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ABSTRACT

The scattering of fast neutrons after passing through
LiF and iron materials that are of possible use in the
future fusion reactors has been studied at an incident
neutron energy of 14.1 MeV using a neutron spectrometer
employing the associated particles time-of-flight technique.
The neutrons were produced by the T(d,n)4He reaction using
a 150 KV SAMES accelerator. The time of origin of the neutron
was determined by detecting the associated alpha particles,
and the neutron energy was determined by measuring its flight
time over a fixed flight path. The angular energy distribution
of fast neutrons after passing through samples of LiF and Fe
were measured at several scattering angles. Fast neutron
detection and associated alpha particle detection was by
means of scintillation counters employing plastic scintillator
type NE-102A. The samples used were of extended slab geometry
of thickness approximately two mean free paths for Fe and of

approximately one mean free path for LiF.

Theoretical calculations based on primary and secondary
scatter models have been carried out in the present work for
computing the emerging flux from different thicknesses of LiF
and Fe samples. The cross-section data and the angular energy

6 iR

distribution probabilities data for "Li, 'Li, F and Fe were

obtained from U.K.N.D.L. file.

Experimental results show a reasonably good agreement
with the theoretical results predicted by taking into account
first and second scatters only, the predominant reaction being

elastic scattering.
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CHAPTER 1

. INTRODUCTION

1.1 Introduction

The study of fast neutron spectra after passing various
thicknesses of different materials which are of interest in
nuclear technology (1,2) 35 of great importance in the design
of nuclear reactors. The most important characteristic of the
neutron flux outside shielding is its angular energy distri-
bution. The angular flux emerging from a shield does not
directly tell about gamma ray production which must occur
within the shield but by measuring the angular flux outside
the shield, the internal flux could be deduced by setting up
a calculation model for the external flux which will then be
able to predict the internal flux and hence gamma ray pro-
duction. Such a.measurement is most suitable for thinner

shields with large leakage.

Neutrons having energies of 14 MeV are not directly
important for shields and blankets of fission reactars, since
they are above the extreme top end of the fission spectrum,
but they are extremely important for possible future fusion
reactors.. The relevant fields of applications for these
materiqls are the blanket and the structure vessel of the

fusion reactor.



1.2 The Research Project

The principle objective of the present work was to
study the angular energy distribution spectra of the 14 MeV
neutrons after being scattered from various thicknesses of
different materials which are of interest for future fusion

reactors.

It is very important to collect more experimental data
on the angular energy distribution spectra of the 14 MeV
neutrons after being scattered by these materials of interest
which then provide information by which the theoretical
calculations adopted here could be tested. Theoretical
predictions of the angular distribution for the fast neutrons
when compared with the experiment may yield further informa-
tion of the behaviour of fast neutrons in the materials of
interest, but the extent of this must depend on the accuracy

with which the experimental data can be obtained.

Neutron energy is often determined in scattering studies
by measuring the neutron time of flight over a known flight
path. The time of flight technique requires two timing signals,
one related to the instant of neutron production (zéro time)
and the second related to the instant of detection. The.
accuracy of detecting the start-to-stop signals and the
accuracy of the associated electronics determines the
spectrometer energy resolution which in effect determines the

accuracy of the data collected throughout the experiment.

14 MeV neutrons from T(d;n)4He reaction have been used

to study neutron energy spectra after being scattered by



samples of LiF and Fe. These two samples were chosen because
of their possible use in the future fusion reactors as coolant

and structure.

The angular energy distribution was measured by moving
the neutron détector through different angles with respect to
the sample position. Different thicknesses of both LiF and
Fe samples were used, experimental data also provides informa-
tion about the cross-section, since the cross-section is the
probability of interaction that is measured by the fraction

of neutrons scattered from the sample in a given direction.

The angular energy distribution of the scattered neutrons
from both LiF and Fe was obtained using an associated particle
time-of-flight spectrometer to separate the neutrons of
‘different energies. The thickness of the scattering samples
used was about one mean free path for LiF sample and about
two mean free paths for Fe. Multiple scattering.for sample
thickness less than even .1 mean free path was appreciable(s),
so neutrons scattered by such sample thicknesses are going
to suffer secondary and multiple scattering. The study of
the angular energy distribution of fast neutrons after they
suffer single and secondary scattering is carried out in this
project. A theory based on the single and secondary scattering
of neutrons from an extended sample was used here for the
calculation of the angular energy distribution of the

scattered neutrons.



1.3 Practical Application

The lithium fluoride and steel samples were chosen
in the present work due to their useful applications in
the future fusion reactors. A fusion reactor using the
deuterium-tritium fuel cycle may have a cross-sectional
appearance like that shown in figure 1.14) | The plasma
is confined in the centre of the reactor by the magnetic
coils on the outside (576+7)  The neutrons produced from the
D-T reaction that carries 804 of the reaction energy (e)
are absorbed in a liquid lithium blanket surrounding the

plasma according to the reactions

6 1 4
sLi + gn > 3T + ,He + 4.78 Mey

o 1 3% 4 1
gLl + on 1T + oHe + gn - 2.47 Mev

3 : 7 6
lithium contains 7.56% Li and 92.44% Li. Li has a very

high (n,a) cross-section at thermal neutron energies but at
14 Mev the (n,na) cross-section for 7Li is about 12 times the
(n,a) cross-section for 6Li | The above reactions breed
tritium some of which is re-used in the fuel cycle. The
lithium used in the blanket will probably be in the form of
molten lithium fluoride which will act as a moderator and
neutron absorber that receives the high-energy neutron of the
D.T; reaction and converts their kinetic energy to heat. The
energy generated in the lithium fluoride acts as the heat

source for the power plant. Another form of molten lithium
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of possible use is the LiF-BeF;(colloquially called FLIBE)
proposed because of the reaction gBe + n *:He + 2n - 1.57 MeV
which provides extra neutrons for tritium breeding. Struc-
tural materials that are of possible use in future fusion
reactors must resist radiation damage and corrosion, and
have low vapour pressure. Niobium, molybdenum, titanium and

steel are likely candidates as structural materials.



CHAPTER 2

NEUTRON INTERACTION WITH MATTER

2.1 Introduction

The interaction of neutrons in passing through matter
is quite different from that of either charged particles or
gamma rays. Since neutrons have no charge they can penetrate
the electron clouds and collide with the nuclei. The nature
of neutron interaction depends on the neutron energy and on
the matter through which they pass. Neutrons interact with
nuclei in a variety of ways. They may change direction,
lose energy, or may be absorbed (9). If the nucleus is
unchanged in either isotopic composition or internal energy
after interacting with a neutron, the process is called elastic
scattering and may be written as (n,n). If the nucleus, still
unchanged in composition, is left in an excited state the

process is called inelastic scattering (n,n?).

In referring to these interactions it is common to say
that the incident neutron has been scattered (elastically or
inelastically), since a neutron reappears after the interaction,
however this term is somewhat misleading since the emerging
neutron may not be the same neutron that originally struck the
nucleus. Neutrons may disappear as a result of absorption
reactions, the most important of which in most nuclei at
lower neutron energies is the (n,y) reaction. This process
is called radiative capture since one of the products is
y-radiation. Neutrons also disappear in charged particle

reactions such as (n,p) or(n,a) reactions. When neutrons



of high energy strike a nucleus two or more neutrons are
emitted. These are (n,2n) or (n,3n) reactions. The (n,pn)
reaction may also occur with high-energy incident neutrons.

A description of these processes follows.

2.2 Elastic Scattering (n,n)

In this type of scattering kinetic energy is conserved
and the energy level of the target nucleus is the same before
and after the collision(la). Elastic scattering is the
dominant mode of neutron interaction when moderate neutron
energies are involved (<10 Mev) in a non-absorbing medium.(ll)
In this reaction the neutron will transfer part of its kinetic
energy to the nucleus. The amount of energy transferred will

depend upon the angle through which the neutron is scattered

and upon the mass of the scattering nucleus.

The relationship between the scattering angle ¢ and the
energy of the neutron before and after collision with a nucleus
of mass number A may be derived from the conservation laws of

energy and momentum. If an incident neutron has an energy Ei

before collision then the neutron energy after collision E;

is given by (12)
E, = E; A%+ 2Acos¢ + 1 A |
(A+1)?

Where ¢ 1is the angle of scattering in C-M system.

If 6 is this angle in the lab-system then the relationship

between the angle in C-M system and the Lab-system is given by

1+A cos ¢ A4
VA“+2A cos ¢+1

Cos 6 =




From equation 2.1 and equation 2.2 the neutron energy

after collision E, in the lab-system is given by

A2+2/A%-51n%60. cos O+ cos 2 B8 25
(A+1)2

E2=E1

When ¢ = 180° 6 = 180%and when ¢ =0 6 =0

But for all other angles © 1is less than ¢.
From equation 2.3 it can be seen that the energy of the

: 0 :
scattered neutron is greatest for 6='0 that is

& 2.4
(Ez)max = b
i.e. no scatter. The minimum value of E, occurs when
o = '180° that is
(Ez)min = 0E;, 2o
where o = (A 1 ) =, L =TeR Tl R e

A+1

The minimum energy of a neutron after an elastic collision
depends on the mass of the struck nucleus. For hydrogen
with mass A=1 a neutron can lose all its energy in one
collision. In collisions with heavier nuclei a neutron loses
a fraction of its energy so the maximum fractional energy loss
in a single collision decreases with the increasing mass of
the struck nucleus. Elastic scattering may be potential
scattering, which corresponds to an interaction in which the
incident neutron is not assimilated by the target to form a
compound nucleus and without shaTing its energy with nucleons
of the target, is scattered much as it would be by a poten-
tial well.or it may be resonance scattering in which the

neutron is assimilated by the nucleus which subsequently



decays by giving off a neutron with energy equivalent to

that carried into the nucleus by the incident neutron.

Neutron angular distributions in the resonance scattering
in isotropic in the C-M system. In the potential scattering
neutrons are forward peaking and this becomes more pronounced
as energy increases (at 14 Mev Li and F have very strongly

forward peaked distributions).

2.3 Inelastic Scattering (n,n?)

(n,n?) becomes energetically possible when the neutron

energy En is great enough to raise the nucleus above its

first excited level. The excited nucleus may decay to the
ground state by the emission of one or more gamma rays and

the energy of the emitted neutron E is given as the difference
between its incident energy En and the energy of the first

excited level E, E=En-E;.

The minimum or threshold energy which the neutron must
have to make the inelastic scattering process energetically

possible is given by

_ A+1 E
Eth S, it ey
A
where Eth = inelastic threshold energy
A = mass of the target nucleus
Eex = the energy of an excited state of the target nucleus.

The relative spacing of the energy levels of an isotope
determines the threshold neutron energy for inelastic scattering,
Level spacings are wide in light neclei and the stable magic

nuclei and hénce the interaction energy threshold is high and



decay is more likely to be by emission of a small number of
high energy y-rays. As the spacings get closer together
(heavier isotopes of high excitation energies) their width
may overlap so that the y-rays emission spectrum essentially

forms a continuum.

Neutrons which are inelastically scattered by heavy
nuclei can undergo large fractional energy losses until they
are scattered below the inelastic thresholds. This energy
loss mechanism can be much more effective for high energy
neutrons than elastic scattering by light nuclei and can be

an important process in designing fast neutron shields.

2.3.1 The (n,2n) and (n,3n) reactions.

When the incident neutron has an energy greater than
the binding energy of the last neutron in the nucleus, the
emission of two neutrons becomes possible. In the (n,2n)
reaction the incident neutron is inelastically scattered by
the target nucleus, then if the residual nucleus is left with
an excitation energy above the binding energy of its least
bound neutrons, this neutron has sufficient energy to escape
from the system, that is there is a possibility that a second
neutron will appear. The (n,2n) reaction rapidly becomes
more probable than the (n,n') reaction as the incident neutron
energy rises. Therefore the bulk of the inelastic scattering
is now included as part of the (n,2n) reaction. The Q value
of the (n,2n) reaction is equal to the binding energy of the
loosest neutron in the target nucleus and the threshold energy

in the Laboratory system is given by



where A 1is the mass of the target nucleus.

The threshold energy is low for nuclei which contain
a loosely bound neutrons, an example being the (n,2n)
threshold for °Be is 1.8 MeV. With most nuclei however the
(n,2n) threshold is in the range from about 7 to 10 MeV.
In the case of (n,3n) reaction the relationship of the (n,3n)
reaction to the (n,2n) reaction is similar to that of the
(n,2n) and the (n,n') reaction. Thus a third neutron will be
emitted if the target nucleus still has sufficient excitation
energy after the emission of the second neutron in the (n,2n)
reaction to free a further neutron. The (n,3n) cross section
therefore rises from the (n,2n) threshold at the expense of
the (n,2n) cross section as shown in figure 2.1. The (n,3n)
threshold is so high (it ranges from 11 MeV to 30 MeV) that
makes this reaction unimportant in fission reactor calculation

but it may have some significance for fusion reactors.

2.4 NEUTRON ABSORPTION REACTIONS (n,f),(n,p),(nyd), (n,y)

Neutons may disappear as a result of being absorbed by the

nuclei of the medium, some of the more common reactions are:

(a) Fission Reaction (n,f)

The type of neutron interaction of immediate interest
is the nuclear fission reaction. In the fission process the
nucleus absorbs a neutron and the resulting compound nucleus
is so unstable that it immediately breaks up into two parts
of more or less equal mass called fission fragments(13).

The probability of neutron induced fission is described by



Cross section barns

ST e e
Neutron energy (MeV)

Fig. 2.1 The inelastic (n,an and (n,3n)
Cross-section of 23°U (Lamarsh 1966)



the fission cross section O¢ and it is a function both of

the target nucleus and the energy of the incident neutron.

(b) Charged-particle reaction (n,p), (fi,x)

These reactions are usually endothermic. However, in
the case of few light nuclei they are exothermic, examples
of the exothermic reaction are the

B, e Tl %A (e,n) H and NG, p)t NG,

An endothermic reaction type is thus '®0(n,p)'®N, these
reactions are useful in the way they do not give rise to

energetic y-rays after they absorb the neutrons.
(c) Radiation Capture (n,Yy)

This process can occur at all neutron energies but it
is most probable at low energies (less than 1 KeV). If
instead of expelling a neutron the excited compound nucleus
qumed by the absorptioQ of a neutron emits its excess energy
in the form of y-radiation the process is referred to as @
radiation capture. The residual nucleus, having an additional
neutron, is thus an isotope of the original nucleus but one

unit higher in mass number.

The reactions mentioned are not the complete list, (n,d),

(n,na) for example are other possible reactions.



‘CHAPTER 3

NEUTRON DETECTION

3.1 Intryoduction

A1l methods of detecting nuclear particles and radiations
are based on the fact that charged particles cause ionization
when passing through matter. If the particle of interest is
neutral, and does not therefore cause ionization directly,
an intermediate process is necessary in which an energetic
charged particle is produced. Neutrons differ from other
types of radiation considered in that their primary inter-
actions are with the nuclei rather than with the atomic
electrons. Being uncharged massive particles they can
penetrate the &lag&:gn clouds and collide with the nuclei.

—_—
The neutron interactions with nuclei are of two types,
scattering or absorption. In the scattering type the neutron
collides with the nucleus and a fraction of the neutron energy
is transferred to the recoil nucleus. In the absorption type
the neutron is absorbed by the nucleus and disappears. The
most important scattering process is the elastic scattering
of neutrons by proton H(n,n)H reaction. Neutrons are elasti-
cally scattered by all nuclei but the energy transfer to the
recoil nucleus is a maximum for neutron-proton scattering.
“Hence this process is the most widely used for the detection
of fast neutrons. In many cases the proper selection and use
of the detection method depends on the type, purpose, and the

environment of the experiment. The detection system has to



LA s

téke into consideration the following; the energy range of
neutrons to be measured, the flux of neutrons and its variation,
the detector sensitivity and the energy resolution, and finally
the detector sensitivity to the neutrons in the presence of
other nuclear radiation.

