that tritium can be



bred by the two reactions ;

6i + n =——> T + %He + 4.78 MeV

and

i + nw———> T + %He + n - 2.47 MeV

The choice of measuring techniques for the determination of fast
meutron spectra produced fram the interaction of 14 MeV source neutrons
with blanket materials is limited. For measurements two groups of

methods could be used(93); (a) activation detector(942 (b) proton recoil

detector(952

The NE - 213 proton recoil liquid scintillator was used in
this work as a fast neutron spectrameter based on proton recoil spectrum

measurement and unfolding procedure to obtain the neutron spectrum.

Fast neutrons of 14 MeV energy were produced with the aid of a low
energy electrostatic accelerator using the D - T reaction, thus

reproducing the neutron energy spectrum emitted fram a hot plasma.

For calculation purposes the ANISN one dimensional transport code
was chosen using the ZZ - FEWG 1 / 31-1F cross section library, that has
only become available as this work start. This set was seemingly
originally produced for calculating the radiations from nuclear weapons.
This set contains a wide variety of elements suitable for both shielding
and fusion blanket studies. Part of this work is to see if this data set

could be used satisfactory for thin shields.



CHAPTER 2

INTERACTION OF NEUTRONS WITH MATTER

N
L
=

Introduction

The behaviour of neutrons in matter is quite different fram that of
either charged particles or gamma rays. Since the neutrons are uncharged
» NO coulomb forces came into play with either the orbital electrons or
the nuclei. Thus, for neutrons to affect matter, they must either enter

the nucleus or come sufficiently close to it for the nuclear forces to

act(9§)

If, in a collision with a nucleus, the total kinetic energy of the
system is conserved, the reaction is called an elastic scattering which
may be written as X(n,n)X, where X is the target nucleus. After re -

emission of a neutron if the target is left in an excited state, the

*
process is called inelastic scattering and written as X(n,n')X . If
instead of being scattered the neutron is absorbed by the nucleus,
it induces a nuclear reaction which leads to a different residual

nucleus and new end products. When the end product is a capture gamma
ray ﬁX(n, 14 )AH?EX, whereAﬂz‘X is an isotope of the target nucleus , the

reaction is called radiative absorption. Particle reactions, which occur

when a particle (or particles) emerges, are written as i’x(n,p) Z_?Y,

Iz}’X(n,a)i:gY, etc. At high energies, reactions such as (n,2n), (n,3n)

or fission may take place.

The importance of the neutron energy in the interaction of neutrons



with matter makes necessary a classification of neutrons according to
their energies. The attenuation of neutrons in shields is determined by
the prohabilities that these neutron interactions will occur in the

shield materials (?7)

o
L]
[\®)

Neutron Sources

Basically, there are three neutron source types; radiocactive

sources, accelerator sources and reactor sources.

2.2.1 Radiocactive Sources

Radiocactive sources are mixtures of an alpha emitter, such as
radium, polonium or americium, with some light elements, e.g.,
beryllium, boron or lithium. A widely used mixture is that of Am - 241

and beryllium. The reaction may be represented by:

9 4 12 1
4Be + 2He\ - 6C + 0l’l
12.* 1
I 6C + gn
4 1
3 JHe + on (2.1)

The neutrons produced by the interaction of alpha particles with
beryllium have fairly high energies, ranging fram 5 to 12 MeV or more,
depending on the energy of the incident alpha particles. Such a source

is polyenergetic, since the neutrons do not all have the same (

or nearly the same ) energies(982 The neutron spectrum of Am - Be source

will be shown in chapter (3).




The highest yield is obtained fram Californium - 252. This decays
by spontaneous fission as well as by alpha particle emission in which
the nucleus breaks up into two roughly equal halves and a few surplus
neutrons, since the daughter nuclides cannot contain the neutron excess
of the parent .The half - life for fission is about 85.5 years, but Cf -
252 also decays by alpha emission, with a half - life of 2.73 years,
and this shorter time determines the useful life of the source which

has an effective half - life of 2.65 years. The neutron yield is about

2.3 x 18° n/s. ug (99)

2.2.2 Fast Neutrons From Accelerators

Accelerators are machines which use electric or electric and
magnetic fields to accelerate charged particles up to high energies .
They include linear accelerators, Van de Graaff generators, Cyclotrons
and Synchrotrons. By bombarding various thin targets with variable
energy protons or deuterons from accelerators and observing the
monoenergetic neutrons at different angles, the entire neutron energy

range fram a few kilo electron volts to 20 MeV can be covered.

2.2.2.1 Accelerators

The early Van de Graaff generators were capable of accelerating
charged particles to a few MeV, but same present - day machines attain
energies of fram 12 to 20 MeV. It can supply up to tens of micro ampere
current of accelerated protons or deuterons whose energy can be varied
continuously from a few hundred kilo electron volts to the maximum
energy of the machine . This charged particle current focused and has

spread in energy of only about 2 keV.
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Cockroft - Walton accelerators range fram 50 to 500 keV. They can
produce currents of several hundred micro ampere of charged particles
with only a few kilo electron volts spread in energy. This type used to
accelerate deuterons towards a tritium target is an intense source of 14
MeV neutrons. In both the Van de Graaff and Cockroft - Walton machines,
the high potential is generated by electrostatic devices and applied to

the discharge tube containing the ion to be accelerated .

In the linear accelerators, the energies of the charged particles
are increased by a series of phased pulses arranged to give the ions an
extra push at the right mament of time. The accelerator tubes ( drift
tubes ) are narrow cylinders connected alternately to a source of high
frequency potential. The frequencies required for protons are much
higher than for heavy ions and it is now possible to accelerate protons
up to about 58 MeV. The linear accelerator for electrons is different
from the proton accelerator. It consists of a tube down which an
electramagnetic wave progresses. The tube is really a wave - guide and
contains apertures épaced according to the required velocity of the

travelling wave and the size of the tube.

Cyclotrons range fram a few to about 49 MeV, and the external beams
are of fixed energy. It consists of an electron beam ion source which
ionizes gas fed to it ( Hydrogen, deuterium or helium ). These ions
t.rével in a magnetic field within two hollow conductors ( dees ) inside
a closed vessel under high vacuum. The magnetic field passes across the
dees perpendicular to the path of icns. The two dees are fed with a high
power radiofrequency. The magnetic field causes the ions to move in a
semi - circular path through one dee and if they get to the gap at the

peak of the radiofrequency they will be accelerated. If the time spent
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in the other dee is half a cycle, then they will be accelerated again in

reaching the gap and so on .

For an ion of mass m and charge e moving in a circular path of
radius r with speed v in a magnetic field of flux density B, mv2/r = Bev
or v=rBe / m . The path length in one dee is 27Tr/2 = nr. The period
T = 27r/v = 27Tm / Be. The period is therefore independent of speed and
radius provided that the particles are non - relativistic, and is thus
the same for all particles of the same m/e . A constant radiofrequency
is therefore used. The ion is always in phase once the frequency and
magnetic field correctly adjusted, so that the energy is increased each

time the ion passes a gap. When the ion has reached the maximum radius,

it is led out by a channel some 62° long curved to follow the path of
the ions with outer plate at a negative potential ( = 50 kV ) to draw

the ions away fram the magnetic field .

Since the maximum velocity at circumference = BeR / m , where R is
the radius of the dees, E = mvz/ 2=(BRe )? / 2 m . Therefore E is

proportional to R2 for a given particle. The maximum energies of a
particles fram a fixed — frequency cyclotron are about 19, 20 and 49 MeV
for protons, deuterons and alpha - particles respectively. The limit is

set by the relativistic mass increase as well as mechanical engineering

19 .
difficulties and expense(lwz The 9Be(d,n) B reaction has been used as
neutron source using this type of machine. The neutrons are produced by

deuterons of 19 - 20 MeV on a thick target(lgl).

2.2.2.2 Accelerator Sources

Neutrons are obtained from the charged particles beams of the
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various accelerators by a variety of (p,n) and (d,n) reactions. The most
camon {(p,n) reactions are those on lithium and tritium and the most

useful (d,n) reactions are those on deuterium and tritium.

i=- The T(p,n)3He Reaction

Since tritium has became readily available, the T(p,n)3He reaction

7

has gradually replaced the Li(p,n)7Be reaction as a neutron source in

the 9.6 - 4 MeV energy randge. In this range a second group of neutrons

in the 7Li(p,n)7Be reaction complicates the situation. The T(p, n)3He
reaction is endoergic by ©8.764 MeV so that the laboratory threshold is

1.019 MeV.

Near tlie threshold, because of the centre - of - mass motion,
neutrons will emerge in the forward direction in a narrow cone. As the
proton energy is increased, this cone opens until at a laboratory energy
of 1.148 MeV the cone finally includes all directions. Fram 1.419 MeV to
1.148 MeV the cone is directed forward, and any angle in the cone will

have two energy groups of neutrons up to a neutron energy of about 399

keV at @°. The lower energy group, however, is much less intense. Just
at threshold the two groups coincide in energy, giving neutrons of 63.9

KeV. Monoenergetic neutrons with energies > 309 KeV can be obtained at

i 3
a°. Since there are no known exited states of "He up to many MeV, these

neutrons are truly monoenergetic.

3 .
ii. The D(d,n) He Reaction

It has a positive Q —~ value ( 3.267 MeV ). Thus relatively high
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energy neutrons can be obtained fram low — energy accelerators. Using a

thick target for incident deuteron energies up to 499 KeV the neutron

spectrum at 99° is approximately monoenergetic with an energy of about

2.5 MeV and 1 milliampere beam of deuterons will produce about lO9

n/sec. from this target. With deuteron energies > 50¢ KeV it is
necessary to use a thin target to get monocenergetic neutrons. At these

higher energies the angular distribution is peaked some what in a

forward direction and neutrons are usually taken at 2°. The total cross
section rises up to 1.9 MeV deuteron energy and is approximately

constant for higher energies. Since there are no excited state of 3He,

this D(d,n)3He source can supply monoenergetic neutrons up to 19 Me‘g‘lgzz

iii. The T(d,n)4He Reaction

Because the coulamb barrier between the incident deuteron and the
light target nuclus is relatively small, the deuterons need not be

accelerated to a very high energy in order to create a significant

néutron yield. These reactions are widely exploited in neutron
generators " in which deuterium ions are accelerated by a potential of
about 100 - 300 kV. Because the incident particle energy is then small
campared with the Q - value ( 17.6 MeV ), all neutrons produced are of

about the same energy (14 MeV). A 1 milliampere beam of deuterons will

produce about l@ll n/s for a thick tritium target(lz32 Using thin

targets and higher deuteron energies, neutrons from 12 to 20 MeV can be

obtained by observing neutrons at various angles .

From figure (2.1) it is obvious that, with incident particles up to
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7 MeV, neutrons of all energies up to 22 MeV, except the small range

fram 10 to 12 MeV, can be obtained fram these previous sources(l®22

223 Reactor Sources

Nuclear reactors are based on the process of neutron induced’
fission. The fission products emit neutrons which are classed as
"prompt" if the time between fission and emission is not measurable, or
"delayed" if it is measurable.

235U from its

The neutrons emitted at the time of fission of
fission fragments are distributed in energy fram 9.075 MeV ( or lower )

to about 17 MeV. The distribution of these "prampt" neutrcns is quite

closely described by( 104) :

N(E) dE = 0.484 sinh | 2E e E ar (2.2)

where N(E) dE 1is the number of neutrons of energy E to E + dE per

fission neutron emitted.

A simple approximate expression that is good to 15 per cent fram

E=4 to 12 MeV is :

- 9.75 -
N(E) dE = 1.8 e dE (2.3)
Some of the fission products decay radioactively by neutron
emission. These "delayed" neutrons are of lower energy than the "prampt”

neutrons and are much less numerous.
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Generally, reactors can be used as sources of fast neutrohs, with
.énergies of about 17 MeV, but these are not so monoenergetic as
accelerator produced neutrons. Consequently, reactors are more often
used as sources of thermal neutrons. They produce these in very large

nurbers camnpared with other neutron sources and fluxes of the order of

1914 n/ cm2s. can be attained. Campared with radicactive and accelerator

sources, reactors are high intensity sources of thermal neutrons.

2.3 Neutron Enerqgy Classification

Neutrons are usually classified according to either energy or

velocity. A cammon classification is :

High - energy > 10 MeV

Fast 10 Mev to 10 kev
Intermediate 10 kev to 100 ev
Slow 100 ev to 1 ev
Thermal (Maxwellian) 0.025 eV (average at 300 k° )
Epi - cadmium > 0.4 eV

As neutrons traverse matter, they lose energy by a series of
collisions, and like gas molecules eventually come into thermal
equilibrium with the surroundings. The term "thermal neutron” refers to
a neutron in equilibrium at the temperature of its surroundings. When in
equilibrium, the neutron energies will have a Maxwellian distribution

about the mean. This value is calculated fram the Boltzmann equation,

E=3kT / 2 (2.4)
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where KT/2 1is ergs energy for each degree of freedam,

1

MeV K‘l) ,

x is Boltzmann constant ( 8.61 x 107t

T is absolute temperature.

Convenient expressions relating temperature and velocity to neutron

energy are :

T=1.159 x 10° E (2.5)
——)
v = 13.83 | E (2.6)
b
where E is in electron volts, v inkm / sec , and T in K°.

The epi - cadmium neutron is included in the classification because
of the importance of cadmium as a neutron absorber. Cadmium has a very
large absorption cross section for neutrons up to about 0.4 eV, but is
relatively transparent at energies about this value. Hencé, epi~ cadmium

neutrons are those capable of passing through a cadmium absorber(msz

2.4 Neutron Scattering

Neutrons undergo two main types of reactions with atamic nuclei;
there are (1) scattering, in which the neutron interacts with, and
transfers some or all of its energy to the nucleus, but the neutron
remains free after the process, and (2) absorption (or capture ), in
which a neutron enters the nucleus but other particles leave. Scattering
is of two types ; elastic and inelastic, the principles of conservation

of energy and momentum applying in both.
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2.4.1 Elastic Scattering, X{(n,n)X

Elastic collisions of neutrons with nuclei are of two general
types. Resonance scattering involves capture of the neutron to form a
campound nucleus followed by emission of another ( scattered ) neutron,
whereas in potential scattering there is apparently no campound nucleus
formation. In either case, the struck nucleus remains in its lower
energy ( ground ) state and the interaction with the nucleus can be
treated as a " billiard ball " type of collision. The behaviour can thus
be analyzed by means of the familiar laws of mechanics, based on the
principles of the conservation of both energy and momentum. The amount
of energy lost by a neutron in each elastic scattering collision depend
upon the mass number of the nucleus target (A) and the angle of scatter.

Mathematically, for an incident neutron energy E_, the energy, E (6 ),

of a neutron scattered at an angle § ( in center of mass system ) is

given Dby:
2
: A" + 2A cos + 1
E( 6 )/EO= 5 p— (2.7)
(A+1)
The relationship between the scattering angle (@ ( in laboratory

- system ) and f is given by :

Acos f +1
cos(P = )-—-'———'—)(2.8)

/Z:x2+2Acose+l

Therefore, elestic neutron scattering in laboratory system is described

by :
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2 /
A"+ cos 20 + 2 cos(D Az—sinz(p

(A+1)°

E((D)=Eo

or

E(D) (a2 +1)-2sin>® + 2 cos @ \/A2-sin2q:>

- (2.9)
Es (A+1 )2
at @ = 180°,
E (180) A2+l-2XO+2(—l)A A-1 ,
= = ( g== )% — (2.19)
To make a camparison between different materials, it is convenient
to measure energy loss for head - on collisions in which  or O =

180° and energy loss is a maximum. From equation(2.7) or (2.10) we get :

4 A
= E ——— —_— (2.11
AEMa.x o) (A+l)2 ( )

It can be seen that much more energy can be lost by the neutrons if

the scattering nucleus is light. A neutron may lose a maximum of less

than 2 per cent in a collision with a 238U nucleus but about 28 per cent
with a carbon nucleus and all its energy in a single collision with a

hydrogen nucleus.

The averge neutron energy loss per elastic collision is given in

terms of a quantity called the logarithmic energy decrement é , defined

by dE
E/A(m E) dn
n

pem— (2.12)

£ =
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Where n is the number of scattered neutrons,
dn / n ==-dE/ AEpy
A (1In E) is the average change in logarithm of the neutron

energy after a single elastic scattering process.

§ can be given by :

(A-1)% (a+1)
§ = l-E-—-T-A-_- ln(—A'—_I—)] J———  (2.13)

Except for small value of A, equation (2.13) can be written as:
E=2/LAa+(2/3)]1 —— (2.14)

Using the above relationships, we find that the average number of

collisions, n, to slow down a neutron of a given initial energy, E

’

ni

to a prescribed final energy, Enf . 1n elastic scatter is given by :

n=[ln(Eni/Enf)]/§ p———— (2.15)

Equations (2.13) and (2.15) show that the smaller the nucleus, the

better moderator it makes from the point of view of a neutron slowing

(l®62

down per collision

*
2.4.2 Inelastic Scattering , X(n,n')X

Inelastic scattering occurs when the nucleus is raised to an

"excited ( virtual ) state and emits one or more photons of gamma




radiation, called inelastic scattering gamma rays, in addition to a
neutron. Since light elements cammonly have excited energy levels one
MeV or more apart, the slowing down process is usually considered as
taking place by elastic scatter only. With heavy nuclei the energy
levels are only about 4.1 MeV apart and inelastic scatter is more
prominent. Generally, only fast neutrons engage in inelastic scattering

where, because of the energy of the gamma rays, the emergent particles

have less kinetic energy and mamentum than the incident particles(w72

Let El be the total kinetic energy of the neutron and target
nucleus before collision and E, the kinetic energy after collision, then

if EV is the energy emitted as gamma radiation, it follows that :

% (2.16)

In inelastic scattering kinetic energy is not conserved.
Nevertheless, there is conservation of mamentum, so that, if EV were
known, the mechanics of the process could be solved. Since kinetic
energy of the target nucleus is, in general in laboratory system
,negligible in camparison with that of the neutron, it follows that, in
an inelastic collision, the initial energy of the neutron ( laboratory
system ) must exceed the minimum excitation energy of the target

nucleus.

For elements of moderate and high mass number, the minimum
excitation energy is usually fram .1 to 1 MeV. Hence, only a neutron
with energy exceeding this amount can be inelastically scattered as a

result of nuclear excitation. With decreasing mass number of the
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nucleus there is a general tendency for the excitation energy to
increase, so that the neutrons must have higher energies if they are to
undergo inelastic scattering. The threshold energy for such scattering
in oxygen, for example, is about 6 MeV, and in hydrogen the process does
not occur at all. Exception to the foregoing generalization are the "magic"
nuclei, heavy nuclei of this type, e.g., lead ( 82 protons ) and bismuth
( 126 neutrons ), which behave like light nuclei with respect to

inelastic scattering.

Ancther general rule relating to inelastic scattering is that the
relative probability of its occurance, as against radiative capture or
other processes following neutron absorption, increases with increasing
neutron energy. This is because the separation of the excited levels of
a nucleus is smaller at high excitation energies, there are consequently
more excited state, in a given eﬁergy range, which the nucleus can
occupy after expulsion of a neutron. The probability of the emission of

a neutron by the campound nucleus increases correspondingly.

The energy of the inelastic scattering gamma rays depends, of
course, upon the value of energy released as gamma radiation in the
particular case, and upon whether it is emitted as one or more photons.
For inelastic scattering by elements of low mass number, the total gamma
rays energy must be high, e.g., several MeV, where as for heavy elements

it will usually be lwer(m82

Inelastic scattering in shields can be useful since it degrades
neutrons to energies elow the inelastic threshold, however, light
materials must still be used to further degrade the neutrons by elastic

scattering.
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2.5 Absorption, X(n, ¥ )Y

For neutrons below the inelastic scattering threshold, the only
reactions that occur with appreciable cross section are elastic
scattering and radiative absorption. Exceptions to this are some
particle reactions in very light nuclei and fission in the very heavy
nuclei. Since elastic scattering serves only to alter the direction and
degrade the energy of the neutrons, ultimately, except for the cases
Just mentioned, the neutrons are captured with emission of one or more

gamma rays.