3.2. Choosing the Detector

A great variety of methods hawve been used to measure the

(i)

energy spectra of fast neutrons Then techniques (usually

of low efficiency) include nuclear emulsions(15],proton

(16) (17)

recoil telescopes and *He filled proportional counters.
For the fast neutrons the elastic scattering from hydrogen
nuclei which gives rise to detectable recoil protons is the
basis for fast neutron detection with organic scihatillators
which are known to have the highest efficiency for the detec-
tion of fast neutrons because of their high hydrogen content,
high density compared with gases and the relatively large
cross-sections for neutron-proton elastic scattering. Organic
materials include plastics, organic liquids and organic crystals
such as anthracene or stilbene. The recoil protons produce

scintillations which can be detected using a photomultiplier

tube, (18)

A nuclear particle incident ona scintillation detector
produces a flash of light in the scintillator and this light
is transmitted to the photocathode of the photomultiplier tubeglg)
The photoelectrons emitted at the photocathode are multiplied
typically 10° to 10°% times by means of the electron-multiplier

section of the photomultiplier tube giving a large pulse at



the anode. Some organic crystals, and liquids and plastics
with suitable additives emit light when bombarded with nuclear
radiation in response to either primary or secondary ioniza-
tion induced by the radiation. A number of these scintillators
have found widespread use in nuclear spectrosc0py(2“)because
they possess desirable physical characteristics, exhibit good
detection efficiency and their response times allow relatively
simple derivation of fast timing signals. Among these
different scintillators the ones which have found wide applica-
tion as neutron detectors in neutron time-of-flight spectro-

(21)

meters are the following

1. The liquid organic scintillator type NE-213.

This scintiltator consists of specially purified

xylene, naphthalene, activators and POPOP spectrum shifter.
NE-213 shows good pulse shape discrimination properties,
particularly for neutron counting in presence of gamma

(22,23)
3

radiation, it has reasonably fast response time

(3.7ns) and is often used without time-of-flight as fast

neutron ppectrometer (24,25)

2. Polyvinyltoluene based plastic scintillator such as

type NE-102A.

With this detector is is possible to reject contributions
due to external y-rays by using an appropriate thresho142¢)
Pulse shaped discrimination cannot be used with NE-102A,
but it_is proved to be a very useful tool whenever measure-
ments of 14 MeV neutrons were involved which will be dis-

cussed in more detail in section 3.4.



3.3 Recoil proton energy Spectrum

In the fast neutron region, elastic scattering by
hydrogen (below 10 Mev)(27) is isotropic in the centre-of-
mass system, hence the energy distribution of the recoil
protons from monoenergetic neutrons of energy E0 is a con-
tinuous distribution in energy from zero to Eo' Consider
the elastic scattering of a neutron, mass unity initial
energy En, by a nucleus of mass A initially at rest. Ffom
the kinematics of the collision it can be shown that the
maximum energy of the recoil nucleus for a head-on collision

is given by

_ 4A
Emax —m)z En o

Thus for a proton (A=1) the entire neutron energy is trans-
ferred (Emax: En) in a head-on collision. While for a carbon
nucleus (A=12) Emax= .35 En. For (n,p) scattering equation

2.3 becomes Ep =]%¢0;29

Barshall and Kanner(2®) have shown that the energy
distribution of recoil particles in the lab-system is the same
as the angular distribution of neutrons scattered in the centre
of the-mass system. For neutron-proton collisions, below
En = 10 Mev, it has been found experimentally that the
scattering is isotropic, that is, all angles of recoil are
equally probable in the C-M—system.(zg) Hence the energy
distribution of recoil protons is uniform from Ep=o to Ep=En
as shown in figure 3.1. However, in scintillaters pulse height
distribution is not the same as energy distribution. The

upper end of the distribution is unsharp because of straggling
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in the range of recoil protons and variation in light output

per Mey lost.

3.4 NE-102A Scintillator

The scintillator used in this work was a plastic
scintillator type NE-102A developed by Nuclear Enterprises Ltd.
which has the following desirable physical properties: high
light output, good 1light transmission, good detection efficiency,
fast response and decay time. The light output has a rise
time = Ins and an exponential decay with a time constant
tc=2.4n5(3°2 With all these properties the NE-102A scintilla-
tor is well suited to the fast neutron time-of-flight experi-
ments. In using a thin plastic scintillator, single elastic
neutron-proton scattering is the most probable reaction for
neutrons. With increasing scintillator thickness the effi-
ciency increases but it will introduce double and multiple
scattering besides the timing uncertainty due to the variation
in flight times to different detection points within the

scintillator.
The time uncertainty is

&

hat=s

)

(2

=

when 2 = detector thickness
En = energy of the incident neutron
m = neutron mass

For the 14 MeV neutrons, £ = 5cm the detector timing uncertainty
= 1ns, for the same scintillator and for 2.5 MeV neutron

timing uncertainty = 2.2 ns.



SETRNS

3.5 Scintillator Efficiency

The efficiency of an organic scintillator is defined
as the ratio of the number of recoil protons to the number

of incident neutrons(al)

number of recoil protons
number of incident neutrons

E =

The efficiency of a scintillator consisting entirely of
carbon and hydrogen (s2,33) an pe calculated under the
assumptions that only single scattering occurs and that edge
effects are negligible. The number of recoil protons in a
scintillator of length L exposed to a flux of N0 neutrons all

of energy Eo is

Ni(EJL) = Nng opL |1 - exp(-aL)| /aL 3.2

H "H

Where a = 0, N, + n

gt e Pe
oy = neutron-proton scattering cross section at neutron energy EO
Ge neutron-carbon cross section at neutron energy Eo

which is equal to GT(EO)

n,, = number of hydrogen atoms/cm?

n_ = number of carbon atoms/cm?

The efficiency for single scattering is then

by 3.3

(0 ¢ §
' No a



=

Figure 3.2 shows the variation of efficiency with neutron

energy by applying equation 3.3 to a 5 cm thick NE-102A

scintillator.

The ny and n. values as quoted by the manufacturers
n, = .0525 x 102* atoms/cm?

n, = .0475 x 102%*  atoms/cm®

In the discussion above only single scattering events
were considered. Recoil protons can be produced by neutrons
which have already been scattered one or more times by carbon
or by hydrogen. Double scattering from hydrogen results in
the production of two recoil protons of practically the same
instant of time. Such events are registered as one proton
by the photomultiplier tube and thus the number of recoil
protons registered is not affected. However, double
scattering from hydrogen does result in a distortion of the
output pulse height spectrum of the scintillator. Recoil
protons may also be produced by neutrons which have a first
collision with carbon and second collision with hydrogen. This
results in an increase in the number of recoil protons produced.
It is found that organic scintillators are also efficient as
detectors of y-rays. Therefore it was necessary to discriminate

the unwanted y-rays.

3.5.1 Non-linear response of scintillators
The quantity directly recorded in the scintillation
method is the pulse height spectrum. Under appropriate con-

ditions the photomultiplier output is directly proportional
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to the luminous output of the scintillator. The luminous
output of an organic scintillator for various charged

particles is well represented by the semi-theoretical formula

of Birks
d8 K R/ dx 3.4
dx 1+KB dE/dX >
where S = luminous output of the scintillator
x = path length of the particle in the scintillator
E = particle energy

I= = Taze of loss of energy of charged particle
A and KB are constants for a given scintillator.

To avoid dependence on specific units for the measurement of
S it is convenient to represent the scintillator output by
the variable p = S/A equation 3.4 can be rewritten in terms

dP
of IE as follows

gr =T g ex - 3.5
dE dx E 1+KB dE :
a'i '
T3s)
where p and E have the same units. For electroh3'with energies

from a few tens of-KeV up to several MeV %% is very small

dE dP _ 1
so that KB Ix °can be neglected then IE 1p=E, where Ee

(ss536)5¢n energies of

is the electron energy. For protons
a few MeV' however %% cannot be neglected. For plastic
scintillator type NE-102A Evans and Bellamy(37) have shown
that the value of KB is 1.0 x 10 ? gm. cm. 2.MeV !, taking
the energy-range relationship of protons in the plastic to be

the same as that for CH given by the tables of Rich and

Madey.(as) The pulse height for a given proton energy Ep was
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then obtained by numerical integration of equation 3.5
since %% is a non—anélytic function of proton energy. The
resulting pulse height p obtained as a function of proton

energy for NE-102A scintillator are listed in table 3.1.

If the number of recoil protons with energies between
E and E+dE is written as dN = N(E)dE and the number with
pulse height between p and p+dp as dN = N(p)dp then the two

spectra are related by N(E) = N(p) %% 3.6

This relationship results from the requirement that

the area under the two spectra be the same.

For convenience N(E) was taken as unity in the present

calculation, the two spectra are then related by

N(p) = %I-E)- el

Using equation 3.7 and the proton pulse height (p)
of table 3.1, then figure 3.3 shows the distortion of the
pulse height spectrum by the non-linear response of plastic
scintillator NE-102A for neutrons of 14.1 Me V.. In practice
the pulse height spectrum will take the form shown by the
dashed curve. This distortion is due to statistical fluctua-

tion in the scintillator output and the photomultiplier tube.
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Fig. 3.3. Theoretical pulse height spectrum of fast
neutrons in NE-102A.



_22..

TABLE 5.1
Proton Energy gg KBVCﬂzmﬂ N (p) =d§ P
... Ep .(MeV) SR L L)
1 278.8 3.78 12675
2 167.6 2.68 .49
3 122.9 2.229 .903
4 g8.11% 1.98 1:38
5 82.10 1.82 1.908
6 70.86 1,%09 2.47
7 62,31 1.626 3.076
8 56.04 1.59 3.705
9 50.86 1.508 4.357
10 46.61 1.466 5.029
11 43,05 1.43 N
8 14 40.03 1.4 0425
3 37.44 137 7.147
14 35.18 1535 7.88
15 33.20 1+35 8.626
3.5.2 Detector Efficiency with Discrimination

To reduce the background count rate in the neutron

detection channel it was necessary to discriminate against

pulses arising from photomultiplier noise, low energy back-

ground neutrons and y-rays.

This discrimination resulted in

the rejection of some recoil proton pulses(za) which have been
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included in the calculation of efficiency. With a
discriminator (39) set to reject all pulses of amplitude
tess than P, the scintillator efficiency for 14 Me¥)

neutrons is given by

e1n = e3(aad  Ars- Ap

Ko 3.8
where €31(:4) = 14 MeV efficiency without discrimination

(Ayy - AD) = Area under the pulse height spectrum between

ordinates PD and P;y (Figure 3.3)

PD = Discriminator level
P;4= pulse height due to 14 MeV protons
Ai;4= total area under pulse height spectrum

= area under recoil proton energy spectrum.

Hence the scintillator efficiency for neutrons of energy
En can be written as

Ap _ Ay En-E
e(En) = €1(En) x 'n = g1 (BEn) x

A

En
En

since JSN(E)dE = SN(p)dP.

The choice of the discriminator level was such that
while rejecting pulses due to low energy neutrons, y-rays,
and photomultiplier noise it was not at such a level as to
reject significant scattered neutron pulses. For setting-up
reasons it was necessary to fix the discriminator level at
a consistently reproducible known pulse height. This

condition was met by setting up the discriminator to reject



i

y-ray pulses from a source of known energy.(l“) The source
used was ®°Co which emits two y-rays at 1.17 MeV and 1.33 MeV.
In this energy range, y-rays interact with the plastic
scintillator mainly through the production of Compton
electrons. (#9)  The energies of the recoil electrons in

€ompton collisions range from zero up to a maximum value E_

ax
given by
e L
max 1 +'E 5540
e——
Zmbc

where E = the incident y-ray energy in MeV

mbp = .51 MeV is the rest mass energy of the electron
Emax = the maximum energy of the recoil Compton electrons

Applying equations 3.10 to °°Co y-rays of energy

1.33 MéV.gives E = 1,116 MeV.
max

Therefore a discriminator set to reject °®°Co y-ray
pulses was equivalent to the rejection of pulses due to
1.116 MeV electrons. In order to relate the pulse height
due to 1.116 MeV electrons to the equivalent proton pulse
height spectrum it was necessary to consider the luminous
output of NE-102A. For electrons consider equation 3.5 for
electron energy of 1.116 Mey the term KB%% is small. Hence

the pulse height due to electrons is given by P = E.

This means that a 1.116 Me'V electron produces a pulse
of amplitude P=1.116 MeV. Interpolation of the proton pulse
heights given in table 3.1 showed a pulse of P=1.116 Me V to

be equivalent to a proton of energy 3.4 MeW.
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Therefore setting up the discriminator with ®°Co
y-rays as a reference resulted in the rejection of pulses

due to neutrons with energy less than 3.4 Mevy.

With the discriminator set at a pulse height P = 1.116 MeV
applying equation 3.9. to figure 3.3 gave the efficiency

curve shown in figure 3.4.

3.6 The Scintillator-photomultiplier Coupling

In fast . neutron time-of-flight experiments the transit
time of the detector pulse through the photomultiplier tube
is included i the time interval measured to determine neutron
energy, therefore a'gaigéﬁle photo-multiplier tube should have

(41)

a fast transit time with low time spread. The photo-
multiplier tube chosen in the present work was a Philips 56 AVP
having an electron transit time spread of 0.5 ns which was an
adequate choice for the present work. The 56 AVP tube has

14 stages of amplification giving a gain of 10° (v2543) pjs
high gain eliminated the need for further amplification of the
output pulses. The dynode voltages were supplied by the

resistor chain shown in figure 3.5. The current through the

dynode chain was 2.3 mA at an operating voltage of 2KV.

Because of the high pulse current in the later stages
of the tube, signal decoupling condensers were included across
the last four dynode chain resistors; this was effective in
preventing fluctuations in the dynode voltages. For good
light collection by the photocathode great care must be taken
with the optics of the system, the light loss is minimum when

the scintillator is coupled directly to the photomultiplier
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Fig.3.4. Theoretical efficiency of 50mm. thick NE-102A
with the discriminator.
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tube but as the scintillator used had a larger diameter (10cm)
than the photo-multiplier tube (5cm) a truncated conical
perspex light pipe of 7cm length was used for size matching

purposes.

To ensure effective light transmission between the
scintillator and the light pipe they were conneted with optical
cement type NE580 that has a refraction index (p = 1.58) which
is close to that of the NE-102A scintillator. Optical contact
between the light pipe and the photo-multiplier tube was
obtained by using non-drying immersion oil. The neutron

detector is shown in figure 3.6.

In the time-of-flight experiment the electronics
instruments involved were several meters away from the
experimental area i.e. the neutron detector is far away
from the electronics, so a length of coaxial cable was re-
quired to connect the neutron detector to the neutron
discriminator. To avoid reflections in this long cable the
anode signals were matched into the cable through an emitter
follower. figure 3.7 shows the emitter follower circuit
included to match the output impedancy of the photo-multi-
plier tube to the 758 coaxial cable leading to the neutron

discriminator.

3.7 Magnetic Field Effect

The performance photo-multiplier tube is sensitive to

magnetic fields. In the presence of a magnetic field electron

emitted from the photocathode will be deflected away from their

-
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normal path and may not be collected by the first dynode.(““)
Hence the movement of the photo-multiplier relative to a
magnetic field can result in changes of the photomultiplier

gain.

The earth's magnetic field is not usually a problem
if the tube is operated in a fixed position throughout an
experiment, but in the present work it was required to rotate
the detector (neutron detector) about the sample position,
so shielding from the earth's magnetic field was essential for
stable performance. The electron trajectories from the
cathode to the first dynode are most sensitive to magnetic
fields, the photo-multiplier tube was therefore placed
inside a cylindrical mu-metal magnetic shield number 56131
recommended by the manufacturers so that the first dynode
stages and the photo-cathode were adequately shielded, the use
of a mu-metal shield, besides giving optimum tube gain gives

minimum transit time spread.

3.8 Neutron Detector Shielding

The purpose of shielding is basically to reduce back-
ground effects caused by undesired neutrons and y-rays to a
reasonably small fraction of the effects due to the neutrons
of interest. Neutron scattering experiments require careful
shielding of the detector from the neutron source. The
shielding usually consists of a shadow bar and a collimator
surrounding the detector, the shadowbar used to shield against

the direct source of the 14 MeV neutrons that are.incident on



the detector while shielding against background caused by
neutrons and y-rays scattered into the detector from the
floor and surrounding walls was achieved by placing the

detector in a large collimator.