Upon capture of a slow neutron, the resultant campound nucleus has
an excitation lapproxj_mately equal to the binding energy of the neutron
( about 8 MeV). The nucleus may release this energy with the emissior of
a single gamma ray and go to its ground state. However, if the nucleus
has some energy levels intermediate between about 8 MeV and its ground
state, it may instead emit several lower energy gamma rays in cascade
while going to the lowest state. In light nuclei and in the so called
"magic" nuclei, the average level spacing is large, and gamma ray

transitions are often directly to the ground state.

The existence of capture gamma rays greatly complicates the
shielding problem since merely slowing down and capturing the neutrons
is no longer sufficient. Owing to the (n, V) reaction, neutrons can give
rise to new sources of energetic gamma rays at the point of capture. One
meaning of suppressing capture gamma rays 1s to include small quantities
of a material, such as boron, which has a very high cross section for
thermal neutron capture via an (n, @ ) reaction. Even this results in a

gamma ray, E,, = 0.47 MeV in about 95 % of the reactions.

14
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2.6 Charged Particles Reactions, X{(n,b) Y

The principal reactions of this type are the (n,p) and (n, @)
reactions. The kinetic energy available to the emitted charged particle

and the recoil nucleus, b, is

E, =Q+ E, (2.17)

Where E  is the energy of the incident neutron.

If the reaction is exoergic ( Q > () ), it may occur even with
thermal neutrons. If it is endoergic ( Q < () ), there will be a

threshold in the laboratory system,
E. = || Azl (2.18)

Where A 1is the mass number of the target nucleus.

For a given value of E‘.b , proton emission will always be more

probable than alpha emission because of the lower height of the barrier

for the proton.

There are a number of (n,p) and (n, @ ) reactions for slow neutrons

on light nuclei, notably the reactions 6Li (n, @) 34 with Q = 4.785

. 4 4 .
MeV, the lOB(n, a ) 7Li with Q = 2.791 MeV, and 14y (rl,p)l C with Q

0.626 MeV. The first two reactions have large thermal cross sections .

Such reactions have a cross section that obeys the 1/v law for a

considerable range above thermal, since the first resonance will be at
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a relatively high energy for light nuclei with large level spacing. The

lEB(n, @) 7Li reaction, for example, follows the 1/v law up to 1O KeV.

For heavier nuclei, the greater height of the coulomb barrier
prevents appreciable emission of charged particles with low energies.
Hence, even through the reaction may be excergic, the cross section for
(n,p) and (n,@ ) process will be extremely small for slow and
intermediate neutrons, becoming appreciable only in the MeV range.
Generally the cross sections increase rapidly with energy approaching
a constant, which is small because of campetition with other processes,

after the barrier height has been exceeded.

2.7 The (n,2n) Reaction

This reaction is a two stage process; after an inelastic scattering
the residual nucleus may be left in a state of excitation sufficiently
high to permit the emission of a neutron. The observed result is two
scattered neutrons ( of different energies ) for each incident neutron
and a residual nucleus of mass number A - 1 for a target nucleus of mass
number A , with Z unchanged. The residual nucleus is frequently

radicactive, uaually a positron emitter.

In order to emit a neutron, the nucleus remaining after the
inelastic scattering must have an excitation energy at least equal to
the separation energy of a neutron from the target nucleus. The Q -
value of the (n,2n) reaction is equal to the binding energy of the

"loosest" neutron in the target nucleus. As in other reactions, the
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threshold energy in the laboratory system is equal to By~ Q[ [(a+1)/A]

The separation energy of a neutron is at the same time the threshold
energy for the ( Y ,n ) reaction on that nucleus, so that ( ) ,n) and
(n,2n) Q - values are neglecting signs identical. The threshold of the
(n,2n) reactions are thus well known from nuclear mass data or fram
reaction energetics. They are highest for lighter elements ( 10 to 20

MeV ) and around 5 to 7 MeV for the heaviest elements.

Nuclei which contain a loosely bound neutron, thus have a low
(n,2n) threshold. One of the most important examples of this kind is
beryllium - 9 , whose (n,2n) thréshold is only 1.8 MeV. Beryllium is
sometimes used in substantial quantities in reactocrs, and when this is

the case special attention must be given to this reaction .

If there is no appreciable competition with charged particle
emission, as in the case for heavier charged particle emission, for
heavier elements and not too far above the (n,2n) threshold, the (n,2n)
cross section as a function of energy and nuclear temperature may be

obtained by integration over all emitted neutrons. The result is :

—E -
O(n,2n) = Uc{l-[l+£—-En———th-)-]exp—[E—r—l&‘-——Eﬂ1]}>>(2.l9)
T

Where En is the energy of the incident neutron.

. . 192
Just above threshold, equation (2.19) glves( )7

2
O(n,2n) is -~~~ ( Ey = En )




The (n,2n) cross section rises rapidly above its threshold at the
expense of the inelastic cross section, since the bulk of the inelastic
neutrons are now included as part of the (n,2n) reaction. This situation

is illustrated in figure (2.2), where the inelastic and (n,2n) cross

sections are shown for 238U .

2.8 The (n,3n) Reaction

The relationship of the (n,3n) reaction to the (n,2n) reaction is
similar to that of the (n,2n) reaction to inelastic scattering. Thus a
third neutron will be emitted provided the nucleus retains sufficient
excitation energy after the emission of the second neutron in the (n,2n)
reaction. The (n,3n) cross section therefore rises from the (n,3n)
threshold at the expense of the (n,2n) cross section, as indicated in

figure (2.2).

The (n,3n) threshold is high ( 11 MeV to 30 MeV ). If a nucleus has
a low (n,2n ) threshold, it does not necessarily follow that its (n,3n)

threshold will also be low. For instance, while the (n,2n) threshold of

9Be is only 1.8 MeV, its (n,3n) threshold is 21 MeV. The origin of this
disparity lies in the fact that; although it may require only a small
amount of energy to remove one neutron from a nucleus it may take

. 29
considerably more energy to remove a second neutron(l )

2.9 Nuclear Fission

Fission occurs only with certain heavy nuclei, and hence the

repulsive force within the nucleus is an important contributary factor.
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When fission occurs, the excited compound nucleus formed after
absorption of a neutron breaks up = into two lighter nuclei, called

233U ) 235U and 239Pu are

fission fragments. Nuclides such as
fissionable by neutrons of all energies, they are called fissile
nuclides. Thorium - 232 , uranium - 238 and neptunium - 237 required
fast neutron for fission. Once the fission reaction has been started in
a few nuclei by means of an external source of neutrons, it can be

maintained in other nuclei by the neutrons produced in the reaction. It

is only with the fissile nuclides mentionded above that a selfsustaining

chain is possible. 2327y ang 238y cannot support a fission chain
because the fission probability is small even for neutrons with energies
in excess of the threshold of 1 MeV, and inelastic scattering soon

reduces the energies of many neutrons below the threshold value.

The liberation of neutrons in the fission reaction can be explained

236U formed when a 2350 nucleus

as fdllows. In the compound nucleus
captures a neutron, the ratio of neutrons to protons is nearly 1.57 ;
consequently, when this nucleus splits into two parts, with mass numbers
in the range of roughly 95 to lfl@ , the average neutron to proton ratio
in the instantaneus products must have the same value. This ratio is too
large for stability in nuclei of intermediate mass. Consequently, if
these nuclei, produced in fission, have sufficient excitation energy,
they can expel neutrons, thereby tending to become more stable. The
actual number of neutrons released in this manner is too small, however,
to confer the stability on the resulting fission fragments. The latter
still have too high a ratio of neutrons to protons and so, they are
radicactive, exhibiting negative beta decay. The fission fragments

undergo, on the average, four stages of radiocactive decay before stable
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nuclei are formed. The fission reaction may be represented by :

Uranium - 235 + neutron >——— Fission products + about 200 MeV

S (2,20)

The general term, fission products, is applied to the camplex,
highly radiocactive, mixture of nuclides consisting of fission fragments

and their various decay products.

235

The distribution of the fission energy for U is given as :

Kinetic energy of fission fragments 168 MeV
Instantanecus gamma ray energy 7 MeV
Kinetic energy of fission neutrons 5 MeV
Beta particles fram fission products 7 MeV
Gamma rays fram fission products 6 MeV
Neutrinos 13 MeV

The 19 MeV energy of the neutrinos accompanying the beta

radioactivity is not available for power production because the

interaction between these particles and matter is extremely weak(lgaz
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NEUTRON SPECTROMETER

3.1 Introduction

Many organic crystals, liquids and plastics scintillate when

bombarded with nuclear radiationtiZ27112 )

Light is emitted in response to
either primary or secondary ionization induced by the radiation. A
number of these scintillatiors are widely used for detecting nuclear
radiation because they exhibit good detection efficiency. They have high
response and ability to provide exact information on number, time of

arrival and energy of nuclear particles. Same can distinguish between

particles by the shape of light pulses(llg)

The response of these organic materials is usually critically
dependent upon the specific ionization of the detected particles. Some

of these scintillators respond to ionizing particles by emitting a light

pulse which is sum of a short ( a few ns ) and a long ( several wus )

decay time camponent.

The response of organic scintillators to electrons is quite
linear with particle energy above about 149 keV. Furthermore, linear
extrapolations of the electron response fram higher energies generally

(114)

pass within a few KeV of the origin ~. ' However, organic scintillators
response to heavier ionizing radiation is generally nonlinear with a

light output, which is less than that for electrons of the same energy.




Neutrons and gamma rays can be detected by scintillators because
they collide with particles in the scintillator material and cause them
to recoil. In organic materials, gamma rays interact primarily with
atomic electrons by the Compton effect whereas neutrons scatter
elastically from the nuclei of the atoms in the scintillator. Organic
scintillators are good neutron detectors since they contain light
elements whose nuclear recoils can easily be detected. Neutrons can be
distinguished fram gamma rays by the pulse shape discrimination ( PSD )
technique(lls'll6) .

3.2 The Scintillator

A 40 mm by 40 mm diameter cylinder of NE - 213 scintillator was
choosen because it offers a good compromise between efficiency and
resolution. This scintillator is made with xylene, activators, and POPOP
as a wave shifter. Naphthalene is added to enhance the slow camponent of
light emission. This is important for achieving a good pulse shape

(117’11?) The scintillator was commercially

discrimination capability
prepared encapsulated in an aluminium BAl cell 44 mm x 49 mm with a
hidden expansion volume and was bubbled with pure nitrogen to remove the

undesirable oxygen which selectively quenches the slow camponent of

light emission.

This type of scintillator has the following parameters :

Chemical cmposition G{l 213

0.874 gm.cm_3

Density

O.O4~82xloz4 atoms cm >

Il

NH (the number of hydrogen nuclei)
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Nc(the nurber of carbon nuclei) = 0.0398x10"  atcms cm-3

The NE - 213 scintillator has the following characteristics :

It has an enhanced emission of delayed light that gives it good

pulse shape discrimination capabilities.

Being a liquid, NE - 213 is isotropic in response to neutrons and

is not sensitive to mechanical or thermal shock.

Carbon recoils and alpha particles from 14 MeV neutrons on NE - 213
produce only about half the pulse height that is produced with

stilbene, when normalizing to the largest hydrogen recoil pulsesgﬂg)

It has greater hydrogen content than stilbene.

Its scintillation processes permit discrimination fram gamma rays

based on the pulse rise time - pulse shape discrimination(l?g_l22)

The response of a scintillation detector ( scintillator plus

photamultoplier tube ) to radiation, depends on several geometrical

factors including the size and shape of the scintillator, the quantity

of the light reflector and location of the scintillation within the

scintillator

(1232

Figure (3.1) presents a photograph of the scintillator and

photomultiplier tube used in this work .
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3.3 The Photamiltiplier Tube

Using an NE - 213 scintillator requires a gain of the order 1@6 due
to the small light output. In order to preserve a good timing resolution
/it is desirable to operate the photamultiplier tube ( PMI' ) as near the
recamended voltage as possible. These requirement can be met by a 14
stages photomultiplier tube type 56AVP. This type has a high degree of

time definition and a good timing resolution.

When radiation is incident on the scintillator, a fraction of the
energy loss transfers by ionisation and excitation. Ionisation and
excitation cause the generation of light photons radiated in all
directions. Those photons which strike the photocathode, generate
photoelectrons. Photoelectrons are accelerated towards the first dyncde
by a potential between this dynode and the photocathode. To maximise the
amount of light striking the photocathode, the scintillator is usually
coated with a reflector. In the BAl cell a diffuse -internal reflector is

provided.

Fran the first dynode, several secondary electrons are ejected for
each incident electron. These electrons, in turn, are accelerated
téwards the second dynode. Using the dynode chain in figure (3.2), a
very high gain in the number of electrons can be obtained, that
eventually appear on the a;node. The dark current in the photomultiplier

tube must be low in order to measure low energy neutrons.

Since a linear signal is required fram the anode and peak currents
of 50-100 mA may occur, space charge saturaticon of the photomultiplier

signal in the later dynodes is a problem. To overcome this problem a
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FIG. 3.2 DYNODE CHAIN OF THE PHOTOMULTIPLIER TUBE TYPE 56AVP .
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fixed high potential between the anode and the last dynode ( 20@ V),
and between the tenth dynode and the fourteenth dynode ( 19W, 199, 199
and 15 volts respectively ) are used. The use of zener diodes enables
the overall voltage and so the gain to be changed without runing into
space charge saturation and high count rates can be accammodated. If
only resistors are used, when the dynode voltage is adjusted to obtain
the desired gain, the top dynodes may have insufficient voltage a cross
them during the pulse to remove the electrons rapidly, thus causing

saturation

3.4 Discrimination Between Neutron And Gamma

There are two common methods of pulse shape discrimination. The
first one is based on integrating the charge contained in the initial
portion of the pulse and comparing it with the charge obtained by

integrating the entire pulse(124'lz§)This method, which is known as

charge comparison was originally developed by Brooks(lls) for

scintillator pulses. The second one is to integrate the pulse and to

differentiate between the different rise times obtained after the

integration by the zero crossing methoél26-l3®2 This method was first

descibed by Alexander( 116 )

Initially measurements were made using the zero crossing method but
with the equipment available the degree of discrimination obtained was
not adequate over a sufficient energy range. Equipment for the charge

camparison method was then obtained and the measurements were repeated.



-38-

There is another method based on taking the ratio of digitized
signal derived by getting a portion of the fast and slow camponents of

each pulse, separately(l3l ) .

Many papers have been written on the subject of pulse shape
discrimination. Few of them have presented informat‘ion in such a way
that direct comparisons can be made between the various methods
employed. If results are given in terms of energy, then comparison can

only be made if the scintillator / photamiltiplier conversion efficiency

is given. Bertolaccini et alElBZ) have described a simple method to

(133) describe a complete instrument

determine this. Adams and White
based on the charge comparison method providing all the necessary
outputs such as particle identification, fast timiné, integrated signal
for mutichannel analyser use, low level’ show bias and outputs to an
oscilloscope to give a display showing neutron and gamma. This
instrument has been successfulvly employed in a wide variety of
experiments involving neutron energies fram about 100 keV up to 20 MeV.

Within this energy range, the experimental problems of discrimination

have been solved.

3.4.1 The Method Of Discrimination

This methcd has been employed before in pulse shape discriminators

fram the Harwell "2000" series and used two linear gated integrators(l:.M)

Recently, greatly improved performance and reduction in volume has been

obtained in a cammercial production version manufactured by Link Systems

, model 5010 .
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A simplified block diagram and waveforms are shown in figures (3.3)
and (3.4) respectively. The principle is that the anode current of the

photamltiplier is integrated for a time Tl(25 ns) and then held. A

second integrator opens coincidentally with the first but continues

integfating for time T2 ( 500 ns ). The outputs of the integrators are

so weighted that when they are compared, the output of the camparator
indicates a neutron ( if the output of integrator 2 exceeds that of
integrator 1 ), and a gamma ray ( if the reverse is true ). This can be

represented by the following :

If K} @ > K, (Q+ Q) , then a gamma ray is indicated and,
If K Q <K (Ql+ Q2) , @ neutron is indicated ,

Where Q is the charge callected in the time Tl ’

1
(Ql+ Q2) is the charge collected in time T,,

K1 and K2 are the normalising weights.

3.4.2 Description Of The Circuit

With reference to figure (3.3), the signals fraom the detector are
delayed in a 30 ns delay cable. At the same time a X1 buffer amplifier
drives a start discriminator which "enables" the constant fraction
discriminator and the signal emerging from the enabling AND gate
triggers the gate generators 1 and 2. The linear gate and integrators 1
and 2 integrate the input signal for 25 ns and 509 ns respectively.

These waveforms are shown in figure (3.4). At the end of the longer of



-40-

Detector— Stabilizer
Signal Input TIPSy
Linear Gate )
_:69%9 2 m
‘ﬂ
30 ns | Gate e
Om_m< Cable omnmﬁmﬁo_‘ 2 T

Zero

x v
Y

N

Output Signal

LinearGate

Zero
Stabilizer

S IA.ch:o:m
& [
integrator 1 7 ) n/yY Comparator m
G = > m I.A.OmBBm
ate
Generator 1 t Rotate m oy
Difference
+ Amp.
iscriminator v_ . (Y)
!
Buffer A Start m [
mep. Discriminator p
Control & <
Pile Up N ‘ Sequence Logic
» ) |

Discriminator

v

ﬁ 7
(Z)

FIG. 3.3 SIMPLIFIED BLOCK DIAGRAM OF THE PSD- 5010.



Detector Signail

B
CFD Output
C
Gate Generator 1 ) T 25 ns -
{ D
Gate Generator 2 ST —h—  — 500 N8 — . — . —
1
e | 2
Delayed Detector Signal w _
At Inputs of LGI 1 & 2 " . |
. | .
* S F

LGI, 1 Output _./a_l /
X ---.--.--..-..--.-_--q.u...;....z--;-u-. G
Tt 3.5US wi
LGI. 2 Output . W.H@,mm@.-mzl\l

/

Inspect Comparator & Output Limits

H
Bright Up _ ~|- !

FIG. 3.4 LINEAR GATE AND INTEGRATOR WAVEFORMS.



the two integrator time periods (gate 2), the control and sequence logic

will perform the follwing operations :

The state of the camparator is inspected to see whether the output
of the linear gate and integrator LGI(l) is greater or less than
the output of LGI(2). The result of this inspection determines

whether the event is classified as a gamma ray or neutron.

The upper and lower output discriminators are inspected, and only
those events, falling between these limits, are allowed to indicate

outputs.

If an output occurs from the pile - up discriminator during the
gate generator 2 period, the present event is rejected and no

output occurs.

The zero - stabiliser oscillator triggers periodically if no
detector signal is present. The stabilisers maintain the zero

pedestal level of the integrators at a preset value.

Bright up signals ( Z ) are provided for the cathode ray tube (CRT)

display of the difference ( Y ) and total energy ( X ) outputs.

All the setting up can be done with the aid of the oscilloscope

display. However, the circuits built into the instrument to drive a

standard oscilloscope are not shown on the diagram. The loci of the

events will be displayed, as in figure (3.5), when the display switch is

set to NEUTRON + GAMMA. When the display switch is set to NEUTRON, only
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those events identified as such will have "bright up". Thus the
SEPARATION level between neutrons and gamma rays can, easily, be

adjusted. The ROTATE control has the effect of varying the weight K-

Its effect on the display is to rotate the neutron and gamma ray loci

about their zero energy origin.

The output pulses from pulse shape discriminator, PSD - 5014,
(NEUTRON OUTPUT) are increased in length by an external pulse stretcher
to 3 us and are used to gate a 512 channels multichannel analyser ( MCA
). The INTEGRATED OUTPUT signal passed through an attenuator to the
input of a fast amplifier used as an invertor. The inverted output
signals are fed to the input of the multichannel analyser . Figure (3.6)

shows a block diagram of the circuit used for neutron detection.

The output data is listed on punched paper tape which is input to
the Aston University ICL 1994S Camputer. Camputer programme ( NSPEC ) is
then used to analyse the data for obtaining the neutron spectrum. This
programme uses the differentiation method to unfold the spectrum (see

section 3.6).

Figure (3.7) shows the pulse height spectrum produced by 14.1 MeV
neutrons fram an unshielded target as obtained on multichannel analyser
. Figure (3.8) presents a photograph of the measuring system with the

control panel of the SAMES Accelerator.

3.5 Calibration Of The Spectrameter

The first step in obtaining neutron spectra from pulse height
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distributions is to convert them to energy distributions of the recoil
protons. Since the scintillation response to electrons is linear with

respect to their energies, the response due to other particies can be

(135)

given in terms of electron equivalence. Broek and Anderson show the

calibration of their detector as a relation between proton energy and
electron energy for equal scintillation pulse height. This relation was
obtained by the concurrent calibration with gamma scurces (for electrons
) and mono - energetic neutrons ( for recoil protons ). An advantage of
determining the proton versus electron response is that calibration
against changes in the gain of the equipment can be readily accamplished

with gamma ray sources to test the linearity of the spectrameter.

3.5.1 Spectrameter Linearity

The spectrameter linearity is tested by means of gamma ray sources

22Na ,137Cs, 54'Mn and 66(."0. Figure (3.9) demonstrates the electron (
gamma ray ) response of our system. Here, the half height channel
number, of the measured Compton distribution fram a number of reference
gamma ray sources, is plotted as a function of the electron energy

assigned to that half height, assuming that the half height corresponds

to the Campton edge. That is given by(l36) :
EC=EV/[1+(O.51/2EV ) ] —(3.1)
Where E is the energy of the gamma quantum in MeV.

%

It can be seen that, there is a linear relaticnship between light



-49-

(MEV)

COMPTON ENERGY

80.00

-

: )
- %o [1.173 &1.333 MeV ]
o
s

m o

54Mn [0.835 MeV]

w
S

i 137%s |,

[0.662 MeV]

=
S

. 22
- Na [0.511 Mev]
M T T T T T 1 T T T T T T T T T T T T 1
39.00 8.00 16.00 24.00 32.00 40.00 48.09 56.00 64.00 72.00

CHANNEL AT /2 COMPTON PEAK HEIGHT.
FIG.3.9 THE LINEARITY OF THE SPECTROMETER.



- 50-

output and electron energy. The intercept with the energy axis being at
B.14 MeV, is due to a zero - offset of the multichannel analyser used.
This only checks the linearity over a limited range. It would require
gamma radiation up to about 8 MeV to check the linearity over the whole

of the neutron pulse height range.

 Since high energy gamma rays are not available for calibrating the
system, the position of the 14.1 MeV peak is identified from the half
height of the 14.1 MeV edge of the integrated pulse height distribution
and equated to an electron energy 7.7355 MeV using equation (3.5) below
- This sets the energy scale and forces the 14.1 MeV peak to the correct

energy .

3.5.2 The Relation Between Recoil Proton And Electron Pulse

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 follcms(l37'l38) :

2/3

For Eg < 2.17 MeV , Ep 3.13 ( Ee) MeV (3.2)

For Ee > 2.17 MeV , Ep ( 1.59 Ee + 1.8 ) MeV (3.3)

For Ee 2.17 MevV , Ep = 5.25 MeV (3.4)

E ° 1s equivalent electron energy corresponding to the same pulse size

and is proportional to pulse height.
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It is convenient to relate the pulse size ( P ) to the recoil

proton energy ( Ep) from equations (3.2) and (3.3). Since the light

Sutput from an electron is proportional to energy ( except for very low

energies ) ,i.e, E o broportional to pulse height, hence :

For Ep > 5.25 MeV , Ee 0.6289 ( Ep -1.8 ) »—— (3.5)

For Ep < 5.25 MeV , Eg = ( Ep )3/2x 0.1806 )— (3.6)

The camputer calculation uses table (3.1) of E_ calculated for Ep =

g.z ' g.4 ¥ 4 606 ¥ 4 ....'..'..’ 1606 ¥ 16.2 7 16.4 Mev .

3.5.3 Neutron Efficiency

The efficiency of a cylindrical scintillator, for detecting a
parallel beam of neutrons incident normally on the cylindrical end by a

single scattering on hydrogen, is given by(wl) :

€, =(NHUn,H/a ) [l-exp(-aL )] ,— 5 (3.7)

Where NH is the number of hydrogen atams per c'm3 .
On,H is the neutron - proton cross 'section 3
L is the detector length in cm .
a is the quantity ( N Onu T No On,c )
Ne is the number of carbon atoms per <:m3 .

is the total neutron - carbon cross section .
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Table (3.1) Proton Pulse Size (P) As Calculated Fram Equations
(3.5) And (3.6)

E,(MeV)| P=E_(MeV)|E (MeV)| P=E (MeV)|E (MeV) | P=E (MeV)| E_(MeV)| P=E (MeV)
p e D e D e o] e |

7.2 3.9162 g.4 @.09457 g.6 2.2839 3.8 @.1292
1.9 9.1806 1.2 @3.2374 1.4 @.2992 1.6 @.3655
1.8 @.4361 2.9 @.5198 2.2 2.5893 2.4 3.6715
2.6 @.7571 2.8 @.8462 3.9 7.9384 3.2 1.9338
3.4 1.1322 3.6 1.2336 3.8 1.3378 4.9 1.4448
4.2 1.5545 4.4 1.6669 4.6 1.7818 4.8 1.8992
5.0 2.0192 5.2 2.1415 5.4 2.2641 5.6 2.3899
5.8 2.5157 6.9 2.6414 6.2 2.7672. | 6.4 2.8939
6.6 3.9188 6.8 3.1446 7.9 3.2793 7.2 3.3961
7.4 3.5219 7.6 3.6477 7.8 3.7735 8.9 3.8992
8.2 4.9250 8.4 4.,1598 8.6 4,2766 8.8 4.40924
9.9 4.5281 9.2 4.6539 9.4 4.,7797 9.6 4.9955
9.8 5.9313 19.9 5.1579 19.2 5.2828 19.4 5.49086
19.6 5.5344 14.8 5.6602 11.9 5.7859 11.2 5.9117
11.4 6.9375 11.6 6.1633 11.8 6.2891 12.9 6.4148
12.2 6.5406 12.4 6.6664 12.6 6.7922 12.8 6.9180
13.9 7.8437 13.2 7.1695 13.4 7.2953 13.6 7.4211
13.8 7.5469 14.9 7.6726 14,2 7.7984 14.4 7.9242
14.6 8.9509 14.8 8.1758 15.9 8.3015 15.2 8.4273
15.4 8.5531 15.6 8.6789 15.8 8.8047 16 .9 8.9394
16.2 9.9562 16.4 9.1819
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g and

evaluated at the neutron ene .
n,H On,C are ua t rgy

The neutron scattering cross section for hydrogen can be expressed

according to Wasson's equation(l39) as :
5.603 T 0.8652 7
On,H = ot » barns / atam
' 1 + 7.417 E + 0.1105 E® 1 + 0.2427 E + 0.0028 E

———— (3.8)

The cross sections for carbon were taken fraom Ref. (149).

On,cC

The efficiency €, Was calculated by using equation (3.7) for

neutron energies up to 15.8 MeV, and plotted in figure (3.10).

3.5.4 sShape Correction Factor ( B )

The shape correction factor ( B ), which removes most of the effect
of second scattering of neutrons by hydrogen and the loss of recoil

protons through the wall of the detector; is(l35):

R
m

B=1078-— + 0.09N; o, zL + 0.077 N

*
ooy T —— (3.9)
L ’ !

Where O is the value of g at 4.068 E .
n n,H

. o . . 2
L is the scintillator thickness in mg/cm .
L is the scintillator thickness in cm .

r is the scintillator radius in am .
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R, 1is the range in the scintillator of a proton which

receives the full neutron energy, in mg/cm2.

(141,) an was

Fran ranges of protons in NE - 213 given by Schutter

obtained as :
= : - 1.8194 2
R, =1.7382 ( E + 0.15045 ) mg/cm (3.19)

This formula reproduces measured values to within two per cent. The

magnitude of the neutron peak derived fram the pulse - height spectrum
produced by monoenergetic neutrons is corrected by this factor. The
effect of the distortions upon the low - energy tail of the neutron
spectrum is neglected. This is because the two effects, for which the
correction is made, tend to cancel each other for certain sizes and
shapes. It is possible, then, to make a choice to minimize this
correction. Hence, the closer the value of B is to unity, the less 1is

uncertainty due to the method of derivation(l42’l432

Figure (3.11) shows the relation between shape correction, B, and

neutron energy up to 15.8 MeV.

3.6 The Unfolding Method

The experimental data given by the spectrameter measurenents do not
produce directly the desired information on the energy distribution of
the recorded particles. An appropriate analysis or unfolding method must

be used for measuring pulse amplitude distribution in order to evaluate

real neutron spectra.
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The number of recoil protons with energy ( E ), in a unit energy

interval, due to a number of neutrons( @

) ),0f energy ( E ), is :

no

= p——————— 3.11
N(E) €A & /EOrlo ( )
Where €, 1s the efficiency of the scintillator [Equation (3.7)] .

A is the cross section area of the detector .

In the case of neutrons with a camplicated energy spectrum, q)n '

recoil protons of energy, E, will be generated by neutrons of different

energies En 7> E . Hence, the number of recoil protons in a unit enerqgy
interval is :

00]

Np(E)=E/( € 9, A/En)dEn —(3.12)

Differentiation of equation (3.12) with respect to E ., is :

dN(E) €, & 9,
TT4dE = E
n
or
E de(E)
p = (=2 ) ] p—— (3.13)
n € A d E

This means that, the neutron spectrum can be calculated fram the

energy distribution of the recoil protons by differentiation.

Naturally, the real pulse amplitude distribution, even for



monoenergetic neutrons, could not be described analytically. For this

reason, numerical methods have to be used for the determination of the

derivative.

The counts in the spectrum could be grouped into proton energy

bins, content C, - Assuming a " perfect spectrum ", the number of

counts per ( A E ) proton width is :

C 2 fn %0 A
—— E
i E,
€n 97n A
c.- C., = AE
1 i+l E
n
or
-t (3.14)
fpn AE € A

A more complicated differentiation function is used to get better
results on a curve. In this case, the differential is expressed over six

adjacent points. The slope of the points - 3 and + 3 is S5 s

c. . -cC,
- +
=3 i3 (3.15)

37 5 AE

For the points -2 , +2 the slope is :

S, = 0 (3.18)
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The weighted average slope of the curve is :

101]

=§(58;+35,)

Cim3 ¥ G2 = Ci4p = Cyu3

The NSPEC programme, using equation (3.17), is used to obtain a

neutron spectrum .

Equation (3.13) does not include the shape correction factor.
However, to use this equation, the shape correction factor ( B ) must be

included in order to get the following final form :

din(E)=¢n/ AE = 5 & AT >3 (3.18)

Which is modified to :

C - C

n-3 7 G2 T Cat n+3 (3.19)
Qn (E) = % 8 AER >
With
By
o= € AB — (3-20)
Where qﬁ is the spectrum conversion factor.

The Y values were calculated using equation (3.20) and listed

in table (3.2).
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Table (3.2) PSI Values Used In "NSPEC" Programme

E,(MeV)| PsSI E,(MeV) | PSI E (MeV) | PSI E (Mev)| PSI
9.8 2.105 1.9 0.143 1.2 0.184 1.4 0.225
1.6 2.271 1.8 g.318 2.0 0.379 2.2 g.425
2.4 9.482 2.6 0.545 2.8 0.640 3.0 0.662
3.2 0.681 3.4 2.895 3.6 8.979 3.8 1.018
4.9 1.082 4.2 1.209 4.4 1.264 4.6 1.345
4.8 1.433 5.0 1.522 5.2 1.608 5.4 1.797
5.6 1.798 5.8 1.907 6.9 2.023 6.2 2.150
6.4 2.464 6.6 2.346 6.8 2.463 7.9 2.572
7.2 2.709 7.4 2.913 7.6 3.217 7.8 3.444
8.0 3.579 8.2 3.675 8.4 3.741 8.6 3.847
8.8 4.007 9.9 4.185 9.2 4.420 9.4 4.566
9.6 4,731 9.8 4.916 10.9 5.087 1.2 5.280
19.4 5.498 19.6 5.722 19.8 5.996 11.9 6.234
11.2 6.511 11.4 6.746 11.6 6.998 11.8 7.234
12.9 7.430 12.2 7.674 12.4 7.893 12.6 8.127
12.8 8.402 13.9 8.632 13.2 8.898 13.4 9.175
13.6 9.458 13.8 9.754 14.9 10.048 | 14.2 19.301
14.4 10.590 | 14.6 16.882 | 14.8 11.180 | 15.8 11.483
15.2 11.799 | 15.4 12.130 | 15.6 12.467 | 15.8 12.829
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To check the proper functioning of the liquid scintillation
spectrameter as well as the computer programme for unfolding of the
proton energy spectrum, a neutron spectrum of an Am - Be neutron scurce

of neutron emission 2.5 x 1@° n/s was measured. The source is supplied

by Amercsham International, U.K. The result showed an agreement with the
measurements of Lorch(l44)and Chuang et al. (145)as shown in figure
(3.12). The slight difference in the intensities at the cbserved peaks
can be attributed to the different campositions of the sources in the

given cases.
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CHAPTER 4

NEUTRON PRODUCTION AND MONITORING

4.1 Introduction

Neutrons were produced fram the T(d,n)4He reaction. With a deuteron

beam of energy 130 KeV incident on the tritium target, neutrons of 14.1

MeV can be obtained at an angle of 9¢°to the beam.

The intensity of the neutron source was monitored by detecting
alpha particles associated with neutrons by a silicon surface barrier

detector.

4,2 Neutron Production

The 14.1 MeV neutron source was obtained fram T(d,n)4He reaction by
the bombardment of tritium - titanium target with a deuteron beam of
energy 139 KeV, using a SAMES type J acceleratqr. The accelerating
voltage is produced by an electrostatic generator which is housed in
hermatically sealed unit in a hydrogen atmosphere. The generator can

deliver 2 milliampere at + 150 KV with a stability of + 1 %(1%6)

4.2.1 The Target

The tritium target used in this work was the type TRTS51
manufactured by Amersham International U.K. It has a copper backing disk
of 2.86 am diameter and 0.925 cm thickness, a very thin evaporated layer

of titanium in which the tritium is absorbed of 2.54 cm diameter and
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1.29 mg/c:m2 thickness(l472 A stainless steel diaphragm covers the
target and exposes a 5 mm diameter area to approximate a point source.
Only a small part of the target is struck at any one time by the
deuteron beam, and the target can be rotated to expose new areas to the

deuterons.

4,2.2  The T(d,n)%He Kinematics

The T(d,n)4He reaction has a Q - value of 17.59 MeV. This high Q -
value and its resonance at 114 keV with a peak cross section of more
than 5 barns [ figure (4.1) ] , allows the production of high flux of

fast neutrons even with low energy accelerators. The reactions T(d,np)T

and T(4, 2n)3He become energetically possible above a deuteron energy of

3.7 and 5.0 MeV respectively(l48?

By using the laws of conservation of energy and maomentum, it is

possible to campare the energy and the angle of emitted particles in the
T(d,n)4He reaction. This reaction produces a neutron (of mass m ) and
alpha particles ( of mass m Y. ), when a deuteron ( of mass m 4 and energy

) is incident on the triton ( of mass m_ ). The expression for the

Eq e

neutron energy ( En) in the laboratory system is given by :

mg m ma[/uEd+Q] 5 My m
E_= E,cos 29 + - + — cos ¢
n (m. + m ) d (m + m) T (m, +m)
d t 19 n d t
x [ My Ed[ u Ed+Q] 4 Mn 2 .2
o ) = (m +m )2 E§ sin i) ——— (4.1)
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Where ¢ is the angle with respect to incident beam in laboratory

system.

Mo=m / ( m +mg )

To get the alpha particle energy ( E, )for various deuteron
energies as a function of neutron angle in laboratory system,

interchange m and m, in equation (4.1).

The total neutron yield per detected alpha particle can be

calculated by(149:159)

E

47 o dE/dx
N =

AQ, /% Ocm(0,E) dWem ¢

o dE/dx dw)yp,
47T
=22 __ . g — (4.2)
AQ, &
Where AQ, is the sclid angle subtended by the alpha detector

Oem ( @ ,E) is the differential cross section for the D - T

reaction in the center of mas system.

dE/dx is the rate of energy loss of deuterons in the target

material.

dw /4 wlab is the solid angle conversion factor fram the centre
cm
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of mass system to the laboratory system for the
detected alpha particles.
is the anisotropy factor.

Implicit in the derivation of this expression are the following

assumptions :

The reaction products are isotropically distributed in the centre
(151)

1-
of mass system for the incident deuteron energies below 200 KeV
2- dJdE/dx is fairly well known in the region O < E < Eq -
3~ Uniform loading of tritium atoms to a depth at least egual to the

range of incident deuterons.

4~ No scattering of incident deuterons.

The kinematics details, tables and figures of energies of the

reaction products, and the equations for converting from one system of
(159-155)

rdinates to the other are given in several works

The Alpha Particle Detector

4.3

4 .

In using the T(d,n) 'He reaction as a source of monoenergetic
meutrons, the neutron flux is often determined by counting the
assoclated alpha partlcle(156—158) Several investigators have pointed

ﬁsgroblems with this procedure due to charged particles fram

S‘
=

2 £
1n§*

out pot
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other reactions(159-1622 When a titanium tritide target is so employed,

3

it must expect build up of deuterium fram ion barbardment and “He from

tritium beta decay. Reactions produced by the deuvteron bambardment of

3
such a target include T(d,n) 4He , D(4d,p) 3H, 3He(d,p) ALHe and D(d,n) He
. The aim of this work has been to make an accurate count of the alpha
particles associated with the first reaction using a silicon surface

barrier detector.

4.3.1 The Associated Particle Technique

The associated particle technique has been used for neutron flux
measurements for many years, being already well established by Barschall

et al(l632 The principle of the technique is that for certain neutron

producing reactions there is a one for one relation between the emitted
neutron and a recoiling charged particle reaction product, with the

directions of emission related by simple kinematic considerations. The
most important of these reactions are, T(p,n) 3He , D(d,n) 3He and

T(4,n) 4He . Since the charged reaction product,4He or 3He ,can be
measured with virtually 100 % efficiency over a well defined solid
angle, the number of associated neutrons is known. The main advantage in
this method is, since the alpha particle and neutron are not ejected at

the same angle in space, the neutron flux can be continously measured

while the experiments is in progress(lgl).

4.3.2 The 14.1 MeV Neutron Yield

An absolute determination of the total 14.1 M&V neutron yield can

be achieved by monitoring the associated alpha particles. This method



-69-

required one to determine the number of alpha particles emitted into a
well - defined solid angle and then multiply these numbers by a factor N
[ Equation (4.2) ], which is defined as the number of neutrons produced
in the target per alpha particles passing through the detector. From
equation (4.2) it can be seen that, when one multiplies }}Y by the
experimentally determined alpha counts, Ca , the result represent the
number of alpha particles that would have passed through the same solid
angle in the centre of mass system. It can be shown that, ( 4 ﬂ/AQa )
is simply a geometry factor ( G ), which represents the ratio of the
total number of particles emitted to the number of particles passing
through the solid angle subtended by the detector operature. Thus the

total number of alpha particles produced, ’xc'k , can be obtained fram ;

Ty =G By (47 A0 )
=C, N (4.3)
Also
Y =3&=CC:¥ (G)% (4.4)

Where Yn represents the total neutron yield.