3.8.1 Neutron Shielding Materials

A shield should attenuate fast neutrons producing a
minimum of secondary penetrating y-radiation without causing
a build-up of activity in the shielding material and this
is achieved by slowing down or moderating the fast neutrons
and then absorbing the secondary penetrating y-rays. The
selection of the shielding materials represents a compromise
between size, weight and efficiency of the detector.Materials
used to shield against neutrons in the MeV region were of two
types, heavy materials and hydrogenous materials. The heavy
materials like W, Cu, Fe, pb have been used since the elastic
differential cross sections for these heavy materials are very
sharply forward peaked and for attenuation purposes the entire
elastic cross-section may be neglected compared with the non-
elastic absorption and inelastic scattering processes. A
hydrogenous material is the most efficient fast neutron
moderator. The elastic scattering cross-section for hydrogen
is relatively large but decreases with increasing neutron
energy. Hydrogen, however, provides on the average a 50%
energy degradation per elastic collision. Neutrons thermalized
in this way give y-rays with 2.2 MevV produced from iH(n,Y):D

reaction. Suitable hydrogenous materials are water, paraffin
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wax, polyethylene. The use of those materials has been
investigated by Hopkins et al(“S)who found that for the

14 Mev neutrons the heavy materials are more effective in
terms of attenuation per unit thickness of shield. However,
if the weight of the shield is considered the hydrogen .
moderators are far more effective, paraffin wax being
approximately four times as effective as copper. In using
paraffin wax scattering by its carbon content produces
y-rays of 4.43 Mey from '?C(n,n'y)'?C reaction but the cross-
section for this reaction is very much less than for elastic
scattering by hydrogen and carbon. It is possible to

reduce the y-rays production in paraffin wax by loading the
wax with a good slow neutron absorbing materials. Suitable
materials are ®Li and '°B generally used in the form of a
compound. Both materials have a large cross-section for the
(n,a) reaction but 61,i is more effective since no y-rays

are emitted in ®Li(n,a)’H reaction. In the '°B(n,0)’Li
reaction .48 Mey. y-rays are emitted.in about 95% of the

interactions.

Mixing a substantial amount of lithium carbonate with
paraffin wax to reduce y-radiation from neutron capture in
hydrogen reduces the density of hydrogen in the shield and
consequently the neutron shield is less efficient. On the
basis of weight effectiveness, cost and ease of fabrication,
paraffin wax was used as the major constituent of the shield.
The innermost part of the shield consisted of a suitable

y-ray absorbing material, lead layers of 4 cm thickness being



used for this purpose because of its density and high atomic
number. This shielded the detector from the y-rays. A cross-
section of the shielding assembly is shown in figure 3.8.

The shadow bar and the collimator were fabricated by moulding
the paraffin wax in a container of the desired shape. The

wax was not loaded with boron or lithium carbonate_

3.8.2 The Shadow bar Position

Correct location of the shadow bar was important in the
angular distribution measurements. There are several criteria
concerning a proper location for the shadow bar. It should
not intercept neutrons between the target and the scattering
sample or between the scattering sample and the detector. The
entrance of the collimator should not be exposed to the target
and the shadow bar face nearest the target and scattering sample
should not be visible to the detector. Within these limita-
tions, which may be mutually exclusive at certain very small
or very large angles, the shadow bar was very effective in
attenuating fast neutrons. Figure 3.9 shows the position of

the shadow bar for a scattering angle of a5y
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CHAPTER - 4

THE NEUTRON PRODUCTION

4.1 Introduction

Neutrons were produced from the T(d,n)"*He reaction.
With a deuteron beam of energy about 150 KeV obtained from
using a S.A.M.E.S. type -J accelerator incident on a tritium-
titanium target, neutrons of 14.1 MeV can be obtained with

a small spread in energy.

4.2 S.A.M.E.S. Accelerators and the Target Assembly

The deuteron beam was accelerated by the-S.A.M.E.S. type
J accelerator shown in figure 4.1. The accelerating voltage
is produced by an electrostatic generator which is housed in
a hermetically sealed unit in a hydrogen atmosphere. The
generator can deliver 2mA at +150 KV with a stability of
+14 (*edpe target and the other experimental facilities are
situated at the far end in the laboratory and they are several
metres away from the accelerator. Therefore the deuteron
beam has to pass through a 6 metres long evacuated beam tube
to reach the far end where the target is situated. Due to
the length of the tube an auxillary.pumping stage at the
target end was necessary to maintain a pressure of less than
10 °mm.Hg, and because of the length of the tube extra beam
focusing was required. The deuteron beam is focussed by two
electrostatic quadrupole'lenses("7)and a pair of electrostatic
deflector plates. The incident deuteron beam on the target
was restricted by a vertical slit 10mm. x Imm. in a brass

plate situated across the end of the beam tube. The target
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FIGURE 4.1 S.A.M.E.S. ACCELERATOR




assembly was supplied by Multivolt Ltd. and it consists

of a disc of copper coated with a thin layer of titanium
loaded with tritium, contained in a stainless steel case.
The target disc is water cooled, and it has a 90° branch as
shown in figure 4.2. Only a small part of the target is
struck at any one time by the deutron beam, and the target

can be rotated to expose new areas to the deuterons.

Under positively charged deuteron bombardment electrons
are ejected from the target assembly. To prevent these
electrons back streaming to the accelerator a suppressor elec-
trode was inserted between the target and the beam tube, and
this was maintained at about =150 volts, thus reflecting the
secondary electrons back to the target. Araldite spacers
insulated the target, suppressor and slit from each other
and from the beam tube and target and slit currents were

monitored by means of multi-range current meters.

4.3 The T(d,n)"He reaction

The nuclear reaction

3 2 "
iH + 3H = .,He + n +.Q

Which is highly exothermic and has long been used as a source
for the production of neutrons with high energy. The Q value
which can be calculated from the nuclear masses of the
reaction is very high 17.586 Mev (25) Because of this high Q
value the variation of neutron energy with the incident

deuteron beam energy is relatively small. Neglecting the
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kinetic energy of the incident deuteron beam the products will
share an energy of 17.586 MeV as the inverse ratio of their
masses,(“s) which gives the neutron 17.586 x (I%T) = 14.1 MeV

and the alpha particle 17.586 x ( I:%——) = 3.5 MeV.

The cross section for this reaction rises to a peak of
5.1 barn (**) at a deuteron energy of 110 KeV as shown in

Figure 4.6.

4.3.1 Kinematics of d(T,n)"He reaction.

The energies and the angles of the scattered particles
from a nuclear collision can be computed using the conservation
laws of energy and momentum. In this reaction a particle of

mass m; (deuteron) is incident on another particle of mass m:

(triton), which is at rest in the laboratory system. The
interaction produces two particles, one of mass ms (neutron)

and the other of mass my, ("He). Let (03,04) represent the
angles of scattering (s0) o5f the particles m; and my respective-
ly in the laboratory system and (¢3,$4) represents the angles

of scattering of the particles m; and my respectively in the

C-M system as shown in Figure 4.3.

Then a mathematical expression for the energy of the
scattered neutron E; as a function of angle which is available
in several works (51252) and can be produced here from the
laws of momentum and energy conservation, Es3 is then given by
the following expression

my m.ms

Es = (WE1 *Q) =5 * B1yvm,) 2

c0s20

2ymimz

o Ei (BE:1+Q)mys  _ mimg EZsin20

e :
DS (ms+my) (m,+m,)* -
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In deriving the above expression for the neutron energy

E3 1t is always easier to consider working out the mathemati-
cal equations for the conservation of energy and momentum in
the C-M system and then transferring them into the laboratory
system. To transfer neutron production rate at a particular
angle in the C-M system to an equivalent angle the laboratory
system it must be multiplied by the anisotropy factor |A]
which is the ratio of the sé6lid angle in the laboratory

system given as |A| = %%f

The derivation of the mathematical equation to find E,

with the anisotropy factor is given in Appendix 1. The

tritium target used was thick compared with the deuteron range
as the thickness of the tifawamlayer was~> lmgm cm 2 and the
range of deuterons of energy between 150 + 20 KeV in tifainidw
is .4 mgm cm 2 (s4) Consequently deuterons of all energies
from the bombarding energy to the energy where the cross-
section becomes negligible (v20Kev) yield neutrons. The
variation of neutran energy with the angle of emission is shown

in figure 4.4 for different deuteron energies.

4.3.2 Angular relationship of the associated particles.

The angular range of neutrons defined by a-particles emitted
at 90;5n to the deuteron beam in the d(T,n)"“He reaction can
be calculated from the reaction kinematics. Equation A 1.10
gives thg - relationship between the alpha particle-angle 0,
and the neutron angle 03, it can be seen that the relation

between the two angles depends on the in¢ident deuteron energy.
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Figure 4.5 shows the relationship between neutron angle and
alpha particle angle in the angular range of interest
calculated with a computer programme as shown in Appendix 2.
The calculation was done for deuteron energies ranging from
150 KeV to 20 KeV'. The figure also shows the alpha particles
detected at{9ﬁ°i5°)define a neutron beam over the angular

range of (83°27°)

4.4 The Neutron Yield

The reaction probability for a deuteron on passing a
distance dx through a target containing N tritium atoms/cm?
is given by Nodx, where o is the cross section for the
reaction and is a function of energy. Since deuterons range

is not a linear function of energy then

=k S
o dx = @d}( dE i 2

The angular dependents of the differential cross section
for the T(d,n)"*He reaction has been found to be isotropic in
the C-M system for deuteron energies up to 200 KeV' by Allen
and Poole (53) and to 570 Kev by Argo et al (s5) | The total

yield of neutrons per incident deuteron of energy ED is given

by
E

Y = Vi N.g dE —_— 453
) dE/dx i
0

where o is the total cross section for the T(d,n)"He
reaction at a deuteron energy E.. %% is the rate of energy

loss of deuterons of energy E.. in the titanium tritide target.



alpha particle angle

ik

90
89

88

87

cdet angle

- LI
n-det angle i3

L Sk

| 1 1 L | ! 1 1 1 1 1 l I | 1 ’_{ 1

74775 76, 77 18 79 BO 8L 82 83 84 B5 86 87 88 83 90 91 92

Gp neutron angle

Fig. 4.5 Relationship between neutron and alnha
narticle-angles in the lab-system



- 36 -

To determine the energy loss, the loading factor or
number of tritium atoms per titanium atom in the target
must be known, a reasonable estimate for this factor is
(s1)

unity

2
% 6,02 x 10 4:3 x 6,02 = 10%°

A 50.9

I

4.8 x 1022 atoms/cm?®

The cross section for the T(d,n)“He reaction has been
measured by Conner et a1(58) £or 10 > 1752 K&/ deuterons
and by Arnold et al (s7) £or 7.5 - 120 Key deuterons.
Figure 4.6 gives the cross section for deuteron energies

between 10 Kev to 500 KeV(sl).

The rate of energy loss for deuteron in Ti-T is given by

g o 8l.d 3n

dx 47.9+3n ‘dx’Ti 47.9+3n'dx’T
dE : -
where (Hf) is the rate of energy loss of deuteron in
Ti
titanium.

(%%) is the rate of energy loss of deuteron in tritium
T

n is the number of tritium atoms per titanium atom

(it is assumed n = 1)

3 and 47.9 are the atomic weights of tritium and titanium

respectively.

To obtain the curve for Ti it is necessary to assume a

law relating energy loss with atomic weightcsgj.
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The usual assumption is dE|pi=A : but by taking Warshaw's
measured results for the metals quoted the assumption is
found only to be valid at higher energies (deuteron energy
of 300-400 KeV} and only for materials of low atomic weight

( "33T. lies between 27Akfand ®®Cu in the atomic table).
i T3 29

=

The stopping power %% has been calculated by Benvenis te

(s1)

and Zenger They interpolated the proton stopping power
data of Warshaw(58) for 50 KeV¥ to 350 KeV protons in

aluminium and copper with respect to the inverse square root
of the mass number to produce a proton stopping power curve

in titanium, then by assuming that the rate of energy loss

is a function only of the velocity of the particle

dEp dE

() = (4

g W)ZF

a deuteron stopping power curve in titanium was derived.
Similarly the rate of energy loss of deuterons im tritium
was obtained using the proton data of Reynold(EU). Figure

4 7 shows the rate of energy loss of deuterons in the tritium

-titanium target.

With this information the neutron yield per incident deuteron
energy E can be calculated by numerical integration of

equation 4.3.

4.5 The Alpha-Particle Detector

Alpha particles are heavy and have a positive charge twice
that of protons. They do not easily penetrate to the nucleus

because their primary interactions are with the electrons and
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electrostatic forces that surround atoms. They lose energy
to the surrounding medium primarily through the ionization
and because of their highly ionizing properties they can be
detected with high efficiency. Alpha particle detector
suitable for the present work should have the following
properties

(a) a high detection efficiency (100% if possible) for the

3.5 Mev alpha particle from the T(d,n)"He reaction.
(b) a low neutron and y-ray detection efficiency

(c) a fast response time for the nanosecond time-of-flight

measurements.

Two types of detectors, an organic plastic scintillator or

a semi-conductor detector, closely meet these requirements.

A suitable scintillator is Nuclear Enterprise's plastic
scintillator type N.E.-102A. It is readily available in thin
sheets, thus having a low neutron detection efficiency and being
an organic material with low z number it has a low detection
efficiency for y-rays. Plastic scintillator N.E.-102A has

been discussed in section 3.4. When used in conjunction with

a photomultiplier tube with a small transit time spread it meets
the timing requirements for the present work. The silicon
surface barrier semi-conductor detector has a low response to
both neutrons and y-rays and has a fast response time(léss

than 6ns). On comparing these two detectors there are two
advantages in using/%lastic scintillator in preference to the

silicon surface barrier detector.

1. The use of a plastic scintillator with a high gain photo-

multiplier tube is preferred because of the high amplification
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required with the semi-conductor detector.

2. The scintillat®on detector is less sensitive to radia-
tion damage than the semi-conductor detector. Radiation
damage in the semi-conductor is mainly due to &-particles

which are more damaging than fast neutrons.(sl)

For the above advantages the plastic scintillator was shosen
for the alpha particle detection in the present work. In the
T(d,n)*He reaction the alpha particles emitted at 90° to the
deuteron beam direction have an energy of approximately 3.5 MeV

as discussed in section 4.3.

The range of alpha particles in NE-102A is shown in figure
g paed which gives a range of .025 mm. for 3.5 MeV alpha
particles, so this thickness of plastic scintillator NE-102A

would be 100% efficient.

The scintillator used was .5 mm. thick and was coupled to a
56 AVP photomultiplier tube. Figure 4.9. The tube has a
transit time spread of less than0.5ns making it very good for
fast timing work. Since the position of the photomultiplier
was fixed with respect to the earth's magnetic field a magnetic
shield was not placed around the photomultiplier. The detector
was in the form of a square sheet 3.18 x 3.18 cm. When posi-
tioned 9 cm from the centre of the target, the detector sub-
tended an angle of = 19°. This is the maximum angle allowed
by the inside diameter of the connecting vacuum tube. By the
use of defining apertures, smaller detector areas were selected
as required. The short range of the 3.5 Mev alpha particles

made it necessary to locate the detector within the vacuum
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system, while for reasons of outgassing from the dynode
chain, as well as cooling, it was desirable to mount the
photomultiplier system outside the vacuum. This was accom-
plished by mounting the NE-102A scintillator on a perspex
light pipe 10 mm. thick which also acted as a vacuum seal.
The alpha particle detector is shown in figure 4.10. The
scintillator sheet was attached to the perspex light pipe
with optical cement type NE.580 to ensure good optical
contact in vacuum. The photomultiplier was spring loaded
onto the flange using silicone immersion oil to make a good

optical contact between the perspex flange and the photocathode.

4.6 Alpha-detector Shielding

The alpha-detector had to be shielded from two sources of
radiation. These were B-particles emitted by the tritium

target and deuterons scattered by the target.