The value of Ra will be altered if deuterons are scattered before

interacting with tritium. This error is very difficult to estimate, but

it would be minimized for the 90° alpha detector location. This small

error will by ignored at low accelerating potentials. A complete

analysis of the total creditable cumulative error made by Fewell(lsé.})

0
The Ra value used for the 90 alpha detector position is 1 . The 900

detector is almost insensitive to both deuteron beam and Ti-T target
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conditions. The 90° detector yields very good accuracy in all cases

where gecmetry considerations are negligible. Therefore, in this work,

the 90° detector location was chosen. In this case, equation (4.4)

gives:
Y =C G
n 167
= 7T
%(4 /AQa)
- 2 2
c, [ 16 R /D ] (4.5)
Where Afa, is the solid angle subtended by the detector of a

diameter D at a distance R fram the source.

The value of the geamtry factor, G , was calculated to be l.482x_1®5

- The value was used in the computer programme NSPEC ( Appendix 1 )
written for analysis of the data to normalize all the measurements to

the same source strength.

(149,150) have discussed the effect on

Benveniste and Zenger
calculated total alpha particle yield of anisotropy in the centre of
mass differential cross section for T - D reaction, of uncertainties in

dE/dx at low energies and of deuteron scattering in the target. These

effects are generally €« 1 % , the error in the neutron yield being

N (o)
minimised for an alpha detector at 90 to the deuteron beam. They
conclude that non - uniformity of tritium loading in the target
contributes the most serious error to the computed yield. Ruby and

(150)

Crawford have extended the calculation of Benveniste and Zenger to

cover a wide range of deuteron energy and angle of associated particle.




Same work reported by Gunners~n and James(157) presents evidence
suggesting that in the case of a typical Ti-T target there is invariably
a surface layer depleted in tritium and a fall off in density towards
the back of the titanium layer. Variations of this kind in the lcading
factor could effect the computed neutron yield by as match as 2 %

depending on the alpha particle angle and the incident deuteron energy.

Fieldhouse(l64) has discussed a technique for measuring this effect.

However, there is another source of error in this type of

measurement. The tritium being radicactive, decay by beta - emission to

3He «A one year old tritium target thus has approximately 6 % 3He

content with the result that there is a background in the alpha particle
detector fram the reaction 3He (d,p)4He . The alpha particles fram this
reaction have approximately the same energy as those fram the T (d,n)4He
reaction. The error caused by the contribution of the 3he (d,p)4“He

reaction is minimized by using a new target and with a deuteron energy

. - . (159
close to the resonance region of the tritium reactlon(l )

In addition, the influence of protons fram the D (d,p) T reaction

as a result of deuteron build up in the target must be taken into

account(laaz By using a single channel analyser with upper and lower

. - 16l
level such contribution, if any, can be dlscrmunated( ) Also a very

thin foil of aluminium ( 0.00l5 mm ) was used to cut out light and to

prevent both the beta - particles and scattered deuterons fram reaching

the detector, but not the alpha particles(msz The range of 3.5 MeV

alpha particles in aluminium is 4.5 mg/c:m2 ,i.e., 0.016 mm.
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Finally, under positively charged deuteron bambardment, electrons
are ejected from the target assembly. TO prevent these electrons back
streaming to the accelerator, a suppressor electrode was inserted
between the target and the beam tube and this was maintained at about

- 150 volts, thus reflecting the secondary electron back to the target.

4.3.3 The Silicon Surface Barrier Detector

The silicon surface barrier detector used has a sensitive surface
evaporated with a thin layer of gold. The circular silicon wafer is
mounted in an insulating ring whose back and front surface are
metallized. The front surface of this ring is grounded to a metal case ,
and thereby to a connector. The back surface is comnected to the centre
electrode of the connector which is supplied with positive potential

bais ( 18 volts ) and gives a negative output signal.

When a charged particle passes through the field region, it creates
electrons and holes which are swept apart by thé strong electric field
in the silicon. The motion of these charge carriers induces a sudden
change in voltage between the front and back electrodes. The size of
this voltage change is given approximately by :

AV=x (E /3,) (v )2 __ (4.8)

Where AV  1is the voltage change , in mV.
kK 1is a constant for particular detector.

B is the energy lost by particle in barrier region, in MeV.
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. . 2
A is the active counting area, in cm™.

vy is the applied bias voltage, in volts.

Hence the pulse size is related to bias voltage if the detector is
used with a voltage sensitive amplifier. A charge sensitive amplifier is
more usually used and this eliminates the effect of detector bias

voltage and cable capacitance.
The depth of the depletion region, in am, is given by

D=L (V, y1/2 J(4.7)

Where L is a constant for the particular material.

The depth of sensitive region is D plus an additive constant
involving the diffusion rate of the charge carriers and the clipping

time in the pulse amplifier.

The characteristics of this counter can be varied by choice of
basic starting material and the applied bias. An alpha particle or
fission fragment detector which is very insensitive to gamma rays and
meutrons, can be made by producing a barrier whose depth just exeeds the
range of the particle of interest. A detector with a large fission
fragment to alpha particle pulse height ratio, can be obtained by making

the barrier depth less than the alpha particle range.

The main characteristics of this type of detector are :

.
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It has 100 % detection efficiency for alpha particles for any case
where the energy lost in the sensitive region is much larger than

the noise level(l662

) (167)
It has low sensitivity to background gamma rays and neutrons :

It has linearity over a wide energy range and is not affected by

magnetic fields.

It has very good energy resolution, good stability and freedam fram
drift, excellent timing characteristics, very thin entrance window,

and simplicity of operation(lg32

It has a fast response time.

It is compact, light and has low voltage operation, low power

consumption and reliability(l68).

The silicon surface barrier detector used was placed at the end of

a flight tube at a distance 38.5 cm from the target and was coverd by a

diaphragm with an aperture of 4 mm diameter. The target was inclined at

45° to the direction of both the incident deuteron beam and the axis of

the flight tube [ figure (4.2) 1J.

A block diagram of the electronics used for detecting and counting

the alpha particles is shown in figure (4.3). The output pulses from the

detector are applied to a charge sensitive preamplifier. The output
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pulses are fed to a main amplifier, type Ortec - 485 . After
amplification the signals are passed through a timing single channel
analyser, Ortec - 420A used as a simple discriminator to get only the
asscciated alpha particles fram T (d,n)4He reaction, then to a scaler (
NE - 4681 ). Figure (4.4) shows the associated particle spectrum

obtained at a deuteron energy of 130 keV .
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CHAPTER 5

CALCULATTION METHODS

5.1 Introduction

Neutrons move about in a reactor or in reactor shields in
complicated, zigzag path due to repeated collisions with nuclei.
Therefore, neutrons that were originally in one part of a reactor and
moving in a particular direction with a particular energy appear at a
later time in another part of the system, moving in another direction
with some other energy. The neutrons in this case are said to have been
transported fram the first region and energy to the second, and the

study of this phenamenon is known as transport theory(lggz

In shielding studies, it is required to solve the appropriate form
of the transport equation, which is applicable to both neutrons and
gamma rays in order to determine the distribution of the particles (

neutrons and photons ) in energy and space.

The purpose of this chapter is to derive the transport equation and
then show some approximations to it for some cases of interest in
shielding studies. For calculation purpose the ANISN one dimensional
transport theory code was chosen. The results obtained by ANISN code
were smoothed by a computer programme based on Gaussian smoothing
function for comparison with the experimental data. The derivation of

this equation is described.
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5.2 Derivation Of The Neutron Transport Equation

A neutron balance is made for neutrons in a given volume element
having a specified angular direction vector,Q,and lethargy, U, at a given

time, t . The time rate of change for neutrons

7 N

having the above specifications arises fram an

accumulation (or depletion) due to convective or Q, _ u | o
4

=cos b .
flow changes, loss by scattering and absorption _unit
0 distance

collisions, input from other appropriate 7y

]
|
- ]
~
o =l

scatterjng collisions, and generation from

a source.

The time rate of change of the neutrons

) N

in a volume element which move with the neutron
centre of

. . . . inate
stream in the direction d{2 at 2 in a /%?sotrgr‘r?

lethargy interval dU at U at time t is : v

[ ON (r, Q ,U,t)

=% + VQ .YN(r, Q ,0t)14Q du

——— (a)

Where v() is the vector velocity (1 is the scalar speed) ,

N(r, Q ,U,t) is the angular density at position r and time t

per unit lethargy per unit solid angle.

The first term is the time rate of the change at a given position,

and the second term is the net convective loss.
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Losses by absorption and scattering of the specified neutrons per
unit volume per unit time are given by the product of the angular
neutron flux® , i.e, vN ' 1, Q, U, t ), and total macroscopic
absorption and scattering cross section for neutrons of lethargy U,

2 (U =

VN (r, Q ,U0,t) 2 (U) (b)

Neutrons fraom different angular directions and from higher speeds
at the position, r, may scatter into the approprite direction and
lethargy. Consider another set of neutrons at the same field point, r,

and at the same time, t, whose velocity is determined by the parameters

* * * *
2 and U , and call this set N(r, Q ,Uu,t ). The number of

scattering collisions with this set is ;

L Vn(r, g, ue) 5uh 1 eQ"ad

*
Where ZS( U ) is the macroscopic scattering cross section at a

* * '
lethargy, U ,and V is the corresponding neutron speed.
Let FaQ du represent the probability that a neutron
* * * *
scattered framd U at U and df2 at {2 will end up in dU at U and

d2 at 2 . Only elastic scattering is considered.

*
The product of 2 .8 = cosg = 7
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*
Where /“o is the cosine of the scattering angle, and Q represents

the direction before collision and ()  after collision. The scattering
*

function, F , is dependent upon the lethargy change, U ~ U ,and as a

consequence of assumptions of an isotropic and homogenous medium, is

dependent on U, . The total number of neutrons scattered at point r

and time t from all other possible energies and directions to the

lethargy, U, and angular direction, £2 , is :

*

u
/du**/v*N(r,Q,*,U*,t) T (U F( pug.u-0")a Q
0 Q

— (c)
If an isotropic source term is included, this designation is used :

s(r, U t) (a)

p——
Here the implications are that the source is instantaneous and monoergic

The total time rate of change of N is equal to the loss by
absorption and scattering plus the source generation and plus the influx
of scattered neutrons. Using definitions a, b, ¢ and d , and to simplify
the representationput S (r, Q ,t) =S, N=N(r, Q , U, t), N*

* % *
=N(r, £ ,U,t) and F(MO,U—U)=F,thetJ'.medependent

transport equation is :

. VN + vN X (U)
At U

o/dU* /d QF N ZS(U*) F +8 r——— (5.1)

Il



Equation (5.1) may also be expressed in terms of the angular flux

¢® and energy E, thus :

/ZS Fo© d4Q" &«*+ s | (5.2

Equations (5.1) and (5.2) represent the basic transport equations.
Differential equations of this type containing the function desired in

an integral term are called integro - differential equations.

The integro - differential equation for monoergic neutrons is

written as :

%E (r,Q., )+ vQ . VNr, Q ,t)+ VN (r,Q , )X
= [on(r, Q%0 0@ SF(u)+s (0,0 (5.3)

Where F( Mo ) is the scattering function for the monoenergetic neutrons.

Solutions for this equation are considered for the following

conditions :

a - Steady state, i.e, DN/ Jt =0

b - Plane symmetry ( one - dimensional, movement in z - direction )

¢ = Isotropic source .
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The gradient of N ( z, 4 ) for the one - dimensional case is :

[ d¥N(z,u)/ d3z]1k , where k is a unit vector in the z -

direction. Further, the velocity , p , reduces to v Qz k or
UV uk . With these relations, vQ.yYN ( z, U ) is written as :
oN (Z: M) - oN(Z. M)
v u Y k.k = v 57 (e)

Conditions a, b, ¢, d and equation e lead equation (5.3) to the one

- velocity equation as :

UMBN(‘_b}z:Iu’ ) = - N (Z, #)DZ+/N(ZI#*)UZS F(/I'to)dQ*

+S(z) L . (5.4)

In the notation used, M 1is the cosine of the angle formed by the

direction of the neutron and the z -~ axis, whereas Uy 1s the cosine of

*
’

the scattering angle for a neutron with any initial direction , Q
before collision and direction () after collision. It may be shown

that ;

2

b = /1/1*+/1-—,u ,/l—,u’k2 cos (¢ —QD*)

5.3 Approximation Solutions To The Transport Equation

The method to obtain an approximate solution of the transport
equation involves the assumption that the scattering function, F( o ),
and the angular neutron density, N ( z, 4 ), can be expressed in a
series of spherical harmonics, separating the spatial and angular

dependencies. This approach is given below.
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5.3.1 Spherical Harmonics

. ¥%s P % _
If a function satisfies the Laplace e~uation —ja + -—23 + -:a—zz =
X b

O, its first derivatives are continuous in a region R , and satisfy the
conditions on the boundary of R , the function is said to be harmonic
with R . A harmonic function is called a “rspherical solid harmonic " if
it satisfies Euler's theorem on hamogenous functions x ( Bdf/ Ox ) +y
( 3f/ 3y ) +z ( dft/ 3z ) = 1f . The degree of homogeneity is
expressed by | . A property of the harmonic utilized is the relation
that (169) :

fPL(/L)dQ /N(Z,/J*) F(,uo)dQ*=Fl N, (z)

For the case of a plane symmetry or a spherically symmetrical
distribution, only one angle need be specified to indicate the direction.
Thus for these conditions, the expansion in terms of the zonal spherical
harmonics results in the use of the Legendre polynomials. For more
complex geometry where two angles are needed to characterize the

direction, the general form of spherical harmonic expansion is utilized.

The following expansions are assumed for F( M, ) and N ( z /D F
FCpo) = 20(21+1)/47m 3 E B ( u) —  (5.5)

N (z, u) =z‘i“2‘”)/”3 N o(2) B (4 ) s (5.6)

Where F, = J[ F({ ug) B0 M) aQ,

NL=/N(Z,/1)PL(,LL)dQ
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If the angular distribution of neutrons is not highly anisotropic,
or at least, if the very anisotropic portions constitute only a very
small part of the region to be considered, only the first few terms of
the Legendre polynamials are required for a good approximation. As more

terms are obtained, the accuracy of the result would be expected to

improve.

5.3.2 P1 Approximation

The diffusion theory is derived by retaining only two terms. What
is implied is that a " minimum " of anisotropy is assumed, for otherwise

no neutron current would result. The limiting conditions for diffusion

theory implied that(179)

1- The region considered is far from source, sinks, or boundaries ({ in

terms of mean free path, A )

2~ The properties of the medium do not change appreciably within a

distance camparable to a mean free path.

3= The probability of capture is small campared to scattering .

The transport solution would be expected to hold rigorously if

these conditions are fulfilled .

The Pl approximation retains the terms for ! = 0O and ! = 1 and

neglects all others. The two Pl equations for one dimensional transport

equation are :
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v ANy (z) / dz = - v XNJ(z)+ v Zs No(z) + S5(z) — (5.7)
DAN(z) /3dz = -vEN(z2) + VI FN(z) }—— (5.8)
+1
Where o (z) = 27r/N (z,u)du , i.e, the neutron density .
N, (z) /,u N (z,u)dQ

Fl=/fu'o F( pg)aQy= by = cosg

Equation (5.7) is derived by integrating equation (5.4) over all
values for d{) . The second equation (5.8) is obtained by multiplying
equation (5.4) through by 4  and integrating the transport equation

once again over all values for d Q.

A simplification made in equation (5.8) is S - X , and by

differentiating it with respect to z, Nl is eliminated :

vd No(Z) d N,V

3ZS d =z

D = VN, . and Za= Z—-ES,
a2 @ -
(5,2 )/ L322, (1-F)] 2,0 + 54 (2) =0 (5.9)
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This equation is an approximate solution to the monoergic transport

equation, with the addit onal assumption that the capture is weak , and

Y = 2 . Upon comparison with diffusion theory, the important
S

conclusion is that the proper diffusion constant for the elementary
diffusion theory is :

SZS(l—Fl) 3(1=-cos§)

Where Ag is the scattering mean free path.

(171)

Weinberg and Noderer have presented a detailed discussion on

the limitations of the solutions to the transport equation.

5.3.3 Approximation

By

The Pl approximation leads to the ordinary diffusion theory. The
higher the PN approximation, the better and more accurate results

obtained through the use of the higher spherical harmonics. The
spherical harmonic method is illustrated for the monoergic Boltzmann
equation for the case of plane geanetry and isotropic scattering with

constant cross sections. Equation (5.4) is rewritten as ;:

-1
LOIQ(z, 0 )/ Aw+D(2z, u )//1=c/L/(D( Z,u*)d u*+Q/2
+1

y

/
i

Where ®(z,u) = vNC(z,u), A=1/%F » C= S

2 = Za + f_‘s and Q is the total source strength, .
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Multiply this equation by (2n + 1) P (u)au and integrate

from M4 = -1 to +1 ;

(n+l) 4 D 1 (2) n d(Dn_l(z) (2n+1) (Dn (z)
3z + Iz * R
= C—CDO(Z) +Q 1 &g,n — (5.11)
Where 80,n =1 for n = 0 and 80,n= O forn+0.

The solution to the homogeneous system of equations given by

equation (5.11) with Q = O is of the form ;

Q (z)= g exp(v2])) ——— (5.12)

If the first four equations are retained in the set given by

equation (5.11), and the term involving ®, (z) is neglected, the
solution obtained is called the P3 approximation. Just the odd -

numbered approximations are used, for they yield more reliable results
than the even - numbered ones from the stand point of correctly
presenting the oscillatory nature of the angular neutron density, and in
the determination of the boundary conditions at an interface(l7‘?') The

first N+l equations contain N+l unknowns, namely (DO / (Dl , (1)2 ceeenae,

q%, where n=0, 1, 2,...... , N, and are used to determine the PN

approximation.
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5.3.4 Numerical Methods

Many of the diffusion problems met in practice cannot be solved by
the analytical techniques discussed above. The problems must be handled
by numerical methods. With the advent of modern high speed camputing
machinery, it has become possible to make computations using the
transport equation as well as the diffusion equation, and a large number
of programs, or codes, have been developed to handle a variety of
problems with these equations. Numerical methods generally fall into two
broad categories, namely, numerical integration and Monte Carlo. The

first category consist of a large number of techniques for nunerically
integrating a differential or integral equation(lg?) The discrete

ordinates SN method is commonly used for one and two dimensional

calculations. For more complex shield geometries, where a three
dimensional treatment is required, the Monte Carlo method is prefered.

In same cases, the overall analysis may be simplified by using the SN

method in part of the calculation and the Monte Carlo method in another
part. Other cambinations of procedures for solving the transport problem
are also possible. A large number of camputer codes have been developed

to meet the various needs and situations arising in shield desigrgl73—l7§)

5.3.4.1 The Discrete Ordinates SN Method

The discrete SN method is a general numerical procedure for solving

the neutron transport equation, and has been presented by Carlson(l?”

An alternative to expressing the spatial distribution of the neutron

angular flux () in terms of Legendre polynamnials is to employ the method
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of discrete ordinates(l?8) In this procedure the angular flux is

considered in a limited number of directions, and it is assumed to vary
in a linear manner between these discrete directions. The symbol S
stands for " segments " and N is the number of directions. The accuracy
attainable increases with N because a better approximation to the actual
angular flux distribution is possible, but so does the camplexity of the

canputations. The SN expression in terms of discrete directions applies

only to the angular neutron flux distribution in space. As in the PN

treatment, however, allowance for anisotropic scattering is made by an
expansion as a sum of spherical harmonics (or Legendre polynamials) of

the cosine of the scattering angle.

With the approximation just described, the transport equation can
be written in multigroup form. The set of coupled group equations can
then be expressed in finite difference form and solved. Both inmner and
outer iteration schemes are used as may be required. There are some
minor differences in the group constants, eapecially in the transfer
Ccross sections, these depend on the number of terms retained in the

Legendre expansion 6f the anisotropic scattering(lgg’) Camputer codes,

e.g , DIF-IV ,(173) are available for solving the multigroup SN equations

with various approximations for the anisotropic acattering.

The SN method has a number of useful applications in reactor

analysis, especially in situations where diffusion theory is a poor
aproximation. An example is criticality calculations for small fast
reactors. Another application is in the adjustment of cross sections '

especially for fast neutron systems. This is done by comparing the
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i 1 i fram integral
results of Sg ( or Si6 ) calculations with those obtained eg

experiments. In shielding calculations, the discrete ordinates method is

now commonly used for one dimensiona: shielding calculations , e.g , by

the ANISN code(l74), and, to some extent, for two dimensional

calculations, e.g , by the DOT code(l7§)

5.3.4.2 The Monte Carlo Method

The Monte Carlo method is a numerical procedure for solving
mathematical problems based on statistical theory. Features in common

for all Monte Carlo calculations are(lm) :

1- Description of the physical process.

2-  Formulation of the probability model.

3- Definition of the basic estimating randam variable.

4- Construction of sampling distributions, using random numbers.

5= Processing of samples and statistical analysis of data .

Neutron transport problems can be soived numerically by the Monte
Carlo n‘ethod(l792 However, the procedure requires‘extensive computer
time since it is necessary to follow the histories of many neutrons
through a large number of collisions in order that the results may have
statistical significance. A great advantage of this technique is that a
three - dimensional problem can be solved with little more effort than
for a similar problem in one dimension. The Monte Carlo method may be
employed in hawogenization calculations and to check the results given
Py simpler but more approximate procedures. For camplex geametries in

shielding studies, use of the Monte carlo technique, €.g , by the MORSE
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code(l76) 1s necessary.

5.3.4.3 The Manents Method

The maments method for solving the transport equation is not used

directly in reactor analysis since an infinite hamogeneous medium must

be assumed. It has been utilized, however, to study the penetration of
neutrons and gamma rays through various shielding materials. The results

of such calculations have been used in the anlysis of reactor shieldélgé.3

5.3.5 The ANISN Code

In the present work the calculation of neutron spectra were
performed by the ANISN code which was used on the CDC 7600 at UMRCC. The
Cross section data used was from a new set, the "ZZ - FEWG 1 / 31-1F
Cross Section Library" . This is a coupled 37 neutron groups ( 19.6 MeV
to the thermal region with a minimum energy of 1 x lO-5eV ) and 21 gamma
ray groups {( 14 MeV to 10 keV ) . The cross sections contain angular

distributions in P3 form and are suitable for use with ANISN code. To

reduce the amount of unnecessary information produced, cross sections
for groups 4 to 24 ( 14.2 MeV to 52.5 keV ) were extracted, by using a
programme ANXSEC ( Appendex 3 ), from this data for use in the

calculations not involving fissile materials which used groups 4 to 37 .

ANISN ia a one dimensional transport theory programme using the
multigroup discrete ordinates method of solution. Calculations were made
for the 34 groups covering the range 14.2 MeV to 10~° ev [ table (5.1)]

using P3 58 approximation to the angular distributions. Table (5.2)

represents the angular quadrature constants used 1in every
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Table (5.1) Neutron Energy Boundaries For The 34 Groups
Fast Neutron Data Derived Fram 37 - 21 Groups
ZZ - FEWG 1/ 31 - 1F Cross Section Library.

Group No. Boundaries ( MeV) E(MeV)
1 14.2 13.8 7.4

2 13.8 12.8 1.9

3 12.8 12.2 9.6

4 12.2 11.1 1.1

5 11.1 . 19.9 1.1

6 19.9 9.95 2.95

7 9.05 8.1°9 2.86

8 8.19 7.41 .78

9 7.41 6.38 1.93

19 6.38 4,97 1.41

11 4,97 4,72 d.25

12 4,72 4,97 g.65

13 4,97 3.01 1.6

14 3.01 2.39 .62

15 2.39 2.31 9.98

16 2.31 1.83 9.48

17 1.83 1.1, .72

18 1.11 5.5E-1 g.56

19 5.5E~1 1.58E~-1 9.392
29 1.58E-1 1l.11E~1 9.047
21 1l.11E-1 5.25E~2 9.9585
22 5.25E-2 2.48E~2 9.9277
23 2.48E-2 2.19E-2 2 .99E-3
24 2.19E-2 1.93E=-2 g.0116
25 1.93E-2 3.35E~3 6.95E-3
26 3.35E-3 1.23E~3 2.12E-3
27 1.23E-3 5.83E~4 6.47E-4
28 5.83E-4 1.01E-4 4,82E-4
29 1.91E-4 2.99E-5 7 .20E-5
39 2.90E-5 1.97E-5 1.83E-~5
31 1.97E-5 3.96E-6 7.64E-6
32 3.06E-6 1.13E-6 1.93E-6
33 1.13E-6 4,14E-7 7.16E~-7
34 4,14E-7 1.90E-11 4.,14E~-7

-1
#*Read as 5.5 x 19 .
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Table (5.2) Angular Quadrature Constants

Cosine (COS.) Weight (WT.) WT.x COS

- 9.75900 E-01 @ . 20000 3 . 00000

- 9.51190 E-g1 6.04938 E-02 - 5.75411 E-@2

- 7.86796 E-41 9.07407 E-02 - 7.13944 E-@2

- 5.77350 E-21 1.37937 E-01 - 7.91184 E-@2

- 2.18218 E-41 2.11728 E-g1 - 4.62029 E-@2
2,18218 E-¥1 . | 2.11728 E-O1 4.62029 E-02
5.77350 E-21 1.37@37 E-91 7.91184 E-92
7.86796 E-O1 9.97407 E-22 7.13944 E~@2
9.51190 E-@1 6.04938 E-02 5.75411 E-@2




-96-

calculation. Slabs and sphere calculations are possible and the 14.1 MeV-

neutron source was represented by a shell source of neutrcns in the

forward direction at the lower face of the shield.

Various options are available within ANISN. Slab calculations are
for semi - infinite slabs with a uniformly distributed source. Therefore
a shell source at the inner boundary is a poor representation of the
finite experimental slab assemblies which have a point neutron source at
14 cm below the lower face. Space and radiation levels did not permit
the point source tov be placed at a long distance, for example 1 meter,

below the slabs, which would have been a closer approximation to the

ANISN slab calculations.

A choice is allowed in ANISN of including reflection at a boundary
or omitting it. For the outer boundary there should be no reflection.
When calculating the case of the graphite cube this was taken to be a
hollow sphere for calculation purposes. Attempts to include a point
source at the centre of the internal cavity ( assumed to be otherwise
empty ) failed, probably because the source needs to be embedded in a
scattering medium, so a radially directed shell source was used at the
inner radius of the sphere. In addition reflection was assumed at the
inner boundary to allow for the uniform neutron distribution in the

central cavity.

Closer agreement with experiment was obtained for the slab cases by
again using a spherical calculation model with an inner cavity of radius
14 am and a shell thickness equal to the slab thickness. Since in the

real slab case neutrons will escape fram the lower boundary and not be
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lost. Hence this calculation model was throught to be

approximation to the finite experimental slabs than the slab iAo

ANISN, and as will be seen in chapter 7 reasonable agreement is coizired

in most cases.
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Some difficulty was experienced in using ANISN £for scur

O
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calculations with systems containing uranium. The additional producticn
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neutrons by fission involves further interations to reach a converc

result and in many cases adequate convergence was not obtained. I

D

increasing the maximum number of iterations some oscillation in ==

{1}

fluxes was observed and this did not seem to converge to a steady val:
within a finite number of iterations. All the cases without uranium
converged rapidly. No explanation has been discovered so far for this
behaviour with uranium. As will be seen in chapter 7, the uranium
calclations can still be compared with experiment although the

comparison is not always as good as for non - multiplying shields.

The ANISN programme ( written at Oak Ridge ) was obtained fram NFA

data bank, as was also the cross section data.

5.4 Smoothing Of Calculated Spectra

The experimental spectra are presented as histograms with a bin
width of 0.2 MeV. As can be seen from Table (5.1) all of the energy
groups above .158 MeV used in the calculations are wider than this and

consequently direct camparison between calculated and experiment is not



possible. In order to present the calculated spectra in a form similar

to the measured spectra a smoothing technique was applied to the

calculated results.

The contents of each energy bin in the calculations were first
equally divided among .1 MeV wide sub - intervals, where each group was
approximated in width to a multiple of 4.1 MeV. Fram Table (5.1) it can
be seen that group number 1 will be divided into 4 sub - intervals,
group 2 into 14 , group 6 into 18 , group 19 into 14 sub - intervals and

so on, down to group 17 .

5.4.1 Smoothing Function

The contents of each sub - interval we then assumed to be spread
over a Gaussian function with a standard deviation assumed proportional
to the square root of the energy. At 14 MeV the standard deviation was

found to be experimentally S = .64 MeV and hence ;

S =4.171 /E MeV > (5.13)

The square root variation was chosen since it is a measure of the
standard deviation of the signal size, although not an exact measure due
to the non - linearity of light output with energy. Sources of lower
energy monochromatic neutrons were not available for experimental
determination of the actual variation, but since the measured spectra
have a relatively smooth variation it was felt that the standard

deviation would not have a marked effect on shape at lower energies.
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The Gaussian distribution was assumed to exist only within the
range + 3S to - 3S , and the distribution of the contents of a 4.1 MeV-
wide sub - interval ( index 1 ) into the 9.1 Mev wide bins of the

smoothed spectrum ( index k ) was calculated as follows :

Ex-05

- G < (Ei- )2
G = = / exp (= <)) ok — (5.14)
27T 2s
Eg-05

Where B is the central energy of the particular bin.

This integral was performed numerically by a Simpson's integration

as follows :

— C' 0.05 (AE —05)2 _AE2 AE +.052
o S I ST e S et L)
e (5.18)
where
AE = [ - E| ———s (5.16)

and the integral was carried out within the range E -3S<E < E+3S .
1 ST

This was carried out for each sub - interval (1) in turn and the

G values were sumed into the 9.1 MeV wide bins in order to obtain the

smoothed spectrum. Finally, since bins .1 MeV wide were used instead of

the @.2 MeV wide bins of the experimental distribution, the contents of

adjacent pairs of bins were summed O produce a hist ogram equivalent to

the experimental one in detail.
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5.4.2 Smoothing Camputer Proqramme

The method described in section ( 5.4.1 ) was written as a camputer
programme SMOOTH which is listed in Appendix 2. By making the

substitution

z = (8.1)%2/28% and J= AE,_/ 0.1

the Simpson integration [ Equation (5.15) ] becames ;

G = Gipg =G

0.00665 [% ] [exp(-[ J-O-5]22) + 4exp(-J22) + exp(-[y +o.5j2z)]

pd (5.16)

where J ranges in unit steps fram O to NMAX , which is set by a maximmm
width of 3S for the Gaussian. Due to symmetry only half the distribution
needs to be calculated apart from the central section ( for J = O ).

thus reducing the number of camputing operations.

Figure (5.1) shows the calculated neutron spectra emitted from 8.9

an thick graphite with and without smoothing.
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FIG. 5.1 CALCULATED SPECTRA EMITTED FROM 8.9 CM THICK GRAPHITE SLAB

WITH AND WITHOUT SMOOTHING.
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CHAPTER 6

SHIELDING MATERIALS AND EXPERIMENTAL ASSEMBLIES

6.1 Introduction

The primary components and materials of nuclear fusion reactors
will consist of nuclear fuels, structural materials, moderator,

reflector and blanket materials, coolant, shields, nonsuperconducting

or superconducting magnet systems.

The materials selected for the fusion reactor shielding materials
in this work are natural uranium, lithium fluoride, graphite , lead and
steel. All materials were shaped as slab assemblies and the gi‘aphite
only was shaped as a cube. A point source of 14.1 MeV neutrons was
located at 14 cm below the slab assemblies while the cube assebly,

source was at the centre.

A steel frame was designed to carry the assembly materials and to
support them horizontally, so that there was a minimum of additional

scattering material near the assemblies.

6.2 Nuclear Fuel Materials

Nuclear fusion fuel and fertile materials for the generation of
muclear fusion energy are deuterium ( %D ), tritium ( T ), helium ( 3He

) and lithium ( ®Li and i ) respectively.
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The primary nuclear fusion fuel reactions are D - T , D - D and D -
e . The neucrons and protons produced fram these three cycles can,

respectively, be atilized to breed T and 3He with fertile material 6Li .

6.3 Shielding, Coolant And Blanket Materials

The shielding materials for use in a nuclear fusion reactor fall

into three groups according to their purposes(IBQ):

1- Heavy and moderately heavy elements to attenuate the gamma and X -

rays and to slow down fast neutrons inelastically.

2= Light elements or hydrogenous substances to scatter and slow down

neutrons elastically.

3- Light materials containing boron to capture neutrons with little

secondary gamma ray emission.

The most common shielding materials for use in nuclear fusion
reactors are likely to be lead, steel, concretes, boron and hydrogeneous
substances for the thermal and biological shieldings. Many shielding
materials often used in nuclear fission reactors can well be applied

to nuclear fusion reactors.

The candidates for first wall or structural materials are
austenitic stainless steel, nickel alloy, niobium alloy, vanadium alloy
and titanium alloy or cambination of stainless steel - niobium alloy and

stainless steel - vanadium alloy.
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Good heat transfer and thermal ( physical ) properties are the
basic requirements of a fusion reactor coolant. Therefore, the cooclant
should have high thermal conductivety, large specific heat, low melting
point, high boiling point, low density, low viscosity and little
corrosiveness, that is, the coolant must be compatible with the
structural, channel, and piping materials of the nuclear fusion reactor.
The materials selected for the fusion reactor coolant material are Li ,

LiF, LiF—BeFZ, LizBe F4, He or HZO . The coolants for use in the primary

coolant loop and the secondary coolant loop of nuclear fusion power

plant will be different.

TheA blanket materials could include same of the following ; Li ,

BeF, , 238y or liquia Li-pb(78)

The coolant - blanket materials are Li and Li-Pb eutectic alloy in

the liquid form, LiF—BeF?_( or Li,BeF, ) in the fused or molten salt
form, and LiO , LiAl , LiA102 and L‘:i..7Pb2 in the solid form of blanket

material only ( because of their high melting points ). The first wall
and coolant blanket can be either integrated or detachable in the D — T

fusion reactor design, Figure (6.1).

6.4 Moderator And Reflector Materials

The chief function of a moderator in a fusion reactor is to slow
down fast neutrons from high energy to thermal energy and so convert

kinetic energy into heat. The function of a reflector is to reflect
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FIG. 6.1 TYPICAL CROSS SECTION OF CONTROLLED THERMONUCLEAR REACTOR
USING A CHANNEL - BANK COOLANT SYSTEM OUT SIDE THE FIRST - WALL.,
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escaping neutrons back into the source and sO increase the production of
tritium from neutron reaction in lithium. The major moderator -

reflector materials are LiF , BeF, , Li , HyO and graphite .

In the fast nuclear fission reactor, moderator materials must Dbe
excluded from the blanket and core since they reduce breeding of
plutonium. In a nuclear fusion reactor, however, the moderator,
reflector, and blanket materials can exist together. For instance,

liquid Ori ,» a light element, can moderate and slow down the energetic

fusion neutron, reflect it, and finally absorb it to carry out the

breeding reaction for tritium production. In fact, liquid 6LJ. is also a
very important coolant in the conceptual controlled nuclear fusion
reactor ( CNFR ) system. Further,' in the case of a hybrid fusion -
fission reactor, the energetic neutrons passing through the slowing down
and thermalization process may be absorbed in the fertile material,
depleted uranium, of the fission reactor blanket to breed new fissile

fuel, instead of being absorbed, by lithium - 6.

6.5 The Steel Frame

The material media under investigation were supported horizontally
with a steel frame such that the lower surface of slab assemblies was 14
cm above the neutron source. In addition it could support the roughly

spherical assemnly such that the source was at its centre.

The steel frame, made from steel angles of 5 and 7.5 cm width,
consists of two main parts. The lower one is 107 cm above the floor and

104 am width. It is used separately for the rough sphere assembly and
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the beam tube penetrates in the assembly as shown in figure (6.2). The
upper one has two horizontal aluminium angles to carry the slab
assemblies 53.3 cm high from the upper surface of the lower part and
permits the slab to be a maximum of 62.2 cu width . Figure (6.3) shows
the slab assembly, the neutron detector ( standing on the surface and

exactly above the source ) and the steel frame.

6.6 Uranium And Lithium Fluoride Assemblies

Natural uranium ( U ) and lithium fluoride ( LiF ) materials are
contained inside cylindrical aluminium cans 86.4 an overall length and
82 am effective length with a wall thickness of 0.915 mm. The inner ana
outer diameters are 29.54 and 31.37 mm respectively. The density of

3

uranium is 18.7 gm cm ~and the average density of LiF powder inside the

3

tube is about 0.78 gm am - which is much lower than the density of LiF

crystals (2.635 gm cu > ).

The assembly was designed with the tubes touching each other
horizontally arranged in layer. The first layer consists of 19 tubes,
second one of 18 tubes, third one 19 tubes and so on. The tube layers
were supported by the upper part of the frame to build up the effective
thickness required. The effective thickness calculated for 2 up to 8
layers of tubes were 5.4, 8.2, 10.9, 13.6, 16.3, 19 and 21.7 cm
respectively. Figure (6.4 A) shows a cross section of the four layers
assembly and the effective thickness calculated as an example. This
thickness is the maximum value in case of U or LiF assemblies. Figures

(6.5) and (6.6) represent the U and LiF assemblies used in this work.
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The homogeneous media for U and LiF were constructed by putting U
and LiF tubes horizontally alternately in each layer as shown in figure

(6.4 B) up to a maximum effective thickness of 21.7 am . Figure (6.7)

represents these assemblies in diagrammatic form.

Multilayers assemblies of U and LiF were built up by using
different thicknesses from these two materials with different
arrangements. Using 5.4 cm thickness of U on bottam with 5.4, 8.2 and
10.9 cm LiF on top,10.9, 13.6 and 16.3 cm assembly thicknesses
respectively were constructed as shown in figure (6.8 A, B and C).
Similarly, 8.2 and 10.9 am thickness uranium with the same thicknesses
above of LiF mentioned before gave assemblies with thicknesses up to
21.7 cm. Figure (6.9) shows a block diagram of the samples containing
8.2 cm uranium, while figure (6.10) presents the cases used 10.9 am
thickness uranium. In the same manner and by interchanging U and LiF in
the previous arrangements, assemblies of LiF on the bottam and uranium
on top can be constructed with thickness up to 21.7 cm also. This is
shown in figure (6.11 A, B and C) for samples contained 5.4 cm LiF on
bottom with 5.4 , 8.2 and 10.9 cm uranium on top. In the samples
contained 8.2 and 10.9 am LiF on bottaom with the same thicknesses of U
mentioned before, figures (6.12) and (6.13) show these cases

respectively.

Other multilayers assemblies for U and LiF were built up by putting
5.4, 8.2 or 10.9 am thick LiF between two layers of uranium 5.4 cm thick
each as shown in figure (6.14). Similarly, using 5.4, 8.2 or 10.9 cm
thickness of uranium between two layers of LiF, 5.4 am thick each, were

used to construct assemblies with thicknesses up to 21.7 am as shown in

figure (6.15 A, B and C).
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-117-

Finally, samples of multilayers of uranium and LiF were build up by
putting 5.4 cm uranium on bottam followed by 5.4 am LiF, 5.4 an U and
5.4 an LiF from bottom to top respectively as shown in figure (6.16 A).
Interchanging LiF and uranium layers from the previous arrangement was

also used as shown in figure (6.16 B).

6.7 Graphite Assemblies

The graphite was assembled as 62.2 amn cube, or slabs of different

thickness. The assemblies were built from graphite blocks ( density

1.718 gm an™3) having ( 8.9 x 8.9 ) cm® cross section area and with
62.2, 44.5, 27.9 and 8.9 an lengths. The cube had a ( 44.5 x 44.5 x 8.9

3

3 upper surface and a lower one of ( 62.2 x 44.5 x 8.9 ) cm”. This

) cm
was a simple approximation to the sphere used for calculation purposes (
figure 6.17 A). The graphite slabs of cross section area ( 62.2 x 44.5 )

c:m2 and with 8.9, 17.8 and 26.7 am thickness were prepared as in Figure

6.17 B .

The graphite slabs 8.9 and 17.8 cm thicknesses were used with
uranium and LiF assemblies to construct samples containing graphite slab

on the bottom and uranium, LiF or a mixture of uranium and LiF on top

with thickness up to 21.7 am.