The B-particles were produced by the decay of tritium in the

target to *He with 12.3 year halflife T+3He + B + v

The decay is not accompanied by y-rays. The total energy
released is 18.6 KeV. The range of 18.6 KeV B-particles in
aluminium is .0022mm.(¥2) so this thickness of aluminium
would completely shield the scintillator against B- particles.
The deuterons scattered through 90° into the alpha-detector
have a maximum energy of 140 Kev, the range of deuterons in
(512

aluminium can be obtained by scaling proton range data

the range Rd(E) of a deuteron of energy E and mass my is given

by
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where mp is the proton mass, Rp is the proton range so the
deuteron range is twice the range of a proton with the same
velocity. A 100 KeV proton has a range in aluminium of .26
mg/cm? (.001 mm.) S0 a 200 KeV deuteron has a range in

aluminium of #52 mg/cm? (3002 mm.)

The aluminium foil was used to shield the scintillator from
both the B-particles and scattered deuterons.®*) The foil
used was .004 mm. thick which completely shielded the
scintillator from B-particles and scattered deuterons, but not
the a-particles. The range of 3.5 MeV alpha-particles in

aluminium is 4.5 mg./cm? (.016mm).

The exposed area of the alpha-scintillator was defined by
an aluminium aperture plate placed directly in front of the
scintillator in a slot in the target assembly flange. The
aluminium plate had a rectangular hole cut out measuring .
1.8 cm. horizontally by 1 cm vertically. This limited the
angular acceptance of alpha-particles in the horizontal
plane to 90°+5°, The alpha-detector assembly is shown in

Figure 4.11.
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CHAPTER 5

THE TIME-OF-FLIGHT TECHNIQUE AND THE EXPERIMENTAL ARRANGEMENTS

5.1 Introduction

With the development of electronic techniques and scin-
tillation materials with responses in the nanosecond range
the time-of-flight technique has become quite a widely used
technique in recent years for the energy measurement of fast

neutrons.(E“J(SS)

The time-of-flight over a distance D measured in metres

of a non-relativistic neutron of energy En(MeV) is given
by the equation t = 2248 SN o 5.1

n

with a flight path of éne metre the interval of time for
neutrons of energies in the range (.5 - 15 Mev) is of the
order of a few nam seconds to 100 ns:(55’57) for 14 MeV

neutrons the flight time 1is 19 ns for a path of 1m.

The neutron energy resolution for a time-of-flight spectro-

meter is given by the formula

The basic problem involved in using the time-of-flight
technique for the measurement of a neutron energy can be

divided into two parts

(a) The production of a signal giving the time

zero at the start of the flight of the neutron.

(b) The production of another signal corresponding

to the end of the flight.



The precise determination of the time of origin of
the neutron is an essential part of the time-of-flight technique.
There are two different methods for the detmination of the zero

time $99) wich Tow energy accelération and they are

(i) The pulsed beam method

(ii) The associated particle method

In the pulsed beam method the neutrons are produced in short
bursts which mark the beginning of the neutron flight time and
the end of the flight path is marked by a signal from the
neutron detector.(¢®) The source is usually a nuclear reaction
induced by ion bombardment. The zero time for a neutron
originating at the source point can be localized by producing
the neutrons in bursts of time duration &tb. A certain
neutron is then produced at a given point and time with a time
uncertainty Atb. If the neutrons are produced by positive
ions bombarding a target to induce a nuclear reaction it is
sufficient to produce the positive ions in bursts of time
atb, therefore talking in terms of ion-beam burst duration
is in fact talking about neutron burst duration. The pulsing
method is more general and can in principle be applied to all
types of reactions, hence a wide range of neutron energies can
be covered by the use of different charged particle  reactions.
In the pulse method the burst duration is an important factor
in determining the spectrometer resolution so the beam of
incident particles which initiates the reaction must be

pulsed on the target for a time shorter than the time of



flight of the highest energy neutrons involved and at such
a rate that the longest flight time of interest can be

measured before the next beam pulse reaches the target.(7°’71)

The associated particle method is not as generally
applicable as the pulsed beam method and it is mainly used
with the T(d,n)"He reaction and sometimes with the D(D,n) *He
reaction. The helium particle from the reaction which can
be detected with 100% efficiency (72)by a scintillation or
solid state detector is used as the zero time marker, the
neutron associated with this alpha particle proceeding to the
scatterer when it is scattered towards a second detector
that detects the neutron and provides the second time pulse
that corresponds to the end of its flight. The angle between
the helium particle and the neutron is fixed by the kinematics

of the nuclear reaction (section 4.3.1).

The solid angle subtended by the helium particle
detector at the target defines a related solid angle into

which the associated neutrons are emitted.

The associated particle method has the advantage of being
used with a continuous beam and with the scattering sample
positioned so that it subtends all of the defined neutron beam
and a neutron start pulse is only obtained when a neutron
penetrates the sample thus giving a good signal to background
ratio resulting from the coincidence requirementg73) For a
system employing two detectors the random coincidence rate

per analyser channel is C= NiN,t
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Where N; = count rate in the neutron detector
N2 = count rate in the alpha detector

t = resolving time/analyser channel

A comparison between these two methods shows that the pulsed
beam method can be applied to all types of reactions and gives
a zero time independent of the reaction mechanism, which the
associated particle method is mostly limited with the D-D and
D-T reactions. The pulsed beam method which can give higher
neutron intensities enables the flight path of the spectro-
meter to be <10 metres,(7") whereas random coincidences e xist
in the associated particle méthod due to continuous production
of neutrons and theirscattering by the surroundings into the
neutron detector. Therefore the flight path has to be
relatively shorter (<metres(75J) in order to minimize the random
coincidence rate compared to the wanted signal. The time
resolution with the associated particle method may be slightly
better than that with the pulsed beam method because of
timing uncertainty caused by the finite pulse length. The
production of intense ion bursts in the nanosecond range
requires sophisticated equipment which is not required with
the associated particle method, so the associated particle
method with the T(d,n)"He reaction was adopted in the present

work.
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5.2 Experimental Considerations for the Associated Particle

Method

From the kinematics of the T(d,n)*He reaction and from
the discussion in section 4.3.2 the alpha particles detected
at an angle of 90°$50 to the incident deuteron beam define
a cone of neutronsextending from 76° to 90° to the deuteron
beam direction in the laboratory system. The most intense
part of the neutron beam was at an angle of 83° to the deuteron
beam direction so the scattering sample was centred on this
angle. The scattering sample was positioned so that it
completely intercepted the neutron beam defined by the
associated alpha particles. The scattering sample was posi-
tioned 25cm from the target, at this distance the cross-
sectional area of the neutron beam defined by the 10° alpha
particle detector aperture was 2.65cm high by 5cm wide. The
sample stand had a steel base fixed to the laboratory floor,
the sample platform was a thin flat steel plate as shown in
figure 5.1 due to the limited experimental area available in
the laboratory the flight path from the centre of the scattering
sample to the face of the neutron detector was fixed at 1.9
metres and the scattering angle was limited to angles between

0° and 100° by the experimental layout as shown in figure 5.2.
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5.3 Time-of-Flight Spectrometer Electronics

In the time-of-flight technique the time differences
between the start and the stop pulses can be measured by
a time-to-pulse height converter whose pulse height output
is directly proportional to the time difference of the two
pulses arriving at the converter inputs. The pulse height
distribution can then be recorded on a multi-channel pulse
height analyser. A block diagram of the electronics system is
shown in figure 5.3. The negative output pulses from the
anode of the neutron photo-multiplier tube are fed into a
coaxial cable through an emitter follower designed to provide
suitable drive and matching into the coaxial line. From the
emitter follower the pulses then go to the 100 MHZ discrimina-
tor which accepts the pulses only if they exceed a preset
amplitude. The negative output of the discriminator is then
passed to the "start" input of the time-to-pulse height
converter. In the alpha particle detection line the negative
output pulses from the anode of the alpha photomultiplier
tube are fed through a similar circuit, but because there will
be a delay corresponding to the time of flight of the neutron
from the target to the detector, so a delay must be estimated
and allowed for in the measurement of the neutron flight time,
therefore a variable delay unit is included in the alpha line
to delay the signal to the '"stop" input of the time to pulse
height converter. The bipolar output pulse from the time to
pulse height converter is fed to a multichannel pulse height

analyser.

In choosing the components of the time-of-flight spectrometer

it was necessary to ensure that all the units involved had
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fast responses in order to match the fast pulses from the
plastic scintillators of the neutron and the alpha counters.
With the time-to-pulse height converter used the '"'stop"

input could accept a maximum counting rate ten times as high
as the '"start" input. Consequently as the neutron counting
rate was less than the alpha counting rate, the neutron signal
was used to start the time-to-pulse height converter. Since
the neutron detector was 1.9 metres away from the scatterer,
the neutron pulses occur at a later time than the alpha pulses
so the alpha pulses then were delayed by a fixed amount of

time to use them as the stop signal.

5.4 Discriminators Adjustment

The discriminator used in the neutron line was the ORTEC 436
100 MHZ discriminator which is a time derivation unit designed
primarily for use with photomultiplier tubes but versatile
enough to be used as a timing trigger or pulse shaper with
any input signal shape from dc to 100 MHZ; the discriminator
level control sets a dc bias on the discriminator element
which determines at what level of input voltage the unit will

L72de

trigger A similar discriminator was used with the alpha
line. It was necessary to set the discriminator levels for
both the neutron and the alpha particle detectors to discrimin-
ate against undesired pulses and to reduce the background from
the accidental coincidences as discussed in section 3.5.2.

The neutron discriminator was set to just reject pulses from
GIJC0 y-rays interacting in the neutron detector. The experi-

mental arrangement for setting the neutron discriminator level

is shown in figure 5.4.
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With a %°C, y-ray source placed in front of the neutron
detector the count rate was measured as a function of the
discriminator level setting (voltage setting). The differen-
tial Compton spectrum was obtained by plotting the difference
in the number of counts in successive discriminator setting
against that interval. This yielded the histogram shown in
figure 5.5 which represents the Compton spectrum of the ®°Cq
y-rays, the Compton edge of the 1.33 Mey y-rays coinciding
approximately with the point at which the count rate fell to
one-half of its peak value. This point determined the

discriminator level setting for the experiment.

The alpha discriminator level was adjusted in such a way that
the time spectrum should have the optimum resolution and that
was done by adjusting the discriminator level until the FWHM
was the minimum for the time spectrum without distorting the
shape of the spectrum, and that adjustment is the proper one
by which the low energy noise pulses were eliminated without
affecting the pulses of the 3.5 MeY alpha particles from the

T(d,n)*He reaction.

5.5 Time-to-Pulse height Converter

In the time-of-flight technique the measurement of the time
difference between the start (anode) signal from the neutron
detector and the stop (anode) signal from the alpha detector
is usually made by converting the time interval into a
voltage pulse with amplitude proportional to the time
differences between the start and the stop pulses. The time
converter used in the present work was the ORTEC 447 time-to-

pulse height converter (7¢) which provides an output pulse with
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an amplitude proportional to the time interval between a

start input and its related stop input, the full scale time
range is a switch selectable for 3 ranges 50, 250 and 500 ns.
A conversion signal is generated only if a stop signal

follows an accepted start signal within the selected time
range. The output has a signal with an amplitude propor-
tional to the start-to-stop time interval. Full range for

the output amplitude is 10V, the output pulses of the time-to-
pulse height converter were analysed in a 100 channel pulse

height analyser type TMC gammascope 1202.

5.6 The Spectrometer Resolution

The adjustment of the discriminators in the neutron and
alpha lines was made to give optimum resolution for the time-
of-flight spectrometer, the time resolution of the spectrometer
was measured by observing the direct neutron beam which was
at angle 83° to the incident deuteron beam direction. Figure
5.6 shows the FWHM of the spectrometer to be approximately
3.5ns. It was found that the resolution of the spectrometer
to be dependent on the repetition rate in the alpha particle-
channel. The FWHM of the spectrum increases with the increase
of the repetition rate in the alpha channel and a shift of the
peak to lower channel number was also observed. There are
several time uncertainties in the measurement of the start-to-
stop time interval in the time-of-flight technique which will
affect the time resolution of the spectrometer. The time
resolution is the folding together of all contributing time

uncertainties in production and detection of an event. With
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the associated particle method the time uncertainties which
affect the time resolution of the spectrometer may be due to

the following

(a) The spread in the flight path of the neutrons
owing to the thickness of the detector.

(b) The finite solid angles introduce a small
spread in the flight path.

(c) The spread in the energy of the neutrons and
the a-particles which is due to

i. the solid angle of the a-detector
with respect to the target

ii. the scattering and slowing down of
deuterons and a-particles inside
the target

iii. the T(d,n)"*He reactions occur at
different deuteron energies due to
the thickness of the tritiated
titanium target

(d) The time uncertainties in the electronics.

Alpha particles of 3.52 MeV had a small energy spread of
approximately 60 KeV, due to the 10° angular range subtended
by the alpha detector. However, alpha particles produced
inside the target by lower energy deuterons lose energy in
escaping the target and the effective alpha particle energy
range was 3.28 MeV to 3.58 MeV{ The transit time in the
neutron scintillator was 1lns for the 14 MeV neutrons and 2ns
for the 3.5 MeV neutrons (section 3.4). The time resolution
of 3.5 ns as represented by the FWHM corresponds to an energy

resolution of 3.47 MeV in the 14 MeV neutron range.

5.7 Experimental Efficiency of the Neutron Detector

In the time-of-flight technique the precise detection of the
start and the stop of an event is an essential part in the

determination of the neutron energy. Also the efficiency
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of the detectors involved must be determined in order to
obtain a neutron energy spectrum from the time of flight data.
The efficieney of the alpha particle. detector was assumed

to be 100% and counting losses in the alpha channel were
ignored. No error should result from this assumption because
the spectra were normalized to a constant number of alpha-
particle pulses and neutrons associated with lost alpha

particles would not be recorded(¢7)

The efficiency of the neutron detector was shown in section
3.5.2 to be variable with the neutron energy. The energy
of neutrons elastically scattered in the laboratory system
by Lif and Iron nuclei varies with the mass of the scattering
nucleus and the scattering angle, therefore affecting the
efficiency of the neutron detector so that it was necessary
to determine experimentally the efficiency of the neutron
detector as a function of the energy of the scattered neutron.

The efficiency was measured as follows:-

The efficiency of the neutron detector for the 14.1 MeV
neutron was measured using the direct beam; the circuitry used
is shown in figure 5.7. The neutron-detector was 1.9 metres
from the sample, with the discriminators set up as described
in section 5.4 and with the count rate maintained as low as
possible in the alpha channel. A coincidence spectrum was
taken, the efficiency of the neutron detector was then given
by the ratio of the total number of coincidences to the total
number of neutrons incident on the detector as defined by the

alpha particle. detector count.The efficiency was given by
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n, x fo
€1y =
n,6 X Qn
where n, = total number of coincidences
2, = solid angle subtended by the a-detector with
respect to the aperture
n, = total number of alpha counts recorded in the
scaler
R = solid angle subtended by the neutron

detector and the sample

The efficiency of the neutron detector obtained from the
above method was 5.2% For neutrons of other energies the
efficiency was determined by scattering primary neutrons
from hydrogen which is in the form of a thin slab of poly-
ethylene (CHz)n at known angles. The incident neutrons of
14 MeV: scattered from hydrogen as a function of scattering angle

as calculated by equation 2.8 is shown in figure 5.8.

Elastically scattered neutrons from the hydrogen content
of the polyethylene was found to overlap with those neutrons
scattered by the carbon content of the polyethylene at certain
angles. Therefore it was necessary to subtract from the poly-
ethylene spectra the contribution due to neutron scattering
from the carbon content of the polyethylene by replacing the
polyethylene sample with a suitable graphite sample during
the background subtraction mode. The thickness of the graphite
sample is equivalent in thickness to the carbon content

present in the polyethylene, making due allowance for neutron
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absorption. Therefore the graphite sample thickness

depends on the thickness of the polyethylene sample, and
since the distance a neutron travels in the polyethylene
sample is varying with the angle at which the neutron is
detected, the thickness of the graphite sample is also a
variable with the angle of detection. The thickness of

graphite required was calculated as follows:

Assuming single scattering the number of neutrons scattered

by the carbon in the polyethylene sample at angle © is given

by
1
_(N10t1+ NzU'ltz)R'- (Nlct1+N20t1J£
n;(0) =o6N2 %%53 AQ| e cos0 = e € ' 5.2
) {ngtl+Nzotz) - (N15E1+Nzot;
cos0

For the same incident neutron flux ¢ the number of neutrons
scattered from a graphite sample of thickness 21 at the same

angle © is given by

-N1lg 12} -Nlo, #!
g t2 2 5.3
nz (8)= ¢N! dggz AR e?ﬁe_ = g
Nzctz‘ Nzgtz
3 cos®

Equations 5.2 and 5.3 must be equal for exact subtraction of

the scattering contribution due to carbon i.e. n;(0) = n; (0)

£ 2 1 b -
,(Nlctl + detz)ﬂ. (N10t1+N20't2)2-
) cos0O
l.. N2 € = e = =
: s T T
ﬁyct1+Nzct2) Nlct1 +Nzct2
cos0
_Nl 1 g1 ‘ L 1 g1
s 20 t1 Nzctz -
- COS@ -
N, < =8 5.4
N%o - NG
2 to 2 T2

s cos®



where N, = number of carbon atoms/cm?® in polyethylene

N = i b H e fow® g M

c;1= x-section for H for neutrons that have been
scattered by carbon at that angle

cé2= x-section for carbon for neutrons that have been
scattered by graphite at that angle

0y ,= CTOSS section for H at 14.1 MeV neutrons

O¢,= o i U Oy i i "

N; = number of carbon atoms/cm? in graphite

%' = thickness of polyethylene

o= g " graphite

© = neutron detector angle

therefore the thickness of the graphite sample &' can be

calculated from equation 5.4

In using a thin polyethylene sample of 2 cm thickness so that
the multiple scattering is minimum the equivalent thickness
of the graphite sample was found to be 7.97 mm., 7.95 mm.,
7.87 mm. and 7.72 mm. for the following angles respectively

0

0=20°, 30°, 40°

, and 50°. For these angles the 14.1 MeV
neutrons scattered from hydrogen have the following energies

respectively 12.45 MeV, 10.57 MeV, 8.27 MeV and 5.82 MeV.

The efficiency measurements.

Times of flight spectra were obtained for laboratory
scattering angles 200, 300, 40° and 50° with the neutron
detector face positioned 1.9 metres from the centre of the
scattering sample using the electronics set up as shown in

figure 5.7.
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The counting for the accumulation of the time-of-flight
spectrum was done with several runs. Each run was performed
by alternating the polyethylene sample (addition mode) and
the graphite sample to correct for the carbon contribution
(subtraction mode) each run corresponding to an alpha monitor
count of 5 x 10®., The time of flight spectra obtained are
shown in fipures 5.9, 5.10, 5,11 and 5:12. The efficiency
of the detector as a function of energy was calculated as

follows

_ total number of coincidence counts
number of scattered neutrons reaching detector

The number of neutrons scattered from the polyethylene sample
coming in to the unit solid angle around the neutron detector

at an angle © is given by

- 4 1 1 u
(NHUH +NedC )L (NH0H+NCUC)£ 5.5
dn(0) _ (dUH) cQsk
dw dw © e - -
O N
cos0
where

B ™ number of neutrons incident on scatterer = total number

of alpha particles for the whole number of runs

(dUH) f ;
Gw SR differential cross section for hydrogen
dw
Rt -
g f% cos0
Ny = number of hydrogen atoms/cm® in the polyethylene sample
N — i " Carbon " LA 14 " "
e
oé = hydrogen cross section at neutron energy that has been

scattered through angle © by hydrogen
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O ™ hydrogen cross section for 14.1 MeV neutrons
dg. = carbon cross section for 14 MeV neutrons

0 = the neutron detector angle

L = thickness of polyethylene sample

The total number of coincidences is the area under the peak
of the time spectrum for that angle. The experimental
efficiency of neutron detector and the calculated efficiency

of the detector with the discriminator is shown in figure 5.13.

From figure 5.13 it can be shown that the experimental
efficiency is only about 50% of theoretical efficiency. This
was because of the neutron absorption and scattering in the
target due to the presence of copper, water, stainless steel
in the way. There is also the very probable misalignment of
the wax collimator which appears to be partly masking the

detector.

5.8 Energy Calibration of the Spectrometer

Before starting to take any experimental measurements, it
was necessary to determine the energy calibration of the
spectrometer. Two main things have to be taken into considera-
tion in the energy calibration of the spectrometer. These
were first the energy range of the neutrons involved in the
experiment and second, the y-ray interference in the presence

of neutrons.

The electronics set up used was the one shown in figure (5.7).

The time-to-pulse height converter was set on 50 ns range so
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that each channel of the multichannel pulse height analyser
had a width of .5 ns. The maximum energy involved in this
experiment was 14 MeV and the lowest measured efficiency
was at 5.82 MeV (section 5.6). This set the lower limit for
reliable spectral measurements as the efficiency fell rapidly

below this energy, reaching zero at 3.4 MeV (figure 5.13).

By adjusting the position of the peak of the time spectrum
of the 14 MeV neutron to be at the far end of the 100 channels
the peak of the time spectrum of the 5.82 MeV was located at
a position down the scale of the 100 channel as can be seen

later,

The interference of the y-rays has been eliminated in the
following way. For a flight path of 2 metres the time taken
by y-rays to travel that distance is 7 ns and the time for
the 14 MeV neutrons is 38 ns, so there is a difference of
31 ns between neutrons and y-rays. Therefore there is a
difference of 62 channels between the position of the peaks
of y and neutrons and since the y-rays are faster then the
14 MeV neutrons the peak of the time spectrum of the y appears
earlier than the 14 MeV neutrons. By arranging the variable
delay unit so that the peak of the time spectrum of the 14 MeV
neutrons to appear in the higher channels of the multichannel
analyser the Yy peak can be eliminated. The spectrum which is
being considered here is the time spectrum. To convert the

time spectrum to energy spectrum the following is considered.

Let the flight path be 2 metres and the time for a 14.1 MeV
neutron to travel one metre be 19.25 ns.

Let the time spectrum peak of 14.1 MeV neutrons be at channel A.
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.6



205

16 1

12

neutron energy (MeV)

channel numbers

Fig. 5.14 Energy calibration of the multichannel analyser
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THEORETICAL CONSIDERATIONS

CHAPTER 6

6.1 INTRODUCTION

The determination of neutron behaviour in a medium
is a very complex problem. It can be formulated mathematically
by considering the production and collision of neutrons of a
particular velocity moving in a particular direction and
integrating overall directions and all velocities. The problem
is similar to that of motion of molecules in a gas and leads to
the same equation, the Boltzmann transport equation. This
approach is known as transport theory. The mathematical
derivation of the transport equation has been discussed in
many text books. (79789) e transport equation represents
a neutron balance in a homogenous and isotropic medium,
considering neutrons having designated specifications for
vector, position, angular direction, speed or lethargy, and
time. The neutron balance yields an integro-differential
equation. The transport equation is so complicated that
solutions have been found only for rather simplified physical
models such as the spherical harmonic expansion, the discrete

ordinate technique and the moments method.

Another way of determining the neutron behaviour through
matter is by Monte Carlo methods(9°) which are applicable to
problems involving a series of random events. In these

problems the histories of a large number of neutrons are



followed from collision to collision. In going from

one collision to another the problem is to determine the
distance travelled before the next collision takes place,
the type of collision which takes place and the energy and
direction of the neutron after the collision, that is the
distribution of the neutron in space according to their
energies could be determined. With the use of large high
speed computers ﬁﬁnte Carlo method has become a powerful
tool for detailed study of shielding and reactor design.
However, the Monte Carlo method has some limitations due

to the time needed to build up accuracy and the large compu-
ter core size needed which makes the method less attractive

for common use.
6.2 Consideration of possible reactions to be seen.

In studying the reaction of the 14 MeV neutrons with
extended samples of LiF and Fe it is necessary to find out
from the cross-section data and the energy distribution
probability data what reactions will contribute to the
emerging neutron flux so as to take those neutrons producing
reactions into consideration when setting up a theoretical
calculation model for computing the emerging neutron flux.
The cross-section and the probability distributions data

6 4 19

for the 14 MeV neutrons for the "Li, 'Li,  "F and Fe nuclei

were prepared from the (U.K.N.D.L)* files. Table 6.1 contains

the cross-section data for the neutron producing reactions

6 Tyl 19

for the following nuclei "Li, "Li, F and Fe.

* United Kingdom Nuclear Data Library.
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From Table 6.1 and from the comparison of the values of
the cross-section it can be seen that the elastic scattering
cross-section has the highest value and is therefore the
predominant reaction for 14 MeV neutrons with 6Li. Figure
6.1 shows the energy of a 14 MeV neutron scattered through

o =0° to 0 = 1807

The next most important reaction with probable contri-
bution to the emerging flux is the (n,na) reaction. Figure
6.2 shows the energy distribution for the probability of
the scattered 14 MeV neutrons. It can be seen that there
is a continuous energy distribution of the scattered neutrons
with maximum energy from 12.5 MeV down to energies below the
threshold energy of the neutron detector. The threshold
energy is taken to be 5 MeV. From Fig. 5.13 the efficiency
is zero at 3.4 MeV (the discriminator level set at 3.4MeV)
but the efficiency is dropping sharply below 6 MeV reaching
zero at 3.4 MeV and that is the reason why the threshold
energy is taken at 5 MeV as seen on Fig. 5.13 by the dotted
line. Therefore the contribution from the (n,na) reaction
below the threshold energy indicated by the dotted line on
Fig. 6.2 is not going to be detected. There will still
be a significant contribution in the neutron region 5 to 12.5

MeV.

The contribution from the (n,2na) reaction as seen from
Table 6.2 is going to appear in the low energy region of the

spectrum below the primary elastically scattered neutron
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region. From the table the first emerging neutron has
its highest energy at approximately 3 MeV; the second
neutron has its highest value at 4.79 MeV. The energy
distribution probability for both neutrons is below the
threshold energy of the neutron detector. Therefore

this reaction has no practical contribution in the energy

range considered in this work.

The (n,2n) reaction as seen from Table 6.1 is not a
possible reaction as it would lead to the formation of

the highly unstable 5Li.

The inelastic reaction (n,n') to the first excited level
only is given in the U.K.N.D.L. file and its angular energy
distribution is shown in Table 6.3. This has a narrow but
sharp contribution to the emerging spectrum which appears
at an average energy of 9.5 MeV.

"L

The predominant reaction of the 14 MeV neutrons with
Li nuclei is also elastic scattering (Fig. 6.1). The
(n,na) reaction, Fig. 6.2 shows the energy distribution
probability of the scattered 14 MeV neutrons from the (n,na)

?Li. It can be seen that there is a continuous

reaction for
energy distribution of the scattered neutrons with a maxi-
mum energy of 11.5 MeV down to energies below the threshold
energy, therefore the contribution from this reaction to

the flux will also appear at energies lower than the primary

elastically scattered neutrons.
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The (n,2no) reaction, energy distribution is given in
Table 6.4. It will be seen that the first emerging neutron
has a highest energy of 1.31 MeV and the second neutron

has a highest energy of 2.10 MeV.

The energy distribution probability for both neutrons is
below the threshold energy of the neutron detector and there-
fore this reaction has no contribution in the energy range

measured.

For the (n,2n) reaction as seen from Table 6.5, the first
emerging neutron has a highest energy of 2.39 MeV and the
second neutron has a highest energy of 3.95 MeV. The energy
distribution probability for both neutrons is therefore below
the threshold energy of the neutron detector and this reaction

makes no contribution in the energy range measured.

The inelastic reaction (n,n!) is given to the first
excited level only in the UKNDL file and its angular energy
distribution is shown in Table 6.6. The contribution from
this reaction appears in a narrow energy band at an average
energy of 12.25 MeV.

19F

The predominant reaction of the 14 MeV neutrons with

19F nuclei is again the elastic scattering reaction (Figure

(6.1)).

The inelastic reaction (n,n!) has a probable contribution
to the emerging flux. Figure 6.4 shows the energy distribu-
tion probability for the inelastically scattered 14 MeV
neutrons, showing only a low contribution for this reaction
in the measured region because the energy distribution

probability of the scattered neutrons is high below 5 MeV and
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decreases sharply above that energy.

For the (n,2n) reactlon, as seen from Table 6.7 the
highest energies of the first and second neutrons are below
the threshold energy and consequently they make no contri-

bution to the observed flux. -,

4.Fe

The predominant reaction of the 14 MeV neutrons with
Fe nuclei is the elastic scattering reaction as can be seen

from Table 6.1. The energy change is small, see Fig. 6.1.

Figure 6.5 shows the energy distribution probability
of the (n,2n) reaction for the 14 MeV neutrons. There
is a continuous energy distribution of the scattered neutrons
with a maximum energy from 14 MeV down to low energies. The
majority of the neutrons produced appear below the detector
threshold but there is still a significant contribution

in the measured region.

Figure 6.6 shows the energy distribution probability
for the inelastically scattered 14 MeV neutrons, the
figure shows a low contribution from this reaction in the

measured energy range.and a. high contribution below this.

In conclusion the reaction of the 14 MeV neutrons

6. 7. 19

with “Las-  big F.and Fe nuclei that have the highest

contribution to the emerging flux which are to be considered
are the following ones. For 6Li, ?Li, 19¢ and Fe nuclei
the elastic scattering is the predominant reaction and makes

the highest contribution to the emerging flux. The peak

of the spectrum is due entirely to this reaction. For

@
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Li, 'Li the (n,na) reaction is the next most important

reaction while for iron the (n,2n) is the next most
important. Finally the (n,n') reaction produces the lowest
contribution for all the nuclei considered. Therefore the
computing method should include those reactions that have
the highest contribution to the flux and neglect those

reactions that have 1little or no contribution to the flux.



TABLE

N T

6.1

MICROSCOPIC CROSS SECTIONS (in barns) at 14MeV

Nucleus | el 9 ,na %1,2n %n,2na 9 ,n!
i 0.97 | 0.367 . 0.073 0.02
e 0.98 | 0.335 0.022 0.033 0.08

19 0.87 g 0.06 - 0.59
Fe 1.124 0.59 Z 0.45
TABLE 6.2

ENERGY DISTRIBUTION PROBABILITY OF THE 14MeV NEUTRONS

6

FROM (n,2na) REACTION FOR °Li

En(MeV) p (E)
g 1.20 .25
3 1.80 .25
=
? 2.39 +25
- 2.99 .25
E 2.99 425
= %459 225
=
g 4.19 S
E 4.79 .25
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TABLE 6.3

ANGULAR ENERGY DISTRIBUTION OF THE 14MeV NEUTRONS FROM
6

(n,n') REACTION TO THE FIRST LEVEL OF °Li

oLab E_ (MeV)
30 9.84
45 9.39
60 8.50
J
TABLE 6.4

ENERGY DISTRIBUTION PROBABILITY OF THE 14MeV NEUTRONS

FROM (n,2na) REACTION FOR 'Li

T ;
E (MeV) p(E)

=

B .52545 .25

0

0 .52545 .25

i)

@ 1.0509 .25

ord

i 1.31365 .25
1.31365 .25

=]

§ 1.57635 .25

i

& 1.85659 25

B

g 2.10180 .25

Q

7))
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TABLE 6.5

ENERGY DISTRIBUTION PROBABILITY OF THE 14 MeV NEUTRONS

FROM THE (n,2n) REACTION FOR 'Li

E_(MeV) P (E)

.96 .25

g 1.44 .25

Q 1.92 ‘25
P

7 2.39 .25
e
Ut

g 2.39 .25

2.87 .25
it

7 3.35 25
5

0 3,95 .25
wm

TABLE 6.6

ANGULAR ENERGY DISTRIBUTION OF THE 14MeV NEUTRONS FROM

(n,n') REACTION TO THE FIRST LEVEL OF

7

Li

OLab E_ (MeV)
30 12.99
45 12.4
60 11.7
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TABLE 6.7

ENERGY DISTRIBUTION PROBABILITY OF THE 14MeV NEUTRONS
19

FROM THE (n,2n) REACTION FOR ~°F

E_(MeV) P (E)

o 15 ¥

iRt 1

6.3 Single and secondary scattering

In scattering experiments designed to evaluate cross
section multiple interactions of particles in the scattering
samples ‘are important even in thin samples and an accurate
evaluation of these processes is needed to correct the
experimental data. Usually the proper assessment of multi-
ple scattering phenomena requires a theoretical study
adapted specifically to the particular experimental
situation at hand. Many studies have been made of secondary
and multiple scattering under circumstances in which simpli-
fied theoretical models are applicable.(gl_ga)

The work described here uses samples up to about two
mean free paths thick and second scatter makes an important
contribution to the measured flux. In the present work
mathematical derivation of the neutron behaviour through
matter after suffering first and second scatters has been
mathematically derived in order to set up a calculation model

for the external flux. The mathematical derivation of both

first and second scatters of neutrons has been carried out



as follows:

1. " First Scatter

bofSeC.EoC 4 o
| 4 e

COS.al

- £ -

n-det.