Figure (6.18 A, B and C) shows the diagrams of samples contained
8.9 am graphite slab on bottom and 5.4, 8.2 and 10.9 cm uranium on too

respectively .Figure (6.19 A, B and C) represents the samples contained

8.9 am graphite slab with 5.4, 8.2 and 10.9 cm LiF on top.
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Figure (6.21) represents the samples contained 17.8 cm graphite
slab on bottam and 5.4. 8.2 and 10.9 cm thick uranium on top. Figure
(6.22) shows the samples contained 17.8 cm graphite slab on bottam and

5.4, 8.2 and 1C.9 cam thick LiF on top.

Also, 8.9 and 17.8 cm thickness of graphite slabs were used with
the same manner with the hamogenous media combinations of uranium and
LiF ( Section 6.6 ) with thickness up to 21.7 and 16.3 am for graphite
thicknesses 8.9 and 17.8 cm respectively. Figure (6.20 A to G)
represents the ccmbinai:ions of 8.9 am graphite slab with 5.4, 8.2, 10.9,
13.6, 16.3, 19 and 21.7 am hamogenous media. For 17.8 am graphite slab,
figure (6.23 A to E) shows the samples contained 5.4, 8.2, 10.9, 13.6

and 16.3 an hamogenous media on top.

6.8 Lead Assemblies

The lead material was available in the form of 5 cm thick

interlocking blocks of ( 10.2 x 10.2 ) cm® cross sectional area with a

density of 11.3 gm cm™3

. In that case, the required thickness was
Obtained by putting these blocks horizontally on sheet of steel 1.3 am

thick, besides each other using the interlocking shape to build up 5 cm

thickness and cross section area ( 61 x 61 ) cm2. Also, 10 and 15 am

thicknesses with the same cross section area were built [Figure (6.24)].

The two layers configuration of lead and LiF were constructed by .
putting 5 am thick lead followed by 5.4, 8.2 or 10.9 cm thickness LiF to

build up thicknesses 10.4, 13.2 or 15.9 cm respectively. These samples
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are shown in figure (6.25 A, B and C). This was repeated for lead
thicknesses of 18 and 15 cm with the same LiF thickness mentioned before
and samples with thicknesses up to 25.9 cm were obtained as shown in

figures (6.26) and (6.27).

6.9 Steel Assembly

The steel assenbly was built up by putting five sheets of steel 1.27

an thick each to construct a sample 6.4 cm thick. The sheets used have a

density 7.83 gm cm3.
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CHAPTER 7

RESULTS AND DISCUSSIONS

7.1 Introduction

The measured and calculated emitted neutron spectra fram a graphite
cube and the various slab assemblies described in chapter 6 are

presented in this chapter with discussions.

All measurements have been made with NE - 213 liquid organic
scintillator and using pulse shape discrimination system model 5010
manufactured by Link Systems ( U.K.) to reject the gamma rays
background. A computer programme NSPEC was used to analyse the
experimental data by the differentiation unfolding method and to obtain

neutron spectra as described in chapter 3 .

For the numerical calculations, the one - dimensional discrete
ordinates transport code ANISN was used. The Cross section data used was
the ZZ - FEWG 1/31 - 1F cross section library. The numerical results
obtained were smoothed with a Gaussian smoothing function ( see section
5.4 ) using a computer programme SMOOTH , for comparison with the

experimental results.

For some bf the cases containing uranium, the ANISN calculations
did not converge within the limits that were set ( 0.1 % in flux ).
Increasing the number of iterations did not improve the convergence and
in same cases made it worse. An increase in the number of mesh points

did not eliminate the effect. ANISN therefore does not seem to be aiways
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reliable for thick natural uranium shields, but there may be an optimum

number of iterations giving least error. Time has not permitted a

detailed investigation of this effect.

All measured and calculated results were normalized for camparison

purposes to a neutron flux of 1 neutron cm™2s~lat the detector in the

absence of any shield. The spectra were plotted as differential flux (
neutron per cm? per sec per MeV ) versus neutron energy in MeV. The
neutron energy range used in this work is fram 1.8 MeV upwards for all
measured and calculated results, the lower energy limit being set by the

neutron - gamma discrimination and the numerical method used for

differentiating the pulse height spectrum.

7.2 Neutron Spectrum Fram Unshielded 14.1 MeV Source

The measured source spectrum emerging fram the target asserbly with
no shielding present, is plotted in figure (7.1). The detector was

placed 18 am above the source.

Fram the figure; the 14.1 MeV peak was used to set the energy scale |
and the spectral peak around 12.5 MeV corresponds to the elastic
backscattering of neutrons with the ordinary concrete walls and floor
which were of necessity close to the source. The minimum energy due to

elastic scattering of neutron with Si O2 is around 11.6 MeV ( 10.98 Mev

1o ‘
for 770 and 12.22 MeV for 28Si ).

The effect of multiple elastic and inelastic backscattering of
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neutrons with the’ concrete appears in the spectral region around 8 MeV

and below.

7.3

Neutron Spectra For Uranium Slabs

Refering to diagrams shown in figure (6.5), measured and calculated

neutron fluxes passing through uranium slabs of thicknesses 5.4, 8.2 and

1.9 om are presented in figures (7.2), (7.3) and (7.4) respectively.

The figures show that ;

The theoretical spectrum in the 14 MeV region is wider than the
experimental, although the same full width half maximum ( FWHM )

was used for smoothing.

The two " 14.1 MeV " peaks are not quite in the same position

because the theoretical 14.1 MeV peak is a group fram 13.8 to 14.2

MeV, i.e, E=14 MeV and AE = 0.4 MeV which will add 0.4 MeV to

the FWHM .

The next theoretical group is 13.8 to 12.8 MeV, this will also tend
to add to the width of the smoothed curve on the low energy side.

This will tend to mask the experimental bump in the range 12-13 MeV

Below © MeV, there is a discrepancy between calculated and measured
flux probably due to streaming path through layers, figure (6.4 A).
This effect decreases as the thickness increase, except for 8.2 am

thickness due to the calculation method errors as described in

section 7.1 .
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As the thickness increases, the measured and calculated 14 MeV peak

decreases through all spectra in which uranium was used as shielding

material, but the lower energy part of the spectrum is more constant.

The isotopic camposition of natural uranium is(l%); 0.0058 % 233U,
0.720 % 235U and 99.274 3 238y » therefore only 238U is of importance
at high neutron energies. The (n,2n) reaction in U - 238 , which nas a
broad ( non resonance ) cross section in the neutron energy range of
about 7.7 to 12.5 MeV [ figure (7.5) 1, will have the effect of

increasing the flux in the low energy region below 1.8 MeV and so will

not be observed. Also, the 238U(n,3n) reaction in the energy range
starting at 11.41 MeV will also increase the flux at low neutron energy

region of the spectra.

In camparison with spectra in air ( without shield ), it can be
seen that below about 7 MeV, the flux is increased in uranium campared
with air, but it is decreased above this energy. In addition to that,
there is the fission threshold of uranium ( 1.35 MeV ), so neutrons

above this energy will produce fission neutrons up to about 10 MeV.

Elastic scattering cross section in U - 238 has its maximum value (
4.78 barns ) at 3.75 MeV, i.e, the maximum values of cross section are

between 2.5 and 4.5 MeV.

( 3.11 barns ), then decreases to the constant value 0.4 barn at 13 Mev.

Therefore, the inelastic scattering is the main reaction in addition to
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(n,2n) and (n,3n) reactions in these cases, but elastic scattering will
’

mainly affect the low energy range centred on 4 MeV.

For (n,n') to continuum, the inelastically scattered neutron energy
is about 13 MeV and this appears in the experimental curve as a peak at

about 12.5 Mev.

7.4 Neutron Spectra For LiF Slabs

Figures (7.6), (7.7) and (7.8) show measured and calculated neutron
spectra emitted from 5.4, 8.2 and 1¢.9 am thick LiF slabs [ diagrames

(6.6 A, B and C) ].

Lithium fluride consists of natural lithium ( isotopic camposition

€

is 92.44 3 7Li and 7.56 % “Li ) and fluorine 12

F . The main reaction in

7Li for 14.1 MeV neutrons is elastic scattering ( 0.98 barn canpared
with 0.48 barn for non - elastic ) and is hidden in the 14 Mev
transmission peak because the elastic scattering is strongly forward
peaked. At 14 MeV region, as before with uranium, the calculated
spectrum is wider than measured Dy about 0.3 MeV for the same reasons.
The (n,2n) reaction in Ii - 7 has a threshold at 8.3 MeV with a cross
section at 14 MeV of 0.02 barn [ figure (7.9) 1 which causes secondary
Neutrons in the energy region below 4 MeV. The (n,2n o ) reaction with a
14 Mev cross section of 0.03 barn produces secondary neutrons below
about. 3 MeV. The (n,n') scattering of 14 MeV neutrons which excites the
continuum of nuclear levels produces secondary neutrons fram apout 1 Mev
to 12 MeV, but experimently very few neutrons in the energy range 10 -

12 MeV were Observed. The peak around 8 Mev is attributed to the
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secondary neutrons emitted by the inelastic scattering which results

fram the excitation of Li - 7 nucleus to the discrete energy level. The

contribution of inelastic scattering is effective up to the second level

) . .
= - . um - 6
for lithium - 7 ( Ql= - 0.478 and Q2 = 4.63 MeV ). For lithi ’

the (n.2n@) reaction produces secondary neutrons with energies from 1.2
to 4.8 MeV. The elastic scattering of neutrons fram the 14.1 MeV source
is also not isotropic as in Li = 7 and the energy of most scattered
neutrons‘ is therefore close to 14 MeV source peak. The elastic cross
section at 14 MeV is 0.88 barn campared with 0.55 barn for non -~ elastic
cross section. The(n,n') in Li - 6 has a threshold at 1.716 MeV with a

cross section 0.44 barn at 14 MeV neutron energy [ figure (7.19) J.

For fluorine, the (n,2n) reaction has a threshold of 10.98 MeV with
0.05 barn at 14 MeV [ figure (7.11) ]. The secondary neutrons fram this
reaction have energies below about 3.5 MeV. The secondary neutrons
emitted from (n,na ) reaction have energies below about 5 MeV. This
reaction has a threshold of 5.13 MeV with 0.05 barn at 14 MeV. For
(n,np) reaction with F - 19 , the threshold is 8.4l MeV with 0.0l barn

at 14 MeV. The secondary neutrons have energies below 6 MeV.

In general, it was confirmed that the observed spectra in LiF was
formed by a small number of collisions in the assembly, i.e, the first
collision and its secondary neutrons distribution with respect to energy

and scattering angles mainly contributed to the spectra.

There is relatively good agreement between the calculated and
measured spectra in LiF slabs in the energy range above 11.5 MevV, except
that the theoretical spectrum in the 14 MeV is wider than the

experimental by about 0.3 MeV. It Means that the effect of transverse
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eakage is small in the energy range, since secondary neutrons from the

trongly forward elastic and first level inelastic scattering Ql(- 0.478

eV ) for the 14.1 MeV neutrons mainly contributed to the spectrum.

Large differences are cbserved in the low energy range because the
ffect of the background due to the floor and the walls surrounding the
ource which appear clearly in unshielded source spectra below 8 MeV C
igure (7.1) ]. The difference decreases with increase of the slab
hickness, especially below about 5 MeV, because if the thickness
ncreases, the streaming effect decreases, and the neutrons are more
sotropic than ones emitted fram the thin lithium slab due to multiple
ollisions. However, it is still necessary to include the full
nisotropy of nonelastic scattering into the neutron transport
ollision, because the space-dependent formation of neutron spectra in a
lankét assembly will be sensitive to the anisotropies of all kinds of

(181)

cattering » a@s can be seen fram the dependence of leakage spectra

pon slab thickness.

Figures (7.6 R), (7.7 R) and (7.8 R) show the new calculated
pectra using the experimentally determined neutron source which
ncludes neutrons scattered from the surroundings. The results are in

>0d agreement between measured and calculated spectra in this case.

It was not felt necessary to perform the experimental source
alculations with assemblies containing uranium since the neutron

ttenuation in uranium is large and so the lower energy part of the

Jurce spectrum will be strongly absorbed.



-145-

] MEASURED
= CALCULATED
. _O
>
w3
M —
S -
N
>
O,
< O
=z
'©
= T 1 1 T T 1 T T 1 T I T I 1 1 i I T ]
0.00 2.00 4.00 6.00 8.00 10.00 i2.00 14.00 16.00 18.00 20.00
NEUTRON ENERGY (MEV).
FIG. 7.6R

NEUTRON FLUX AT THE SURFACE OF 5.4 CM THICK LIF SLAB

INCHIINTNG NFHTRNANQ QSNrATTFRFN FRNAM THFE CQIilIRRNIINDTINAQ.



-146-

N/ (CM2.S.MEV) .

TAEAl LI T AN Mt T YA OO AT TN e Nal Vi

T

©
=
- MEASURED
7] CALCULATED
MU
o
(e
= T T T T T T T T T T T T T T T T T T 1
0.00 2.00 4.00 6.00 8.00 10.00 i2.00 14.00 16.00 i8.00 20.00
NEUTRON ENERGY (MEV) .
FIG. 7.7R NEUTRON FLUX AT THE SURFACE OF

8.2 CM THICK LIF SLAB

OLIDDATIMNT AMNAD



—-147-

N/ (CM2.S.MEV) .

-2

10

lllllil

MEASURED
CALCULATED

FIG.

T T T T T T T T T T
m.oo ».oo m.oo w.oo “o.oo wm.oo

NEUTRON ENERGY (MEV) .

T

7.8R NEUTRON FLUX AT THE SURFACE OF

. s -~ ~

T T T T T T T 1
14.00 16.00 18.00 20.00

10.9 CM THICK LI1F SLAB

P AL N Y LA



-148—

From the figures (7.2) to (7.8 R), it can be seen that, in the

argy region below 6 MeV, the flux is higher in a uranium shield than

a LiF in the same thickness. That is because, for lighter elements
[iF ) elastic slowing down is important, whereas for heavy elements
uranium ) the slowing down of the neutron by inelastic scattering is
e main interaction which produces directly more low energy neutrons

Jether with fission neutrons.

S Neutron Spectra Fram A Mixture Of LiF And Uranium Slabs

Neutron fluxes at the surface of samples containing mixture of LiF
d uranium bars ( 1 : 1 ) with 5.4, 8.2, 10.9, 13.6, 16.3, 19 and 21.7
t thicknesses [ diagrams A, B, C, D, E, F and G in figure (6.7) ] are

own in figures (7.12), (7.13), (7.14), (7.15), (7.16), (7.17) and

.18) respectively.

In general, the shape of spectrum does not change very much with
ickness and measured spectra are in satisfactory agreement with those

lculated for most thicknesses.

Comparing LiF and uranium slabs with same thickness as the mixture

abs, it was found that

= For lithium fluoride slabs 5.4, 8.2 and 10.9 cm thick
Measured fluxes through mixture slabs below about 5 MeV are higher
than in LiF slabs. This is because uranium causes an increase in

flux in the low energy region due to fission as discussed in

section 7.3.
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>- Above about 5 MeV neutron energy, fluxes measured in LiF assemblies

(9

are slightly higher than in the mixtures. This due to the presence
of uranium which due to its high density is an effective neutron

absorber and uranium does not down scatter neutrons into this

energy range.
- For uranium slabs 5.4, 8.2 and 10.9 am thick ;

- Measured fluxes through mixture slabs 5.4 and 8.2 cm thick are
somewhat lower than in uranium cases in the energy region 3 to 5.5
MeV. For 10.9 am thick, measured fluxes in this range are nearly
equal in both mixture and uranium. Above about 5.5 MeV, fluxes
measured in mixture slabs are higher than fluxes in uranium slabs

for all three thicknesses.

7.6 Neutron Spectra Fram Multilayer Assemblies Of U And LiF Slabs

Fast neutron fluxes at the surface of multilayer assemblies of
aranium and LiF with different arrangements [ diagrams (6.8 A) to (6.16
3) ] have been measured and calculated and are represented in figures

(7.19) to (7.44) .

7.6.,1 Neutron Spectra At The Surface Of Samples Containing LiF On Too

—ne,

Of U

Measured and calculated fluxes from the samples vresented in

diagrams A, B and C in figures (6.8), (6.9) and (6.10), which contain

5.4, 8‘.2 and 19.9 cm LiF on top of 5.4, 8.2 and 10.9 am uranium, are

shown in figures (7.19) to (7.27) respectively.
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Figures (7.19), (7.20) and (7.21) present fast neutron fluxes
measured and calculated at the surface of 5.4, 8.2 and 10.9 cm LiF on

top of 5.4 cm uranium [ diagrams (6.8 A, B and c) 1.

The shape of the spectrum in these cases does not change very much
with thickness. As the thickness increase the flux decreases. Generally,

there is a good agreement between measured and calculated neutron fluxes

for all thicknesses.

For the sample containing 8.2 cm uranium slab on bottom, measured
and calculated neutron fluxes at the surface of 5.4, 8.2 and 19.9 cm LiF
are shown in figures (7.22), (7.23) and (7.24) [ diagrams A, B and C in

figure (6.9) ] respectively.

The shape of spectra in general changes slightly as the thickness
increases and the flux decreases by a small value. There is a
discrepancy between measured and calculated spectra below about 7 MeV.
This discrepancy may be due to the error in the calculation due to
incomplete convergence mentioned in section 7.1 for some cases
containing uranium. The shape and values of these fluxes should be lower
than the present values. Above about 7 MeV, there is a good agreement

between calculated and measured spectra.

Calculated and measured fluxes at the surface of 5.4, 8.2 and 10.9

cm LiF on top of 10.9 cm uranium [ diagrams (6.10 A, B and C) ] are

shown in figures (7.25), (7.26) and (7.27) respectively.
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\V4
Fram the figures, measured fluxes between about‘ 2.2 MeV and 9.5 Me

wre higher than calculated fluxes. The flux increases in this region
:ompared with che thinner uranium layer due to the secondary neutrons
:ram uranium. As the thickness of LiF increases, the flux decreases for
111 the spectra as expected. There is a good agreement between measured

nd calculated neutrons around 14 MeV peak in all cases.

With all the previous cases it can be noticed that; the measured
nd calculated fluxes decrease as the thickness of uranium increases

hrough all the spectra with the same thickness of LiF slabs, as 1s to

e expected.

The measured and calculated fluxes fram the assemblies containing
nly uranium [ figures (7.2), (7.3) and (7.4) ] are slightly higher than
hat from the cases containing LiF thicknesses on top of the similar
hickness of uranium [ figures (7.19) to (7.27) ] below about 6 MeV and
round the 14 MeV peak in all cases. This effect is expected but will

ot pronounced due to the low density of LiF campared with uranium.

For comparison between the spectra fram asserblies containing LiF
labs on top of uranium [ figures (7.19), (7.23) and (7.27) ] with those
aving the same thickness of mixture [ figures (7.14), (7.16) and
7.18) 1, it was found that the flux over all the spectrum in mixtures
5 higher. This is may be due to a conbination of inelastic and large
1ergy loss elastic processes occuring together in the mixtures, whereas

1y follow in series in the twin slab assemblies.
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n Spectra At The Surface Of Samples Containing U On Top Of

'.6.2 Neutro

LiF

]

Figures (7.28), (7.29) and (7.39) show the measured and calculated
luxes at the surface of samples containing 5.4, 8.2 and 14.9 cn uranium

n top of 5.4 cm LiF. These samples are as represented in diagrams A, B

nd C in figure (6.11).