Let the number of neutrons of energy EO incident on a

sample of thickness % be Qo/seC'

number of interactions between x and x+dx
o 1 3C
to
coso

= e A dx
9 AR

consider an interaction producting a scattered neutron

of energy E; at angle (O+a)

probability of produ: ing such a neutron is

-Ztox
e cosa z o dx
0. 2 o fg PLBER) s Ehon
to
This neutron has to travel through a distance

(2-x)
cosB

before emerging and therefore the fraction emerging 1is

- 1 (R'X)
e *1 "Tooa



. . Total number emerging
X L-x

Zto Tosa ; Fta(cose
e 0 dx
= p(o+a) R Eto( f;o) & * AEOSR
0
-T2 L
e iy -0 Pt Py x
0 cosa cos®
. _ p(0+a cos
e n(e"'(l) - HO ZO e e - ax
Eo%, el e yx|®
£y cosa <€o0s0
cosa
= ¢, E(@+G)En e - 8
COS o
z z
to t 5
cCoso. cosO
_E._%. '(.Z_tg’_ e _z.:._r_l )%
cos® coso cos0
B+a)Z 1 - e
= ¢ p(8+a)Z = |
cosa Lo i T :
cosa cos0
p(0+a)L = (dZS) o ) =5 )
0 dq 7 (0+a) -“ty . "to
dzs 1 gos8. _~ , Tosa
to == ~td
€osa cos0
where
¢o = neutron beam intensity
dIs LI e ’ - )
(aﬁ— )(@+a] = differential scattering cross section at

energy £ into unit solid around angle (0+a) = p(0+a).I,

Eo = total scattering cross section at energy EO

It+1 = total cross section of the scatterer after one collision
2 = thickness of the scatterer

0 = the neutron detector angle

b) = total cross section of the scatterer before collision

to
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n-det,
(inX-Y plane)
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} -

&
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2. Second Scatter

Consider the following two-dimensional treatment.
=Lt X
0" o

Total number scattered at X" ¢0 e _Ztoﬁx

let the angle of scattering be a
X

COBEt® e where X = (xl—xoj
YX%2+y3

Neutron after having been scattered through an angle o its
energy becomes E;.

-5

3
The scattered intensity leaving Eos b e Eore _Eo(a)&x

o}
Neutron travels v X’+y; to (xi,y:1) suffer attenuation

Tt /XZ+yi
by c

Number of neutrons scattered through angle ¢ at (xi1,y1) =

-, X -% L¢X2+y% AxA
dot- 877 g ey ax Pl © 21(0) Xory

where the final term allows for the finite size of the

scattering cell and the solid angle it subtends from the point

(2-x1)

-ztm cosO

Finally, further attenuation by a factor of e

ot Tirst scatter.



.+ Total scattered intensity reaching the detector =

=% = L e PR Vel

to o Ty 1

n(@) = 7_: T_- 3—7 b e Zo(a)f_\x e

X 1 T 2
o ] Yr

“Iig (2-xy1)

Z
AxA cos0
Z1(9) §y:¥% e

where

Zo(a) = neutron scattering cross section into unit solid
angle for neutrons of energy EO to be scattered through

angle o and its energy becomes I,

Ztl = total cross section at energy I,

Z1(¢) = neutron scattering cross section into unit.

Solid angle for neutron of energy L; to be scattered

through angle o and its energy becomes I;

zt1 = total cross section at energy I,

Z1(¢) = neutron scattering cross section into unit

Solid angle for neutron of energy X; to be scattered

through an angle ¢ and its energy becomes I,

z A total cross section at energy I,
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X cos@ 1 1}51n0

cosp = — -
YXT+y 1 /X7y 1
In three dimensions this becomes T
2 F % -Etl/: +yi+z
1 — y | m— 7
n(@e) = Z 4 2 ; E do € e
Xa X, 1 Z1
=3 (,Q.-)(I)
ta . COSH
; AxAyAz
R RORNCE - F

s foile B A A e — L L
2 < i
VX +yfi+zi

sin O

cosh = X cos0 o £ A
i e !&2 Z

/X2+y%+z1 ty1tzZ)



6.4 Flux Computing Programmes

Computer programmes have been written to compute the
flux of the scattered 14 MeV neutrons from LiF and Fe
samples at different laboratory angles using the first
and second scatter models of section 6.3. The neutron
producing reactions from 6Li, ?Li, 19F and Fe nuclei are
the only reactions that are contributing to the emerging
flux. Reactions included are those selected in section 6.2.

Therefore the following computer programmes have been

written.

1. A computer programme for computing the flux of
the primary elastically scattered neutrons as

shown in Appendix 3.

2. A computer programme for computing the flux
of the secondary elastically scattered neutrons as

shown in Appendix 4.

3. A computer programme for computing the primary
scattered flux from each one of the following
reactions (n,na), (n,n') and (n,2n) as shown in Appendix 5.
Since these had a relatively small contribution to the
flux compared with elastic scattering, no attempt was
made to allow for second scatter of neutrons from

these reactions.
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The programme of the primary scatter model for the
elastically scattered neutron has been checked by comparing

the flux from this LiF sample (14 cm thick) computed at

7

angle 0=60° with the individual fluxes from 6Li, Li and

19F nuclei of the same LiF sample at the same angle as

shown in Figure 6.7 computed by the primary scatter model.

7 19F muclei has

The sum of the fluxes from 6Li, Li and
exactly the same value as that of the flux from LiF sample,
showing that the programme is handling the three scattering

nuclei correctly.
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CHAPTER ¥

EXPERIMENTAL AND THEORETICAL RESULTS

7.1 INTRODUCTION

The experimental results for fast neutron' spectra
after emerging from different thicknesses of LiF and Fe
samples are presented and discussed in this chapter. Also
the theoretical results obtained from both the primary
scatter and secondary scatter models are compared with
those obtained experimentally. The LiF samples were in
powder form enclosed in a thin-walled stainless steel
container, the sample dimensions were (29 x 32 x l4cm) and

(20.32 x 38.1 x 6.35cm) . (height x width x thickness).

Identical empty stainless steel containers were used for
background subtraction purposes and consequently it was not
necessary to allow for the containers in the calculations.
The Fe samples were composed of layers of steel sheets, the
first sample had dimensions of (31 x 32 x 7.62cm). The
second sample had dimensions (14.2 x 30.6 x 3.6 cm.). For
background subtraction the sample was totally removed from
the neutron beam. The samples were positioned 25 cm from
the neutron producing target, the positioning was kept as

accurate as possible while doing the alternate runs.

The neutrons were produced in a cone ‘related to the cone
of the associated a-particles from the T(d,n)"“He reaction.

With the extended sample used in the present work the



scattering sample completely subtended the neutron beam
defined by the associated alpha particles and as the
scattering sample was much wider than the defined neutron
beam, then a small error in the lateral positioning of the
sample had a very small effect on the intensity of scattered

neutrons.

Before taking time-of-flight spectral measurements it
was necessary (for energy calibration purposes, section 5.7)
to determine the direct 14 MeV neutron time spectrum peak
in order to find the channel corresponding to 14 MeV. This
was achieved by taking the time spectrum of the direct 14MeV
neutrons at 0=0° and observe the peak at which channel falls.
The peak should be kept in the same position throught the whole

accumulation time for that spectrum.

The experimental procedure for accumulating time-of-
flight spectra was as described in Section 5.6. Alternate
runs were made with the LiF sample in position (addition mode)
and with the empty stainless steel container to subtract the
background contribution (subtraction mode), in the case of
Fe sample the subtraction mode was done when the sample was
removed from the neutron beam. The counting for the spectrum

accumulation was performed in cycles as follows

1. With sample (addition mode)
2. Without sample (subtraction mode)
3. Without sample (subtraction mode)

4. With sample (addition mode)
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each cycle was for an integrated count of 5 x 107 alpha
particles, the accumulation time was about 20 hours per

spectrum.

Time-of-flight spectra of the emerging fast neutrons
from the different thicknesses of LiF and Fe samples were

obtained at different laboratory angles.

Significant multiple scatterings have been reported for
thicknesses even less than 0.1 mean free path since the
mean free path for the 14MeV neutrons in LiF is about 17 cm.
and 4.7 C&m.Fe. Therefore with the dimension of the LiF and
Fe samples mentioned earlier, multiple scattering can occur
quite easily. It has been noticed that with increasing
sample thickness the accumulation time for a spectrum at
the same angle increases quite considerably compared with the
time needed to accumulate to the same number of counts for
thinner samples due to the attenuation of the neutrons in
travelling through a further distance. The data for each
spectrum at each angle for each sample were accumulated for
several hours. The larger the angle from the direct neutron
beam the longer the time needed for accumulation to reach
the same number of counts for the same sample compared to

smaller angles.

All spectra measurements were taken with the time-of-flight
spectrometer using the associated particle method, the fast
neutrons were detected with the use of a plastic scintillator

type NE-102A. The primary and secondary scattering calculation
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models were used to calculate the neutron energy spectra
of the emerging neutron fluid from LiF and Fe samples for

o and 600. The

the following laboratory angles 6=30°, 45
cross section data for the neutron producing reactions

that contribute to the emerging flux that were used in the
theoretical calculation models were taken and prepared from
U.K.N.D.L.. A1l the measured and calculated spectfa were
normalised to a course strength of 10g neutrons total.

The results obtained are in good agreement within the

experimental errors within the theoretical predictions.

7.2 CONVERSION OF PULSE HEIGHT ANALYSER SPECTRA TO ENERGY
SPECTRA

The spectrum that appears on the pulse height analyser
is the time spectrum of the scattered neutrons and this must
be converted to an energy spectrum as follows. From Section
5.8, equation 5.6 gives the relationship between the energy
and the channel number.

E. = 14.1 » MeV

N (A-N) x0.5
(1* .75 1 )

Differentiating this equation gives

e -2 x 14.1 R 1

A 00 I TR i & ) (A-N) X .5
i S Sl g
By ! ; .

g N T19.25 2V14.1 N

Therefore the required conversion factor is given by

G

1
N

) = 19,25% 0 , 743
EN f’h!
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which converts counts per channel to counts per unit energy

(MeV) .

Figure 7.1 shows the correction factor ( 3%—) as
N

a function of channel number.

Since n(v)dV = n(E)dE

i

where n(v)dV = count per channel

Therefore the equation by which the data of the time

spectrum is converted to energy spectrum is given by

n(E) = Eﬁ%%é! = (count/channel) X 19:45 L 000

En)™ L

The experimental data have to be corrected for both
detector efficiency and solid angle. That is, they have to

be multiplied by (ﬁl— X %59 ) where (_ﬁl ) is the
n

n -
correction for the neutron detector solid angle, (lgg) is

€
the correction for the detector experimental efficiency. A

curve of the correction factor (ﬁl X %gpj versus neutron
energy is shown in Figure 7.2. Therefore the data of the
time spectrum has to be multiplied by the correction factor
of Figures 7.2 as well as the conversion factor of Figure 7.1
then finally it has to be normalised to a total count of 10°
in order to be compared with the spectrum obtained from the
theory, which calculates the number of neutrons scattered

into unit solid angle around a detector angle 0 for a total

number input of 10° neutrons.
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7.3 THE MEASURED SPECTRA FROM LiF SAMPLES

The measurement of the emerging flux of the 14 MeV
neutrons after being scattered from two samples of LiF has
been taken with the use of the spectrometer shown in Figure
5.7. at different laboratory angles. The first sample
measured 29cm x 32 cm and was 14 cm thick. The second
sample measured 20.32 cm x 38.1cm and was 6.35 cm thick.
The spectra for the first sample were taken at angles
0= 300, 45°. A typical time-of-flight spectrum for the
elastically scattered 14 MeV neutrons from the first LiF
sample (14 cm thick) at angle 0=30° in the laboratory
system is shown in Figure 7,3 Using the energy conversion
factor of Section 7.2 the time spectrum in Figure 7.3
could be converted to an energy spectrum. Figure 7.4
shows the corresponding spectrum of Figure 7.3 after being
converted to energy spectrum. Figure 7.5 shows the
corregponding energy spectrum of Figure 7.4 after being
normalised to a total count of 10g and after being corrected

for the detector experimental efficiency and solid angle.

Figures 7.6 and 7.7 are the normalised energy spectrum
for the first LiF sample atcangle 0=45° and 60° respectively.
Similarly, Figures 7.8, 7.9 show the measured energy spectra
after normalisation for the second LiF sample (63.5 mm.thick)

at angles 0=30°, 45°

respectively. The energy spectra from
the two Lif samples shown in Figures 7.5 - 7.9 show that the
measured neutron flux of the 14 MeV neutrons after being
scattered by different thicknesses of LiF samples is due

almost entirely to the neutrons that have been elastically
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scattered by 6Li, Li, and F nuclei.

However, there is a contribution shown in the lower
energy region of the spectrum which is due to neutrons
being scattered by the (n,na) reaction. This reaction
has a broad distribution merging with the lower energy
tail of the elastic peak. The small contribution of
all reactions except elastic scattering agrees with the
conclusions that have been derived from the cross section
data and the energy probability distribution which were
discussed in Section 6.2. In comparing the heights of the
peaks of Figures 7.5, 7.6 and 7.7 it can be seen that the
peak of Figure 7.5 is three times higher than the peak of
Figure 7.6 and four times higher than the peak of Figure
Tt Similarly the peak of Figure 7.8 is four times the

peak of Figure 7.9.

Therefore it can be deduced that the scattering of the
14 MeV neutrons from the LiF sample shows a forward peak
and that agrees with the trend of the angular probability
distribution data (taken from U.K.N.D.L.) file for the

6 7 19

L3, L3 oand F nuclei.

7.4 THE MEASURED SPECTRA FROM IRON SAMPLES

The time-of-flight spectra was measured for the two
samples of iron. The first sample measured 31 cms x 32 cm
and was 7.62 cm thick, the second sample measured 14.2 cm X

30.6 cm and was 3.6 cm thick.
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A typical time-of-flight spectrum for the elastically
scattered 14 MeV neutrons from the first iron sample at
angle 0= 30° is shown in Figure 7.10. The converted energy
spectrum is shown in Figure 7.11. The normalised energy
spectra at angles ©O= 30°, 45° and 60° are produced in the
same way as discussed in section 7.3 and they are presented
in Figures 7.12, 7.13 and 7.14 respectively, for the first
sample (7.63 cm thick). For the second sample (316 cm thick)
the spectra are presented in Figures 7.15, 7.16 for angles
0=30° and 45° respectively. From Figures 7.13 - 7.16 it
can be seen that the spectra are almost entirely due to the
elastic scattering reaction. Fast neutrons scattered by
jron tend to show a forward peak which is in agreement with
the general trends of the angular distribution for elastie

scattering at this energy.

7.5 RESULTS OF COMPUTER PROGRAMMES

14 MeV neutrons incident on extended samples of LiF

and Fe will suffer primary and secondary scatter and even
higher orders of scattering. All these forms of scatter will
contribute to the final flux. The spectra from different
thicknesses of LiF and Fe samples were calculated at
different laboratory angles by using the primary and
secondary scatter models only and the computation was done
with the help of the computer programmes listed in Appendices

3, 4, and 5.
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Spectra from LiF samples

The neutron producing reactions from LiF samples that
are contributing to the emerging flux (section 6.1)
are the elastic, (n,na) and (n,n') reactions. For the
first LiF sample (1l4cm thick) the spectra were computed for
the following laboratory angles O= 300, 45° and 60°%. A
typical spectrum at angle ©= 30° is produced from adding up
the contribution of the above mentioned reactions computed

as follows

a. The primary elastically scattered neutron spectrum
as shown in Figure 7.17 computed by using the

computer programme of Appendix 3.

b. The secondary elastically scattered neutron spectrum
as shown in Figure 7.18 computed by using the computer

programme of Appendix 4.

c. The primary spectrum from the (n,na) reaction as shown
in Figure 7.19 and the primary spectrum from the (a,nt)
reaction as shown in Figure 7.20 as both computed by

using the computer programme of Appendix 5.

Therefore the total flux emerging from LiF sample
at angle 0=30° as shown in Figure 7.21 is the sum of
Figures 7.17 - 7.20. The spectra at angles 0=45° and 60°

for the same LiF sample were produced in the same way and
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shown in Figures 7.22 and 7.23 respectively. The spectra
for the other LiF samplesof 6.35 cm thickness were similarly
produced and shown in Figures 7.24 and 7.25 for the angles

0=30° and 45° respectively.

From the results shown in the figures, the highest
contribution to the emerging flux comes from the elastic
reaction but there is some contribution from the (n,na)
and the (n,n!) reactions that appear in the lower energy
region of the spectrum, the contribution from both reactions
being far lower than the contribution from the elastic
reaction, indicating that the elastic reaction is predominant.
In comparing the intensity of the peaks of Figures 7.20,
7.21 and 7.22 it can be seem that the peak intensity of
Figures 7.20 is three times that of Figure 7.31 and thirteen
times that of Figure 7.22. This results from the strong

forward peaking of the angular distribution data used.

Spectra from Fe samples.

The neutron producing reactions from Fe samples that
are contributing to the emerging flux (section 6.1) are
the elastic, (n,n') and (n,2n) reactions. For the first
Fe sample (7.62 cm thick) the spectra were computed for the

© and 60°. A typical

following laboratory angles O=30°, 45
spectrum at angle 0=30° is produced from adding up the
contribution of the above-mentioned reactions computed as

follows:

a. The primary elastically scattered neutron spectrum
as shown in Figure (7.26) computed by using the

computer programme of Appendix 3.
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b. The secondary elastically scattered neutron spectrum
as shown in Figure (7.27) computed by using the computer

programme of Appendix 4.

c. The primary spectrum from the (n,n') reaction as
shown in Figure (7.28) and the primary spectrum
from the (n,2n) reactions as shown in Figure (7.29)
as both computed by using the computer programme

of Appendix 5.

Therefore the spectrum at angle 0=30° as shown in
Figure (7.30) is the sum of Figures 7.26 - 7.29. The
spectra at angles 0=45° and 60° for the same Fe sample
were produced in the same way and shown in Figures 7.31 -
7.32 respectively. The spectra for the other Fe samples
(3.6 cm thick) were similarly produced and shown in Figures

7.33 and 7.34 for the angles 0=30° and 45° respectively.

From the results shown in the figures it is clear that

the elastic scattering reaction is the predominant one.

The contribution from the (n,n!) and the (n,2n)
reactions appear in the lower energy region of the spectrum
and their contribution to the flux is very small compared

to that of the elastic contribution.

The strong forward peaking results from the angular

distribution data used.
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7.6 COMPARISON OF EXPERIMENT AND COMPUTER RESULTS

The experimental and theoretical results of the spectra
of the scattered 14 MeV neutrons from different thicknesses
of LiF and Fe samples at different laboratory angles were
obtained and discussed in sections 7.4 and 7.5. The spectra
were plotted as neutrons per steradian per MeV versus neutron
energy in MeV. The comparison between the theoretical and
experimental spectra is well explained by plotting the
experimental spectrum and the theoretical spectrum on the
same figure for each angle to each sample. The experimental
spectra have a broad elastic peak due to the different time
uncertainty factors involved in the experimental measure-
ments (see section 5.7), while the theoretical spectra have
a rather sharp peak. Therefore the best way of comparison
is a achieved by comparing the area under the peaks of the
two spectra in each figure as discussed below for LiF and

Fe samples.

a) LiF samples

The comparison between the theoretical and experimental
spectra for LiF sample (14 cm thick) at angles 0=30°, 45°
and 60° are shown in Figures 7.35; 736 and 7.37: For the
LiF sample (6.36 cm thick) the comparison is shown in Figures
7.38 and 7.39 for the angles 0= 30° and 45° respectively.
The area under the peak for the comparison purposes are
listed in Table 7.1. From the table it can be seen that
within the experimental errors the results of the experiment

agree fairly well with what the theory predicted. From the

figures it can be seen that the position of the elastic peak
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of the theory is almost in the same position of the
experiment which shows a proper agreement between the

experiment and the theory.

b. Fe samples

Similarly the experimental and theoretical results for
Fe samples are shown in the same way. For Fe (7.62 cm
thickness) the comparison is shown in Figures 7.40, 7.41
and 7.42 for angles 8=30°, 45° and 60° respectively. For
Fe (3.6 cm thickness) the comparison for angle 0=30° and 45°
is shown in Figures 7.43 and 7.44 respectively. Table 7.1
shows the area under the peak for the experiment and the

theory.

The comparison between experimental and theoretical
results has shown that the primary and secondary scatter
models are able to predict with a fairly good accuracy the
angular energy distribution of the scattered 14 MeV neutrons
from both LiF and Fe samples. The agreement is very good
for small angles of scatter, however for large angles of
scatter the experimental results show higher values than the
theoretical and that is due to the contribution from the
third, fourth scatters, etc. which become more significant at

large angles of scatter.

A comparison between the theoretical intensities from the
primary and secondary scatter models for LiF samples at

different angles is shown in Figures 7.45, 7.46 and 7.47 for

0

LiF (14 cm thickness) at angles 0=30°, 45° and 60° respectively
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and for LiF (6.32 cm thickness) is shown in Figures

7.48 and 7.49 for angles 0=30° and 45° respectively. It
can be seen that the intensity from the secondary scatter
is small compared with the intensity from the primary
scatter. Therefore it can be deduced that the contribution
from neutrons that have been scattered three or four times
is even lower, and therefore neglecting higher orders of

scatter would not produce serious error.

The comparison for Fe samples is shown in Figures 7.50,
7.51 and 7.52 for Fe (7.62 cm thickness) at angles 0=30°,45°
and 60° respectively and for Fe (316 cm thickness) is shown
in Figures 7.53 and 7.54 at angles 0=30° and 45° respectively.
The intensity of the secondary scatter is higher at higher
angles than that of the primary scatter and that is because
Fe has a very sharply forward peaked angular distribution
for elastic scattering which is reducing very rapidly at
the angle used for measurement, whereas the intensity of
multiply scattered neutrons is less dependent on the form

of angular distribution.
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TABLE 7.1

THE VALUES OF THE AREA UNDER THE PEAK OF BOTH THE

EXPERIMENTAL AND THEORETICAL SPECTRA AT DIFFERENT

ANGLES FOR ALL SAMPLES

o Lab Theoretical Experimental
values values
6
2 30 100.3 x 10 (103.5+1.3) 108
(]
o 45 395.9 x 10° (402+6.3)10°
.
£ 60 1407.1 x 10* |(1997.5+39.6)10"
S
)
o 30 79.5 x 108 (83+2.6)10°
o 5 : 5
S 35 45 306.0 x 10 (382+11.9) 10
S
§ 30 5770.1 x 10* | (5850+77)10*
'
o E 45 942.5 x 10* | (1035+25)10*
- 60 318.7 x 10" (534.5+21.3)10"
>
= 30 | 6699.6 x 10* | (5410£247.7)10"
o
L E b 45 1132.1 x 10* | (1300% 59.54)10*
v
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CHAPTER 8

CONCLUSIONS

The results of the theoretical and experimental angular
energy spectra for the scattered 14 MeV neutrons from ditferent
thicknesses of LiF and Fe samples have been discussed in Chapter

7 and the following may be concluded.

1. Validity of Cross Section

The good agreement between the theoretically calculated
spectra and what has been obtained experimentally indicates
the validity of the cross section data, the angular and energy
6 7

distribution probability data of (U.K.N.D.L.) for "Li, 'Li,

19F and Fe used in the theoretical calculation. Both the
experiment and theory show clearly that the elastic scattering
gives the highest contribution to the emerging flux for both

LiF and Fe samples. The other reactions do not contribute very
much to the emerging flux and their contributions appear generally
in the region of the spectrum below the elastic peak. Because

of the cut-off energy of the neutron detector, a large propor-
tion of the neutrons due to those reactions are not observed.

Both samples show a very strong forward peak for the elastically

scattered neutrons which is most pronounced for the iron.

2. Validity of the Calculation Method

The purpose of any computational model is to find out the
solution to that particular problem as accurately as possible.
With the primary and secondary scatter models adopted for the
present work, the theoretical flux has in general been well

predicted to fit that of the experimental results. The good



_94_

agreement between the theory and experiment made these
mathematical models very useful ones due to the small
computer time needed compared with the time needed by the
other methods. The third, fourth, etc. scatter are not
considered in the present work due to the large computing time
involved, however the contribution to the flux from the
secondary scatter is much less than that of the primary
scatter except for the iron samples at large angles, and

it can be deduced from the agreement in theoretical and
experimental scattered intensities that the contributions

from the third, fourth, etc. scatter are going to be
considerably lower than the second scatter. Hence it is
experimentally justified in most cases to neglect the

third, fourth, etc. scatter and be satistied with the results
obtained from the primary and secondary scatter models only,
especially at low angles. The iron samples are thicker than
the corresponding LiF samples in terms of mean free path

and have a very strongly forward peaked elastic scatter. For
these samples an improved fit could be obtained

by consideration of higher order scattering at higher

detector angles but time and suitability of computing facilities
did not allow this to be carried further in the present work.
Within these limits the experiments validate the cross section
data used from the (U.K.N.D.L.) file in particular elastic
cross sections, total cross section and elastic angular

distribution data.

5. Limitation of experiment
In the time-of-flight technique the associated particle
method with the use of flat plate geometry shows its usefulness

in the angular energy distribution measurements of the scattered



S

14MeV neutrons. However there is the time resolution

limitation involved with the spectrometer such as the time
uncertainty associated with the NE-102A scintillator due to its
thickness and the transit time spread associated with the
photomultiplier, besides the time resolution associated with

the electronic circuitry. A reduction in the time uncertainty
of the NE-102A scintillator could be achieved by decreasing its
thickness but there is a limitation due to the decreases in the
efficiency with the decrease of the scintillator thickness. The
time resolution could also be improved by increasing the distance
of the neutron detector as tar as possible so to make the time
spread in the photomultiplier tube and the associated circuitry
as well as the scintillator of negligible effect on the whole
flight time, but the limitation is associated with the require-
ment of a larger scintillator area to cover the same solid

angle. Background counts will increase roughly proportional

to the area of the detector i.e. with the square of the distance,
and random coincidences may increase so much that the spectrum

becomes meaningless for practical accumulation times.

4., Suggestions for tuture work

For future work the project could be improved from the
experimental point of view by using a liquid scintillator such as
NE-213 for neutron detection and energy measurement from the
recoil proton spectrum applying the pulse shape discrimination
technique to eliminate gamma radiation and using a similar
detector as a monitor. The data for the angular spectra of the
scattered 14 MeV neutrons could be accumulated much faster than
that in the time-of-flight technique since greater neutron source
strengths could be used and with improved resolution at the

expense of complicated and time-consuming technique for unfolding



the spectrum from the pulse-height data. For future

work it would be useful to study other materials which might
be used in future fusion reactors as structure and blanket
materials. Niobium, molybdenum and titanium are likely
candidates for the wall materials, the material of the blanket

could be pure lithium metal or a lithium compound such as LiF-BeF,

(FLIBE) or even both in different blanket layers. Many ideas
for fusion blankets exist but a choice will probably not be
made until a sustained fusion reaction has been successfully

demonstrated.
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MATHEMATICAL DERIVATION OF NEUTRON ENERGY

FROM THE T(d,n) He REACTION
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APPENDIX 1

Referring to figure 4.4 in the main text and to derive

equation 4.1 consider the following

let the interaction be written as

m; + m2 ¢m3+m;.+Q

Et 0 Es B ) energy and velocity

)
Vi 0 Vi Vy ) in Laboratory system
u; uy Uj Uy velocity in C.M. system
1y = V] - tl2

The conservation laws of momentum and energy in C-M system

could be written as follows

Before collision

momentum (CM) = mg (Vi-uz) = mau;
u, = $:+m2v1 = velocity of CM systen
*. Vi = Vi-up = m-—‘“liTzvl
K.E. (CM) = imyu? + imul
= im (m%*mzjz % + im, (ﬁi"'mz)z Vi
= Im,V} [ m;.:}:;l]:zlz] 1 ElmTimz L
mz

when u

mj;+ms



After collision

AR
K.E. (CM) = 1 msu} + 1 myui = u Ex1 + Q
Momentum (CM) M3Us = MuUy
us - M3 us
My
m3
1 mg uz + 3 m Re Uk uE:1+ Q
L m
s 3msus | 1+ ﬁ% | = uE;+ Q

(mg+my)ms
m
also Us = ot Uy
ma
g 2
e e AMy My ug + Imy ug = pEy+ Q
mij

2 (uBi+ Qms

(mg+my)my

us

cle

Convert to Laboratory system:
Uy

v

5y ¢

ucos ¢ + us =V cos 0O

ucos ¢ =V cos O-u

U sin é =V sin 0

e u?2 = V2 + u$ - u? -2u,V cos ©

or V2 + u? -u?-2u,V cos 6 =0



put V = Vg, u = usg 'and multi?ly by 1 m;
1 mg V3 + Imsu? - Ims u3-msu.Vs cos © =0
let V; = J_Z—Tﬁn“? vy = [ 222
Bs + B W—imz L. (ufl;IQ%Tu ‘%erfiﬁzj E; E3 cos 0 =0

w

. 2Jmims Eimyms _(HE,+ Jmy 2
E; i [ﬁﬁﬁriﬁ?) By cos ® ]_+ [ i) 2 %ﬁ;?ﬁ%T_“ 0

m mpm
Es = (uE:1 +Q) T%;:mu) + Ej $1im2)2 cos20

+ 2vmims O; E1(UE1+QJmu _ Mmimg

+ ! B sinfo o A.11
mreme) =2 s smy) (my+my) 2 1 S1070 =

which is the required equation.To get E, interchange mz and my

ms Mmymy

mEm = (UEI +Q) (ﬁ?+mu)+ El m1+m2)2 cos20

g 2VIaIy gy pyABEarQlns it E% sin?e

x5 m1+m2 (m3+mqj (m]+m2)2 DR A-lz
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Relationship between angles in CM system

us cos ¢ +uz = V3 cosO3 A 1.3
us sin ¢ = V3 sinO; A1l.4
uy cos(180-¢)+l, = thoseﬁ A:1.5
uﬁ sin(180-¢) = V4 sin0O, A1l1.6
-uy Cos¢ +up = V5 cos0Oy A K
uy sin ¢ = V, sin0O, A 1.8

Divide equation A 1.4 by A 1.8

Bs o Vs sin®y ' ms
Uy Vy sin@:, ms

. - = . _]Tl_g_ Eg

sin Oy sin O3 1 8 -T:

F : - V3 uz

rom equation A 1.3 cos¢ = T cos@3 - i
cos¢ i/ bﬁémiam;) cos03 - %l+m S Er(matmy)ms A1l.9

; 1 i 1 2y (uE;+Q)m3m1
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The relationship between angles in Laboratory system

From equation A 1.7

L}

u
€OS O & g= = vf cos¢

- Eym (LE;1+Q)m3
o] = 1 10y =
COoS Oy Tﬁ;:ﬁ;j B, Es (Ma+my cos¢
cos0, = 5 (e IE1ITI:, b Eamg cosOs + mjy £E1m§
(mi1+m3) / Eymy Eymy (mi+my) Eympmy
\

c0s04 A

.o COS@:, =\f -ﬁ—-ﬁ- j.g_ﬁ. _\/

EIE
+ |w
-
mim
£ |w
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The anisotropy factor