In gerneral, there is a good agreement between measured and
alculated fluxes in these cases. There is a slight difference between
easured and calculated fluxes below about 3 MeV. This difference
ecrease as thickness of uranium increase, and at 10.9 camn uranium case

he measured and calculated fluxes are close to each other.

For 8.2 cm LiF thickness on the bottom and 5.4, 8.2 and 10.9 am
ranium thicknesses on top [ diagrams (6.12 A, B and C) 1, figures

7.31), (7.32) and (7.33) show the measured and calculated fluxes in

iese cases

The spectral shape does not differ very much with the uranium
lickness. The agreement between measured and calculated becomes closer

Lth increase in uranium thickness ( there is an apparent error in the

1lculation with 10.9 cm U pPossibly due to poor convergence ).

Figures (7.34), (7.35) and (7.36) show measured and calculated

wutron spectra fram samples containing 5.4, 8.2 and 10.9 cmn uranium on

P of 10.9 am LiF [ diagrams (6.13 A, Band C) 1].
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There is good agreement between measured and calculated spectra,

scmewhat better than the previous cases.

Fram all the previous cases, the fluxes measured and calculated
decrease as the thickness of LiF, uranium or both increase. Also, the

shape of the spectra does not change much with LiF or U thickness.

In comparison between these cases [ figures (7.28), (7.32) and
(7.36) ] and those which containing LiF on top of uranium [ figures
(7.19), (7.23) and (7.27) ] it was found that, for all these cases there
is very little difference between the experimental fluxes but rather
more difference between the calculated fluxes, probably due to boundary
conditions at the LiF / U interface at which there is a large density

change.

7.6.3 Neutron Spectra At The Surface Of Samples Containing LiF

Between Two Slabs Of Uranium

Figures (7.37), (7.38) and (7.39) show the neutron spectra measured
and calculated from samples containing 5.4, 8.2 and 14.9 cm LiF between

two slabs of uranium of 5.4 cm thickness each [ diagrams ( 6.14 A, B and

C ) respectively ]

Fram the figures;

= The fluxes calculated and measured decrease by a small amount as

the thickness of LiF increases.
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- The spectral shape is nearly the same over all the spectra.

- There ia best agreement between measured and calculated fluxes at

low and high energies.

In camparison between the flux fram the previous samples [ figures
(7.37), (7.38) and (7.39) ] with that containing LiF slabs on top of
uranium [ figures (7.25), ( 7.26) and (7.27) ], it was found that the

flux is slightly higher but that spectral shapes are generally similar.

7.6.4 Neutron Spectra At The Surface Of Samples Containing Uranium

Between Two Slabs Of LiF

Fast neutron fluxes fram the sampleé represented in figure (6.15) [

diagrams A, B and C ] are shown in figures (7.40), (7.41) and (7.42)

respectively.

The figures show the spectra calculated below about 5 MeV is higher
than measured. The difference decreases as the thickness of uranium
increases.dAbove this energy the measured one is higher and extends to
about 10 MeV. There is a good agreement between measured and calculated

fluxes around the 14 MeV peak.

In conparing these cases [ figures (7.40), (7.41) and (7.42) ] and
those mentioned in figures (7.21) and (7.34), (7.24) and (7.35), and
(7.27) and (7.36) respectively since they contain similar amounts of
material it will be seen that , there is very little difference Petween
the equivalent cases. Therefore the order of the materials does not seem

to be important at these thicknesses fram the point of view of shielding.
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7.6.5 Neutron Spectra At The Surface Of Samples Containing

Multilavers Of I4iF And Uranium

Neutron fluxes measured and calculated from a sample containing
from the top 5.4 cm LiF, 5.4 cm U, 5.4 cm LiF and 5.4 cu U [ diagram

6.16 A ] are represented in figure (7.43).

There is a good agreement between measured and calculated fluxes
around the 14 MeV peak. Below about 14 MeV the difference between the
two cases increases with the experimental flux higher than calculated.
As the energy decreases the difference decreases too until the measured

and calculated fluxes becane close to each other at about 4 MeV.

For the sample containing ( from the top ) 5.4 cm U, 5.4 cm LiF,
5.4 cm U and 5.4 cm LiF [ diagram 6.16 B ] the calculated and measured

fluxes are represented in figure (7.44).

The figure shows that, there is an apparent error in the
calculation due to non - convergence as mentioned before (section 7.1).
Therefore direct camparison between measured and calculated spectra can

not be made especially at low energy region.

Figures (7.43) and (7.44) can be compared with figures (7.18),
(7.27), (7.36), (7.39) and (7.42) which contain the same amounts of
materials but arranged differently. With the exception of the calculated
flux in figure (7.44) the agreement is good, apart fram the mixture case
figure (7.18) where the 14 MeV peak is higher. This may be due to

streaming effects in the mixture.
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7.7 Neutron Spectra Fram The Graphite Assemblies
The measured and calculated neutron spectra from the graphite
assemblies which are represented in diagrams (6.17 A) to (6.23 E) are

shown in figures (7.46) to (7.73) respectively.

7.7.1 Neutron Spectra Fran The Graphite Cube

The measured and calculated spectra fram the graphite cube ( 62.2

can ) represented in diagram (6.17 A) are shown in figure (7.46).

126 has its maximum value (

Elastic scattering cross section in
3.11 barns ) at 2.94 MeV. It decreases as the neutron energy increases
and has many peaks throughout the spectral range as shown in figure

(7.45). The effect of elastic scattering can be seen on the low energy

side of the 14.1 MeV peak.

Inelastic scattering starts at 4.85 MeV ( 0.008 barn ) and
increases as the neutron energy increases with peaks at 6.34, 7.42, 7.82

and 8.11 MevV [ figure (7.45) J]. The spectral peak around 9 MeV

. 12
corresponds to the inelastic scattering fram 4.44 MeV level of C. The

peak around 6.5 MeV is due to the second ( 7.66 MeV ) level.

The (n,n') to continuum threshold is 7.88 MeV and the cross section

data has two peaks at 8 MeV ( 0.17 barn ) and 9.92 MeV ( 0.2 parn )

The calculated flux is lower than the measured one over all the

spectra. This probably is due to the spherical geometry used in the
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calculation, while the assembly was a cube with corners removed with a
cubical central cavity to approximate a hollow sphere. The spectral

shape of both are the same.

7.7.2 Neutron Spectra Fram The Graphite Slabs

The fast neutron spectra emitted from the graphite slabs with (

62.2 x 44.5 ) Cm2 cross section area and thickness 8.9, 17.8 and 26.7 am

( diagram 6.17 B) are shown in figures (7.47), (7.48) and (7.49)

respectively.

In these figures four peaks are observed in addition to the full
energy peak from 14.1 MeV neutron source. These neutron spectra
reflected the angular and energy distributions of secondary neutrons
produced by the elastic and the inelastic scattering of 14.1 MeV

neutrons.

The peak at about 12 MeV which appears as a bump on the low energy
side of the 14 MeV peak is attributed to the calculation group (13.8 to
12.8 MeV), which tends to add to width of the smoothed curve on the low
energy side (section 7.3). The other three peaks are attributed to the

B

secondary neutrons emitted by the inelastic scattering which results

from the excitation of 12C nucleus to the discrete energy levels, 1i.e,
the peaks around about 9, 6 and 3 MeV are due to 4.44, 7.66 and 9.64 MeV

levels respectively.

The secondary neutrons emitted fram (n,n @ ) reaction have energies

below about 6 MeV. This reaction has a threshold of 6.17 MeV with a
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cross section of 0.08 barn at 13.6 MeV and so will have a less marked

effect on the spectrum than the (n,n') reaction.

With the thick slabs, the experimental neutron spectra agree fairly
well with the calculated in the low and intermediate energy regions. A
discrepancy between measured and calculated appears in thin slab in the
low energy and intermediate ranges due to the small number of collisions
in the assembly and also due to the effect of the background as

discussed in section 7.3 .

By using the same method used before with LiF slabs which includes
the experimentally determined scattered source neutrons into the source
used for the neutron transport collisions, it can be see the correct
spectra are calculated for 8.9, 17.8 and 26.7 cm thick graphite as in
figure (7.47 R), (7.48 R ) and (7.49 R) respectively. Fram these figures
can be seen the better agreement between measured and calculated fluxes

in the low energy range.

In comparison between 26.7 cm thick of graphite slabs [ figure
(7.49 R) ] with that case of graphite cube [ figure (7.45) ], it was

found that:;

= Between about 4 MeV and 7.5 MeV, the fluxes fram slab is lower than
that from the cube. This is due to the secondary neutrons fram
inelastic and (n,n @ ) reaction, which are more in the cube case
due to the larger volume of scatterer than slabs, especially in
this energy region. Below and above this energy region, the

difference between the two spectra is small .
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7.7.3 Neutron S a e S ce O les ntainin ni
Top Of Graphite Slabs

Neutron fluxes measured and calculated at the surface of samples
containing uranium on top of 8.9 and 17.8 am graphite slabs [ diagrams
(6.18 A, Band C) and (6.21 A, B and C) ] are shown in figures (7.50)

to (7.55) respectively.

The fluxes, measured and calculated, decreases as the thickness of
both uranium and graphite increase. The shape of the spectra does not
change so much with thickness. The measured spectra are in satisfactory

agreement with these calculated for most thicknesses.

Camparison between the spectra emitted fram graphite slabs only [
figures (7.47 R) and (7.48 R) ] with that fram contzining uranium on top
of the same thickness of graphite slabs [figures (7.50) to (7.55)] shows

that:

1- Measured and calculated fluxes, below about 6 and 4 MeV in 8.9 cm
and 17.8 an graphite slabs respectively, are lower than those fram
samples containing uranium. As the thickness of graphite increases,
this effect decreases which became evident in the 14.9 an thick
uranium on top of 17.8 cm graphite slab case. This is because
uranium causes an increase in flux in the low energy region due to
fission and as the thickness of graphite increases, the attenuation

of these secondary neutrons by elastic scattering also increases.
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2- Above these two energies ( 6 and 4 MeV ), measured and calculated
fluxes from grapbite only are higher. This is due to the presence
of uranium which due to its high density is a more effective

neutron absorber in this energy range.

7.7.4 Neutron Spectra At The Surface Of Samples Containing LiF On

Top Of Graphite Slabs

Figures (7.56) to (7.61) show measured and calculated fluxes
emitted from 5.4, 8.2 and 10.9 am LiF on top of 8.9 and 17.8 cam graphite

slabs as represented in diagrams (6.19 A, B and C) and (6.22 A, B and C)

respectively.

The flux and the shape of the spectri change slightly with LiF
thickness. As the thickness of graphite increases fram 8.9 to 17.8 am
with the same thickness of LiF, the flux decrease around the 14 MeV
peak. Below this region, there is no significant difference between

fluxes in both cases.

Comparison between the spectra from graphite slab only [figure
(7.47 R) and (7.48 R) ] with these containing LiF on top of the same
thickness of graphite slab [ figures (7.56) to (7.61) ], show that below
about 6 MeV ( in 8.9 am thick graphite ) and 5 MeV ( in 17.8 am thick
graphite ) there is a slight difference in the flux. Above these two
energies limit, the fluxes in the graphite slabs are slightly higher. It
would also appear that the experimental spectrum should have been used

for the thinner graphite layer cambinations in the calculations.
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7.7.5 Neutron Spectra At The Surface Of Samples Containing LiF

and Uranium Mixture On Top Of Graphite Slabs

Measured and calculated fluxes emitted fram 5.4, 8.2, 10.9, 13.6,
16.3 ,19 and 21.7 am thick LiF and uranium mixture on top of 8.9 cm
graphite slab [ diagrams (6.20 A) to (6.20 G) ] are shown in figures
(7.62) to (7.68) respectively. The measuréd and calculated fluxes from
the samples containing mixture of LiF and uranium with 5.4, 8.2, 10.9,
13.6 and 16.3 cm thick on top of 17.8 cm graphite slab [ diagrams (6.23

A) to (6.23 E) ] are shown in figures (7.69) to (7.73) respectively.

The flux decreases as the thickness of the mixture increase in both
cases ( 8.9 and 17.8 cm thick graphite ). The attenuation of the
neutrons becames greater in the intermediate energy region especially

with 17.8 am graphite slab.
1- Comparing the spectra from the assemblies containing LiF and

uranium mixture on top of 8.9 am thick graphite [ figures (7.62) to

(7.68) ] with those containing :

(a)- 8.9 cm graphite [figure (7.47 R)]

Below about 6 MeV, the fluxes emitted fram the mixture cases are
higher than the flux fram graphite assembly. Above this energy, the
flux emitted from graphite assembly is higher than that emitted
fram mixture assemblies. As the thickness of mixture increase, this
difference decreases. This effect is due to the fission neutrons

emitted fram the mixture which contains uranium.
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The same thickness of uranium on top of 8.9 cm graphite [figures
(7.50), (7.51) and (7.52)]

Below about 5 MeV, the fluxes emitted fram the mixture cases are
slightly lower than that fram uranium cases. As the thickness of
mixture ( or uranium on top of 8.9 am thick graphite ) increases,
the difference decreases and the fluxes became nearly the same at
19.9 cm thick. This effect is due to LiF found in mixture slabs
which act as an attenuator for secondary neutrons while uranium
increases these neutrons. Above this energy ( about 5 MeV ) the
fluxes fram mixture cases are higher due to the light density of

LiF in mixture.

The same thickness of LiF on top of 8.9 cm graphite [figures

(7.56), (7.57) And (7.58)]

There is a big difference below about 5.5 MeV between the fluxes
from these two cases. The fluxes fram mixture are higher than that
fram LiF cases. Above about 5.5 MeV, the fluxes from the mixture
become lower than those emitted from LiF cases. As the neutron
energy increases, the difference decreases to becamne slight around
the 14.1 MeV peak. This effect comes fram LiF which has a small
number of collisions with neutrons campared with mixture due to its

low density.

Camparing the fluxes emitted fram the assemblies containing LiF and
uranium mixture on top of 17.8 cm thick graphite [figures (7.69) to

(7.73)] with those containing ;
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(a)- 17.8 am graphite [figqure (7.48 R)]

Below about 5 MeV, the fluxes fram mixture cases are higher than
that from graphite only due to fission . Above this energy the flux
fram the graphite assembly is higher than that from mixture cases
especially in the intermediate region, since the main effect is the

extra shielding due to the uranium in the mixture.

(b)=- The same thickness of uranium on top of 17.8 cm graphite

[fiqures (7.53), (7.54) and (7.55)]

The fluxes over all the spectra emitted from mixture cases are
higher than those emitted from uranium cases. The difference
between them is very small below about 5 MeV. This is due to the

lower density of the LiF / U mixture campared with uranium.

c)=- The same thickness of LiF on top of 17.8 cm graphite [figure

(7.59), (7.60) and (7.61)]

Below about 5 MeV, fluxes emitted fram mixture on graphite slab
(17.8 am thick) are higher than that emitted from LiF on the same
thickness of graphite slab again due to fission . Above this energy
the fluxes are lower in the mixture case. This effect due to the

presence of uranium in mixture.

7.8 Neutron Spectra Fram The Lead Assemblies

|

The measured and calculated neutron spectra fram the lead slabs and
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LiF on top of lead slabs which are represented in diagrams (6.24 A) to

(6.27 C) are shown in figures (7.75) to (7.86) respectively.

7.8.1 Neutron Spectra Fran The lead Slabs

The calculated and measured neutron spectra fraom lead slabs [ 61 X

61 ] cm2 cross sectional area and 5, 10 and 15 cm thicknesses [ diagram

(6.24) ] are shown in figures (7.75), (7.76) and (7.77) respectively.

These slabs are supported upon a steel plate 1.3 am thicke.

The spectral shape does not change very much with the lead

thickness. The fluxes decreases as the thickness of lead increase. The

spectra can be divided into three parts:

The high energy peak near the source energy which comes from the
elastic and inelastic scattering. The elastic cross section is high
and increases as the neutron energy increases to a maximum value (
7.24 barns ) at 3.31 MeV. Above this energy it decreases as the
neutrons energy increases to becames 2.9 barns at 14 MeV as shown

in figure (7.74).

The intermediate region, caused mainly Ey inelastic scattering
which has a broad ( non resonance ) cross section of about 2.5
barns in the neutron energy range of about 4.4 to 8 MeV. The (n,n")
to continuum reaction has threshold of 4.42 MeV. It starts with
0.01 barn and increases as the neutron energy increases to a
maximum value ( 1.83 barns ) at 8 MeV. Above this energy, the cross

section value decreases as the neutron energy decreases to become

0.22 barn at 14 MeV.
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3- The low energy tail, mainly due to (n,2n) reaction. this reaction
has a threshold at 6.765 MeV with a cross section at 14 MeV of 2.16

barns.

There is an apparant discrepancy between measured and calculated
spectra in thin slabs in the low and in the intermediate regions.
Measured flux is larger than the calculatéd one in these two energy
regions due to the effect of the secondary neutron sources which were

not included in the calculations.

Figures (7.75 R), (7.76 R) and (7.77 R) show the calculated spectra
using the experimentally determined secondary neutron sources. There is
much better agreement between measured and calculated spectra in this

case.

7.8.2 Neutron Spectra At The Surface Of Samples Containing LiF On

Top Of Lead Slabs

Measured and calculated neutron fluxes from the samples presented
in figures (6.25), (6.26) and (6.27) which contain 5.4, 8.2 and 10.9 am
LiF on top of 5, 10 and 15 cm lead, are shown in figures (7.78) to

(7.86) respectively.

From these figures, the general shape of the spectra does not
change very much with thickness. As the thickness of LiF increase, with
a certain lead thickness, the flux slightly decrease in the low energy
tail and around the 14.1 MeV peak In the intermediate region, there is

no significant difference cbserved especially in thick lead slabs.
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As the thickness of lead increase, with the same thickness of LiF,
i.e , 5.4, 8.2 and 19.9 cm , the flux decreases especially in the

intermediate and high energy regions.

In camparison between the cases containing lead only with that

containing LiF on top of the same thickness of lead, it was found that;

- In the low energy region and around the 14.1 MeV neutron peak, the
flux from lead slabs only is higher. The difference increases as

the thickness of lead increase.

- In the intermediate region, the flux in lead assemblies is higher
than that containing LiF. The difference decreases as the thickness

of lead increases and becamnes negligible with thick slabs.

As for lead slabs the effect of degraded source neutrons from the
surroundings can be seen. These source neutrons from surroundings can be
seen. These calculation were not repeated using the true source due to

lack of time.

7.9 Neutron Spectrum Fram The Steel Slab

Figure (7.87) shows the calculated and measured neutron spectra for

steel slab (6.4 cm thick ).

There is agreement between measured and calculated neutron fluxes

around the 14 MeV peak. In the low and intermediate region there 1is a
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discrepancy between neasured and calculated spectra due to the secondary
neutron sources as mentioned before. Figure (7.87 R) shows the corrected
spectra after including the secondary neutron sourses. In this case

There is a gocod agreement between measured and calculated spectra.

56Fe has a maximum values

Elastic scattering cross section in
between apout 1 and 2 MeV. The slight peak in the neutron distribution
that appears in this region ( about 2.8 MeV ) is probably due to this
effect. Inelastic scattering starts from 1.0 MeV ( 1.16 barns ) and
increases as the neutron energy increases to the maximum values [ figure
(7.88) ]. Therefore the inelastic scattering is the main reaction in
addition to (n,2n) reaction which has a threshold of 11.4 MeV. This

reaction also causes an increase of secondary neutrons in the

intermediate and low regions.
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CHAPTER 8

CONCLUSIONS

8.1 Introduction

The objective of the work described in this thesis were to set out
an experimental and theoretical study of the energy distribution of
neutron emerging fram shields exposed to a source of 14.1 MeV neutrons.
Shielding materials were chosen that could be of possible interest to
the fusion reactor programme for use in breeding blankets. This enabled
checks to be made on the validity of a combination of a calculation
method and a data set. For calculation purpose the ANISN one dimensional
transport theory code was chosen and the data set used was one that;
become readily available as the work started, the ZZ - FEWG 1/ 31 - 1F
set that was originally produced for calculating shielding for use

against nuclear weapons. The materials covered by the data, in P3

expansion, included the relevant ones needed for calculations in the
experimental shields and part of the objective was to see if this data

set could be used satisfactory for thin shields.

A part from graphite, for which there was sufficient to construct a
shield that could be represented as a sphere for calculation purposes,

the experimental assemblies were finite slabs with a point source of

neutrons below them.
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8.2 Neutron Detection

A scintillation counter using a 44 mm x 49 mm cylinder of the
liquid scintillator NE - 213 was used in this work. Gamma ray events
occuring in this scintillator can be rejected using pulse shape
discrimination. Initial attempts to use the zero crossing method of
pulse chape discrimination were not satisfactory at lower neutron
energies, possibly due to poor performance by the shaping amplifier
used. Better discrimination was achieved using the charge camparison

method with a camnercial unit.

Facilities were not available for measuring and calculating a
family of monoenergetic response functions, so the differentiation
method of extracting the neutron spectrum fram the pulse height spectrum
had to be used. Despite its limitations, this method appeared to give

satisfactory results.

Normalization of experimental data was carried out by using the

associated alpha particle emitted in the D = T reaction to determine

total neutron output. The alpha particle was detected at 90° to the beam

direction by means of a silicon surface barrier detector, which is

effectively insensitive to gamma radiation.

8.3 Calculation Methods And Cross Section Set

The 77 - FEWG 1/ 31 — 1lF cross section set was tested with this

work. It is a coupled neutron — gamma Cross section set with 37 neutron
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groups fram 19.6 MeV to effectively zero neutron energy and 21 gamma ray
groups fram 14 MeV to 10 KeV. Angular distribution of scattering events

is represented by the P3 approximation. This data set was seemingly

originally intended for calculation of shielding from the radiations
from nuclear weapons but contains a wide variety of elements, making it
suitable for both shielding and fusion blanket studies. The elements
provided in the cross section set provided by the NEA data bank are :

H-1,H-3,1i-6,1i-7, B¢, B-1, B~-11, C - 12, N, O, F, Na,
Mg, Al, Si, C1, K, Ca, V, Cr, Mn, Fe, Ni, Cu, Mo, Ta - 181, W - 182, W -
183, W - 184, W - 186, Pb, U - 235, U - 238, Pu - 239, Pu - 240, Ar, Ti,

G4, P, S and Ba.

Only a limited selection of these was used but it would be possible
to study typical concrete mixes as well as pure materials and simple
nﬁxtures. The major camponents tested were; Li - 6, Li - 7, C - 12, F,
Fe, Pb and natural uranium and aluminium was also present in smaller

proportions as a canning material.

calculation methods used the discrete ordinates transport code
ANISN and the cross section data was directly in suitable form for input
to this code. In order to perform the calculations a version of ANISN
suitable for a CDC - 7600 camputer was obtained ( z;lso fram the NEA data
bank ) and this was implemented on the UMRCC CDC = 7600. No measurements
of gamma radiation were made, and the neutron source energy used
experimentally was 14.1 MeV, so an additional programme was written to
extract the data fram groups 4 to 24 inclusive when no fissile material

was present ( 14.2 MeV to 52.5 KeV ) and groups 4 to 37 inclusive ( 14.2
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-5 . . ..
MeV to 19 eV ) when uranium was included, so that all fission sources

were taken into account.

Since ANISN is a one - dimensional code the slab assemblies were
not correctly modelled using the slab gecmetry option. This is because
it assumes an infinite slab in two dimensions with a uniform source
distribution in these two directions, quite unlike the finite slab with
a point source centrally beneath it. Buckling corrections were not
possible since this required the transport cross section instead of the

total cross section in the Po.cross sections of the data set.

The most satisfactory solution was to treat the slab as a hollow
sphere of thickness equal to the slab thickness and with the radius of
the inner cavity equal to the source to slab distanée. In addition, the
inner boundary codition is set for no reflection to simulate the leakage
from the underneath ( source side ) of the slab ( A true sphere would
use a reflection boundary condition at this surface which would be
equivalent to a uniform flux within the cavity ). Provided that the
detector is placed over the slab directly above the source position,
then the computed and measured leakage fluxes should be very similar as
is indicated in general by the results obtained. The point neutron

source is represented by a radially outward directed shell source at the

inner boundary of the spherical cavity.

Certain difficulties were noticed with ANISN. Firstly, it proved
impossible to retain the nuclear data for successive calculations of

different dimensions, even when a fault in the main calling subroutine
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was corrected, so complete data sets had to be produced for every
individual case. Secondly, and perhaps more seriously, a source option
calculation when fissile material in the form of natural uranium was
present failed to converge properly, and when the permitted number of
iterations increased there were continued fluctuations with no evidence
of approaching convergence. This effect varied with the different slab
thicknesses and mixtures used, but generally enabled reasonable

agreement to be obtained between theory and experiment.

Measured fluxes with no shield present showed that neutrons
reflectéd from the concrete floor and surrounding shielding material
contributed a significant lower energy degraded neutron flux. For low
density shields such as LiF or thin shields some of this degraded
spectrum would reach the detector. If the 14 MeV neutron source was
replaced in the calculations by the measured neutron spectrum for no
shield, including both the 14 MeV and degraded neutrons, then much
better agreement between theory and experiment was found. For strohgly
attenuating shields this recalculation did not prove necessary since the
lower energy neutrons are more strongly absorbed than the 14 MeV

neutrons.

Trials were made to determine the minimum number of angular ranges

necessary for a satisfactory calculational results. S, , Sg and Si6

calculations were tried with graphite and no significant difference in

the leakage flux could be found between 88 and 816’ As a consequence the

S8 approximation was used for the remainder of the calculations since

the computing time was shorter than for S;g -
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8.4 Calculaticns And Experiments Campared

Provided that the measured input spectrum was used with low
attenuation shields, as mentioned in the previous section, there was
general agreement between measured and calculated spectra for the range
of materials studied. With some of the assemblies containing uranium
there was samewhat worse agreement at lower neutron energies, but this
was thought to be due to the unexplained lack of convergence in the
calculations rather than possible defects in the cross section set. In

general it can be concluded that ANISN calculations using the P3 cross
section set ZZ - FEWG 1/ 31 - 1F and SB angular approximation, together

with the representation of the slab assemblies by a heollow sphere with
no reflection at the internal boundary were adequate to model the
experimental data and hence it appears that the cross section set is
satisfactory and for the materials tested needs no modification in the

range 14 MeV to 2 MeV.

It was also noticed that, the geametrical make - up of the shield
had little effect on the emergent flux for cambination shields of the
same thickness and same average camposition, for example U + LiF shields
with an average composition of 58 % by volume of each camponent. This
was investigated as a " hamogeneous " mixture ( alternate tubes of each
). two layers and four alternate layers with either the U nearest the
source or the LiF nearest the source. Apart from a possible slight
streaming effect on the 14 Mev neutrons for the " hamogeneous " mixture
the measured and calculated fluxes looked very similar. This gives
confidence that despite highly anisotropié scattering of meutrons at

high energies that ANISN handles sudden changes between light and dense
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materials in a satisfactory manner.

8.5 Further Work And Improvements

The first improvement that could be made is to use a three =
dimensional calculation method. A Monte - Carlo code, such as MORSE,
would enable more realistic modelling of the experimental assemblies at
the expense of very much longer calculation times for each case. It
should prove possible to use the same data set with MORSE as with ANISN.
Time and availability of a suitable computer have prevented this

approach being followed so far.

Lower scatter conditions for the experimental work are highly
desirable to reduce the degraded neutron spectrum that is present with
the 14 Mca;V source neutrons. This is much more difficult to achieve in
the available laboratory space due to both the presence of shielding for
other experimental assemblies and the limited height of about 1l.46 meter

between the beam line and the floor.

Certain improvements could be made to the neutron detection system.
Noise in the system limits the lowest energy for which discrimination is
possible. Two methods could be tried. Firstly use a photamultiplier with
lower noise than the 56AVP used here ( e.g. RCA8858 )and secondly,
modify the dynode chain by removing the zener diodes and replacing them
with resistors and also using a dual power supply to maintain fixed
voltages over the early focusing stages and varying the gain by having a
variable voltage over part of the dyncde chain. By these means, it

should be possible to decrease the lowest resclvable neutron energy,
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although there are limits because of the much larger dynamic range of
pulse sizes campared with the energy range. For the energy range 1l4.1 to
2 MeV the proton pulse height range is 15.14 : 1 and for the range 14.1

to 1 MeV: the proton pulse height range is 42.8 : 1.

Finally, it would be interesting to campare the matrix method with
the differentiation method for extracting the neutron spectrum from the
pulse height spectrum. This involves further camputing to use the 95S
‘Monte - Carlo code to calculate the response functions at closely spaced
energies for the particular scintillator that is used. Although a copy
of the programme has recently been obtained it appears to be very
difficult to Aimplement on readily available camputers since it contains

IBM machine code subroutines.

A further extension of the work would be to measure the gamma ray
spectrum, since the data set enables gamma ray spectra as well as

neutron spectra to be calculated.

8.6 Conclusions

The measurements indicate that the data set is satisfactory, and
with the aid of ANISN it would therefore be possible to carry out a study
on fusion reactor blankets, using cylindrical geametry and including a
series of concentric cylindrical shells to represent the torus wall,
possible neutron converter and breeder regions, and reflector and
shielding regions. From the calculated fluxes it would then be possible

+o calculate tritium breeding and heat production in each region due to

neutron and gamma ray interactions.
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APPENDIX (1)

PROGRAM NSPEC
DIMENSION CC(70@),PTAB(82),PSI(79),0P(228),NC(575)
CHARACTER INF*8d,I0*4,ICH*4
DO 1 I=513,790
cc(1)=1.9
1 CONTINUE
DATA I19/' @'/
READ(3, *)(PTAB(I),I=1,82)
READ(3,*)(PSI(I),I=4,79)
READ(1,*) NDATA
DO 999 KK=1,NDATA
JK=KK+3
READ(1,'(A80)') INF
WRITE(2,'('* '',A809)') INF
READ(1, *)EEC,EEZ
WRITE(2,690)EEC,EEZ
609 FORMAT(' EEC=',F8.4,' EEZ=',F8.4)
READ(1,*)TOTN
998 READ(JK,'(a4)') ICH
IF(ICH.NE.IQ) GO TO 998
READ(JK, *) (NC(I),I=1,575)
J=-1
DO 219 I=1,505,8
DO 200 K=1,8
L=I+K-1
M=I+HKHT
CC(L)=NC(M)
200 CONTINUE
J=J+1
219 CONTINUE
E=0.2
PM1=0 .0
PM2=0 .0
PM3=0 .0
N1=1
N2=1
DO 5 N=1,228
5 OP(N)=0.9
Do 19 J=1,81
C1=(PTAB(J)+EEZ) /EEC+l .0
c2=(PTAB(J+1)+EEZ)/EEC+1 .0
IF(Cl)19,19,15
15 IF(C2-799)29,29,25
20 L1=Cl
L2=C2+1 .90
F1=Cl-L1l
F2=1.2-C2
L1=L1+1
SUM=D .
DO 49 I=L1,L2
49 SUM=SUMH+CC(I)



45

50

55

1]

79

75

10
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SUM=SUM-F1*CC(L1)-F2*CC(L2)
GO TO (45,50,55,60),N1

PP1=SUM
N1=2

GO TO 19
PP2=SUM
N1=3

GO TO 19
N1=4

GO TO 65
PM3=PM2
PM2=PM1
PM1=PP1
PP1=pp2
PP2=pPP3
PP3=SUM

GO 1O (79,79,79,75) ,N2

N2=N2+1
GO TO 14

SPEC=(PM3+PM2~PP2~PP3)*3,125*PSI (J-2)

SPEC=SPEC/TOTN
UNC=( (PM3+PM2+PP2+PP3) **@,5)*3,125*PST (J-2)
UNC=UNC/TOTN

NE=3*J-17
OP(NE)=E

OP (NE+1 )=SPEC
OP(NE+2 )=UNC

E-—-E+g.2

25 WRITE(2,399)

390

500
999

Jokdk

FORMAT( '

E MEV FLUX/MEV  UNC/MEV

2EV E MEV FLUX/MEV UNC/MEV
WRITE(2,499) (OP(N) ,N=1,228)

499 FORMAT(' ' ,4(F6.2,2E11.4,2X))
WRITE(14,599) (OP(N) ,N=2,227,3)

FORMAT( "
CONTINUE
STOP
END
FINISH

,6E12.4)

E MEV FLUX/MEV  UNC/M
E MEV FLUX/MEV UNC/MEV')



-262-

APPENDIX (2)

PROGRAM SMOOTH
REAL FA(17),C(141),F(161),FS(8@),EB(81),G(~20:20)
INTEGER EN(@:17)
DATA (EN(I),I=0,17)/142,138,128,122,111, 1@@ 9¢,82,74,64,58,47,
+41,30,24,23,18, 11/
READ(l *) FA
DO 19 1=1,17
NU=EN(I-1)-1
DO 1@ J=EN(I),NU
C(J)=FA(I)*19.9/(EN(I-1)-EN(I))
19 CONTINUE
DO 20 I1=1,16l
F(1)=0.0
20 CONTINUE
DO 50 I=11,141
E=I*@.1+9.95
S=0.171*SQRT(E)
=INT(30.9*S+2.5)
7=0 .005 / (S*S)
DO 3@ J=0,NMAX
G(J)=C(1)*3.00665/S* (EXP(=(J=0.5) **2*7) +4*EXP (~T*J*Z ) +EXP (~(J+Z.5)
+*%2%7))
G(=J)=G(J)
30 CONTINUE
NMIN=—NMAX
DO 49 J=NMIN,NMAX
F(IHT)=F(I+rJT)+G(J)
49 CONTINUE
53 CONTINUE
DO 68 I=9,80
FS(I)=(F(2*I+F(2*I+1))*3.5
EB(I)=I*Q.2
60 CONTINUE
EB(81)=16.2
WRITE(2, ' (1X,5(' 'ENERGY-MEV FLUX/MEV  ''))"')
WRITE(2,'(5(1X,2F5.1,E11.4,1X)) ") (EB(I),EB(I+1l),FS(I),I=9,80)
WRITE(3,'('" '',6El3.5)')(Fs(1),1=90,80)
STOP
END

FINISH
*kkk
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ENDIX (3)

10

25

49

1000

55

50

80

FROGRAM ANXSEC

PEAL X(3538),XX(4,3538),0N(20)

INTEGER INC6) ,NUMC6) ,NE(6),NID(20)

CHARACTER %1 RCH,S5A,SM,5P,2C,R(6),5N(6) ,5X(6) ,CNCD29),218+10,
SULANK*12 ,W(6)%12,XM(2000)+10,CI0#3 ,NCH*3

PATA zCH,SA,sn,SP,zc,<c~(IJ,x=0,9>,za,sLANKI'R','K‘,‘-','*','Z',
*'0','1','2','3','4','5','6','7','3','9',' O l'

e L]

FEAD(1,*) NG1,NG2

NGENGZ~NE1+1

WRITE(2,'(**OFIRST GROUFE="*,I12,'* LAST GROUP="',I2,"' crROURS="",
+72)') NG1,NG2,NG

HSTOP=NHG2461

MMENG* (NG+3)

o 10 I=1,4

00 10 J=1,Nm
rx¢1,43)=0.0
CONTINUE
PEADCT , %) NMAT
TEADCT ,*) (NID(I),ONCI), 121 ,NNAT)
WRITE(2,*°(**0 MATERIAL NUMBER DENSITY®*) ")
ro 20 NN=1,NMAT :
00 35 X=1,4
NENID (NN)
41=n/7100
N=N-N12100
N2=N/10
N3=N=-N2%*10
1F(N1.EQ.0) THEN
CID0(1:1)=mELANK
ELSE
CID(1:1)=CN(NT)
END IF
IF(N1.EQ.O0.AND.N2.EQ.0) THEN
C1D(2:2)=BLANK
ELSE
CID(2:2)=CN(N2)
END IF
CID(3:3)=CN(NT)
PEADCS,*(10X¢,12,9X,A3)") N61,NCH
TF(N61.NE-61) GO TO 25
TF(NCH.NE.CID) GO TO 25
WRITE(2,°(** v 8% ,A3,7X,F8.62°) NCH ,ON (KN)
J=0
TF(J..T.NSTCP) THEN
READ(3,1000)(1N(1),R(I),SN(I),NUF(I),SX(I),NE(I),I=1,6),(H(I),i=1,
+¢)
FORMAT(b(12,2A1,15,A1,12),T1,6A12)
to 50 !=1,6
IF(WCI)  NE.CLANK) THEN
IF(SNCI) ZQ.SAYLL=1
IFCSHCI)LEQ.SMILL==1
IF(SXCI) FQ.SAIMM=1]
IF(SXCI)EQ.SMIMM==~1
ME=MM*#NE(])
Y=LL=HUMC(CI)
1=Y*10.0*+ME
IF(RC1).EQ.RCH) THEN
poO 55 M=1,IR(1)

J=J+1
x(J)r=2
CONTINUE -
ELSE
J=Jd+1
. X(J)=1
END IF
END IF
CONTINUE
LO TO 40
END IF
N1=(NG1=1) %5141
N2=N1+3
J=0

p0 70 1=1,NG

n0o 80 L=N1,N2

J=J+1 .
XX(K,J)‘XX(K,J)+X(L)*DN(NN)
CONTINUE

JxI+(NG+3)

HimN1+61
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w2mN2+62
70 CONTINUE
HID(NH)I=NID(NN)+1
35S CONTINUE
20 CONTIMUE
no 100 I=1,4
L=1
;:1
130 (F(XX(I,L).NE.O0.0) GO TO 160
NI=1
140 [F(CL+1).6T.NM) GO TO 150
TE(XX(I,L+1).NE.D0.0) 60 TO 15C
rHTuNZ +1
L=L+1
L0 TO 140
150 1F(N7.EQ.1) THEN
Xm(m)=18
tLSE
IF(NZ.GT.9) THEN
XK1=NZ /10
K23NZ-K1#10
XM (M) (1:1)=CN(KT)
XM(M) (2:2)=CN(K2)
Xtt(M) (3:3)=2C
XM (M) (4:)=BLANK
ELSE
XM(M)(1:1)=CN(NZ)
XM (M) (2:2)=1C
X (M) (3:)=BLANK
END IF
END IF
o To 170
160 CONTINUE
IFCXXCI,L).LT.0,0) THEN
XM(M)(T:1)=SM
XX(I,L)=-XX(1,L)
ELSE
Xr (M) (1:1)=BLANK
END IF
1=AL0GI0CXX (I, L))
N=INT(Z)
1F(Z.LT.0.0) THEN
X)) (7:7)=SM
NN=5=N
ELSE
HN=4=N
IF(NN.GTL.T) THEN
XM (M) (7:7)=8Sn
ELSE '
Xm()(7:7)=5P
END IF
EMD IF
K=IHT(XXCI,L)*C10.,0#+NN))
XK1=k /10000
K=Kk-K1+10000
K2=K /1000
K=K~-K2+*1C(0
k3=k/100
K=K-K3=100
K4=K/10
KS=K=K&%x1(0
XM(M)(2:2)=CN(K1)
XM (M) (3:2)=CN(K2)
XM(M)(L:4)=CN(K3)
XIA(M)Y(5:5)=CN(K&L)

XM(M) (6:6)=CN(K5)
1F(NN.LT.0) THEN
NN==~NN
END IF

IF(NN.GT.9) THEN

K1=NN/10
X2=NN=-K1210
XM(M)(B:8)=CN(KT)
XM(M) (9:9)=CN(K2)
ELSE
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XM (M) (B:8) =CN(NN)
X®(M)(9:9)=BLANK
END IF .
XM(M) (10:10)=BLANK
170 L=i+1
“mMeq
IF(L.LE.NM) GO TO 130
JMAX=M=]
WRITECA,* (" "', 7A10)°) (XM (J),i=1,IMAX)
100 CONTINUE
STOP
END

FINISH
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