= ¢ i I :
dQc = 2w Te¢ 5;22¢ “dd . 9g singdo
ditiy= SE 8 500 Tedeeos(8-9) \uoy singdy -{2 cos (6-9)
Ty

if reaction is isotropic in CM system then for
L-system the simple isotropic yield must be multiplied

by an anisotropy factor

A = d8c LEs 1
dQc r; cos (9-0)
rrl‘—.z VZ
Tt 'ﬁ'T
U% = %IT!3V% - - B3
—ﬁ%— zlmau% §m32 UE1+9 My FUEI'?!!
mia+meg lm3+mu:|
VE . imy ¥§ _ E,
Hz_ 211[13113 %n‘la 2 I'uEl-i-Q ]

£ Mg tmy

cos(¢-0) = cos © + sin ¢ sin ©

Take equation A 1.4 and multiply both sides by sinO;
us sin@; sing = V3 sin?0,

: y ' :
sin®; sin¢ =ﬁ-—3 sin20;
43"



Take equation A 1.3 and multiply both sides by cosO;

E.._.l._n_l.i COS@3}

Egm1

cosO3 cos¢ = Vs cos?0y - 22 cos03
U3 U3
m 2E
LS m l Vi - m3 1
1 +Ma mjy+mz mj
Ma M3
+
us mj +m; [UE1 Q] My,
m3+]'[]j,.r
BE = M1 Ry
Uy mlmz UEI
mim
[m3+m J iz
¥ Es Vi
Us (uE1+g ) Uy m3 uEl+9
* Mma+My m3+m4
m3+m mi
A = o e
| 3| LIL1+ mjp-+msz
\/
and the same for IAul
m3+m4 m, Eijmy
iy [1 -
| "I I. uE1+Q - mj+mp Eym,

cosOy ]



APPENDIX 2

PROGRAMME NREACTION: COMPUTING THE MEUTRON ENERGY

AS A FUNCTION OF ANGLE FROM THE T(d,n) He REACTION
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YagELInY YeOMHERTS nVST!U1?,EGHPEH;ZVdPﬁKTIUN.Fhluuf-lﬂISUIRHPV 0§
HEUTHON AND 4SSOCTATED PARTICLE MITH ANGLE]
TPEALY H"I,HZ;"SIT'”-,’JI!'\B!“‘:F‘i!clA”ﬁ"‘;FrU‘;&‘.u“3lt’*5|4”5ﬁ;h"r551ﬁ4,23
NEXTYE
MY g =HEAD}
VIEY 14<) 'THER' '60Tn! FINISH}
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MXy=sFAD}
ML =RFAD]
Q3=HEAD]
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E11SHEAD] YIE' F1<U PTHEN' 'GOTO' NEXTH
CialB1=M2/(M14m2)+n)/ (adend) ]
NEWLINE(Z2)
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NEWLIVECTY;
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Y REGIWY
Wy=ANG/S57 2967
FesET+ST1H(MY
Fr=F*F;
DY;=EYeCond/B3=F]
YVIFY A3 OYLE' D YTHEN!
YREGL Y
F3t=40
bS1=u4
LETELH
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YENDY ;
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TIEY 7¢=0) 995099 TTHEWN!
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ﬂﬂﬁ“:=vu'(1‘STG\(Z))‘§?|290*Z#
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TREGINY
Fhi=03
Py
1GO0T0" PASS2)
YEND'
E&g=ﬁ-M5vE1*thCDs(?'u)*E*BﬁvSQET{B&J*CUS(U);'
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PASSZy
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PRINTCANGA,3,3)i
VENDY)
1GUTUY AGATIN]
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PROGRAMME ONESCAT: COMPUTING THE ELASTIC

ANGULAR ENERGY SPECTRUM FROM THE PRIMARY

SCATTER MODEL
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CERIZEOSTHETANSSY , 296%0ENIG; =5 = SRR E 2 e
Ar=(ElAA=Ltu) /DET] Eod) s L =B AL
Ji=ENTIFR(A); e AR e e e D o e R S S L
Azzam=): ' ) E Lo ol n g eV T AR E
Hi=2(CTII)we1=AY+0TT 1)) /COSHS . N = - o
CSTHETAt=C0b PRI ay 0/ ueSH(PH]) =Y /R] i = !
Ne=CSTHITAIDC; 3 i A T TN
K:=EMTIFp(n); X s
Ri=H=k; el o
YFUR®' Ki=t "STEP' 1 VUNTIL' HMAT 'pO'_ i = RTian
YREGTINY et . iy [ A
ERSIEERS(EE (N I 1=BYSERTIN Kot wi) ] - - =i 2
TIF' EMSCEmIn YTHEW! YGOTHY PAGST: . st oy Tk e N |
CiaCSlh i, v1oC1=A)al1-B) = SIN, I/ Ks110(1=A)nB SRt i

OSIN e de1, KIwAX(1=)+LSEN I+ Ko mnny = e e
LISEMTIFR(CEnS~EXLN)/nE+ 5)} : A
Mei=(ELpi=EnS) /nET; : - Sy s L AN e NI TR
MI=ENTIFB(Y); = Sl o
VisV=ii; =
S:=(CTI Jae 1=y 40T (1341 )4y JCOSCPH]) ] — = = 3

JIEY ARSCeumGYeTXy < 0,00 FAMENY T _ - i
FLLII=SFIL)«CoEXP(~uwT)*TX*U/COSY - sieer - pAdiao i 3
'ELSE! s
L£L1:=;lLJ+C~(sxpc-s*rx)npxpg-uqrx))*uft(u-s:*cusm){j;i .
PASST: ST o N T = s
YENDY} i ¥
YEND' S S S S S e I NI o St
NEWLINREC1Y): : g ; . o
WAITETFATC) CVENERGYSNZFLIN') ) W1 - -
YROR' L:sd 'STEP' 1 'uUNTII' LHAX 'DO! S, i
'REGINY e ; o i | e v W
NEWLINEC])Y; ; % LNy s TR
PRINTCCF )+l #nE) ,2,2); { 4 e
9HINT(F(L]-HH!(S*H?”“I*”{”AI*DE)!ﬂaﬁ’ih_" e GETEoEe St Wl Sy J
YERD'; il ) o R s =
GUTUY AGArH: = =
Tgant;

LASTS , 7 i d it
YENDY; ) -
LELGTH  15A3
£D Ln i et
iC

rARYX



APPENDIX 4

PROGRAMME TWOSCAT: COMPUTING THE ELASTIC ANGULAR ENERGY

SPECTRUM FROM THE SECONDARY SCATTER MODEL
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tERoGgRANY CaAxXX)
vINpUT! 0 = CRO
vINPUT! 3 = TRO
"oureUT 0 = LPD
tOUTRUTY 4 = LPY
TEXTENDFD DATA!
ok ow
"THACE' 2
TREGINY
VINTEGFR? uET.Lnax.quG.:.J.K.L;M.Nanx;NYHAK.hIHAx.nS.Nx.nv;uz,
GrHsNaNMATS
THEAL?' "0-F_1uE?tD?TiDth’nDXrDV:UZJTxaHuY.PT"I:FU:R“lRZ:“S:!;Y.I.U;:“!D.IH
THETA1.THETAZ.MUﬂﬂ.EHINnCS1aCSOanNG-FLU-rT1aCTffﬁ-HaEMﬂItnC:tTn.CPcSDI
EQ:=KEAD; FCAMMENT! INITIAL MEAN NEUTPUN ENERGY AT 90 DEG IN MEVI
EMAX:=READ: 1GOMMENTY MAXIMUM NEUTRNN ENERGY IN DATA AND OUTPUT;
EMIN;=READ; COMMENT MINIMUM NEUTHON ENERGY IN OQUTPUT}
ELD:=READ; 1GOMMENT! MINIHUM NEUTRON FNERGY IN DATAj
DE;=READ; YCOMMENTY ENERGY INTERVAL IN oMTYPHT CEMAX=EMIN) MUST RF
INTEARAL NUMRER TIMES DEJ
DET:=READ; 'COMMENT! ENERGY INTERVAL IN pATA (EMAX-ELD) MUST BE
INTEGHAL NUARER TIMES DETS
DCy=READ; 'COMMENT! COSINME INTERVAL 1IN DATA 1/DC MUST BE AN INTEGFR}
NMAT:=READ: 1COMMENTY NUMBER OF MATERIALS IN SAMPLE;
LMAX s =ENTTERCCEMAX-EMIN) /DE+0.1)3
Ji=ENTIFROCEMAX=ELD)/DET+0 1)
t=ENTIERC1/DC+0,1)10
VREGIN?
TREAL' TARRAY? F{n:LHaXl.Tc,sc:1:NMAT.O:JS.P{1:NnAT.U:J.-K:KI.
'EEl1:NHAT,-K;KJ,N3[1:MHAT1,CT[0:JI.ESI1|NnaT.D:J.-x=K]l
VEOR! L3=1 "STEP' 1 TUNTIL' NMAT 'pO?!
YBEGINY
_VFOR! M3=0 'STEP' 9 TunTIL' J t0O!
_1BEGIN) iy
TCLLsMIy=23FAD; 'COMMENT! TOTAL CROSS SECTION IN BARNS;
SC[L,M)Yt=READ} 'COMMENTY ELASTIC CROSS SECTION [N BARNSI
__YFOR' Np=x 'STEP' -1 vunTrL' -x .'po’
C_plLyM NI ;=READ: - 'COMMENT! ELASTIC SCATTERING PROBY AS FN OF COS)
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YENDT;

'FORY ki=g STEP! =1 "UNTIL' -k 'DO!

EE[L,N)1=RFAD; 'COMMENT! FRAC ENERGY CHANGE ON SCATT AS FN OF C0Sy
PENDY; . X

*FORY Li=1 "STFRY 1 YUNTIL®Y NMAT 'pOf

NDIL)s=READ; VCOMMENTY NUMBER DENSITY TIMES 10=24;
. "FOR' Myp=0 'sYEp' 4 'UNTIL' J t'pO!

FBEGIN! '

CT(M):=0; 3
TFORY Lyp=1 'STEPI 4 VUNTILY NMAT 'poOt =
YHEGINY

CTLMY r=CT(mlsTCIL,MI%NDIL);

'FORY Niak 'SYEP! =1 tUNTIL' =k 'po!

CSELeMaNYsaSCILMYeNDILI"P LM, N)2 =
TEND;

FENDI £
QNs=READ; SCOMMENT! TOTAL NUMRER OF NFUTRONS INCIDENT ON SAMPLES
DX:=READ; 'COMMERT® X=DIMENSION OF SCATTFRING CELL;

NXMAX:=PEAD] "COMMENT! THICKNESS=(NXuAXs§)epX] :
OY1=READY  TCOMMENY' Y=DIMENSION OF SCATTERING CELL; i

NYPAX:=READ: 1COMMENT! UINDTH=(2*NYMAX+1) DY} o =

DZ:=READ; 'COMMENT' 7=DIYENSION OF SCATTERING CELLy

NZUAX:=KEAN; SCOMMENT!? HELGHT=(2#NZMAX+1)wD2Z;

TX:=(NXPAX+T1)epXs  PCOMMENT! THICKNESS;

HWY3=(NYHAX*0,.5)%0Ys  '"COMMENT' HALF wiDTH:

B:s(EMAX~FEN) /DFY:

JI=ENTIFR(R):

Bi=B=J;

CTO:=CTLJ)*(1-R)+CTIJe1] %R}

AGATING

PHI:=READ; 1COMMENT! ANGLE BETWEEN DETECTOR AXIS AND X=AX1S 1IN
DEGPEES, DETECTOR IN X=¥Y PLANE}

"IF' PHIZO "YHEN' 160YO' 1 AST;

NEWLINEC2) P ; s

WRITETEXT( ' CtPHI=1)t) - : S =

PRINTCPHY %01 :

WRITETEXT(t CINEGRFFSIIV); E

PHI:=PHI/57,2961

CP:=COS(PHL);

SP;:S‘N‘QHI’} "

PEORY Lqy=0 PSTEP! 4 FUNTIL' LMAX "pOY ECLYi=03

"EORY nSp=0 ISTEPY 9 WUNTIL' NXMAX LT LI

"BEGIN!' L & :

RO:=(NS*0,5 DXy . . . )

YFOR! KXp=0 ISTEP' 1 TUNTIL' NXMAX ‘bot 2 - 0

YBEGIN?Y 2 j ) .

Xi=(NX+D _ Sywpx;

Wi=X=-R0} : =

"FOR' KYjp=wNYMAX 'STEP! 1 WVUNTIL'! NYMAX fnat

"BEGINT

Yi=NY*pY; 3

'FORY NZjp=<NZHAX 'STEP' 1 YUNTIL' NZMaX ipQ!

'BEGINT' . :

2:=NI*pi;

Rlt=WrksVey+2ez; o,

'IF' K1<0,001 'THeN' 'GOTA' PASSZ; 2

R1:=50RTCRY); SASS | Bhav al : : - TS

Y1FEY PHI=0 'THEN!

THEGINT

RE1=TKwX; ’ == il -

'60TO' PASST; e L S




X

= 10 =

TENDT .

R2:=(Txemx)/CPy - TFET

R3;=(HWY=Y)/Sp] i ot )

YIF! R3<R2 '"THEN' R23=R3} = = : 2

PASST: v

Aisu/(rT=DC);

Ap=0,99904p;

11=ENTIFR(a)}

Ar=A=1,

Dy=(W*CP+Y#SP)J(RY1*DC)}

D1=0,99%9«p;

Gi=ENTIFR (D)}

Di=D=06}

'POR'! Li=1 'STEP' 1 TUNTIL' NMAT 'poO!

TREGIN?

E11=EOw(FELL, 1)*(1=mA)+EE[L,1%1)%A)

YIFY E9 'YLE' (FMIN+D,1#DE) 'THENT 1GOYO' PASSY)

CSO:=CSIL, el )oClepdw(1=234CSELsJ+T,112B2(1=2)
#CSILad T+ 1) 1=B)wpA+CS(Lod+1,001)uRnA]

Ct=(EMA¥~FE1)/DFT}
NisENTIFR(r)
C1=C=N}
CT1:=CTIN)a(1=C)+CTYINGT )2
PEORY x3=1 'STEP' 4 MTUNTILY NMAT tpO¢
YBEGINY
E21=FT1w(EE(K,G)*(1=D)+EE[K,G*1])%D)}
VIF' E2 'LE' (EMINSO,1+DE)Y 'THEN' 1GOTOQ' PASSA4?
CST1:=CSIK N/ GInC =g n(1=D)+CSIK N*T,GInCw(1=D)
*CSTes N, 6#110(1=C)wnsCSIKsN+1,Ga1]lucuD;
Ut=CEMAX=E2)/NET]
Hi=ENTIFRCU);
UsgslU=H)
Mi=ENTIFR((E2~EMIN)/DF+0,5);
CT2:2CTLIH)wtiet)+cT(He1 %)y
Us=CTO#FO+CT1%R1*+rT2*p2;
FIMII=FLN]4C50+CS1wEXplmU)/(RT1#RT);
PASSL:
YVENDI;
PASS 3y
YENDI;
PASSZ21
YEND!;
YEND!)
YEND!;
YEND!;
NORM:=DX#*DX*DY*DZ=GN/DEJ
NEWLINEL1))
URITETEXT('CVENERGYXXXFLUX'I 1) ;
YFORY Mp=0 "STEP'! 4 TUNTIL' LMAX 'DO!
YBEGIN?
NEWLINEC1);
PRINT((ENIN®MaDE) ,2,2)}
PRINTCFIM)aNORM,0,4)2
YEND')
16O0TOY AGAaTN)
VEND']
LAST
YEND!}
LENGTH 1437

‘TS USED 306 i i
#AXXX

£C



APPENDIX 5

PROGRAMME SPECTRUM: COMPUTING THE ANGULAR ENERGY

SPECTRUM FROM THE (n,na), (n,n'), (n,2n) REACTIONS

USING THE PRIMARY SCATTER MODEL




o 1 8 B

1REGINY

VINTEGERY JaK,LeNMATS : o
VREALY FMAY EMIM NES,CsQN, TX SCoPHIPS,CS,AEA] ; a7 1T o S et
EMAXt=RFAD} o _ !
EMINE=RFAD; : B mnm NGRS S i
DESt=READS 1LOMMENT! (FHax=EMIN)/DES MUST RE AN INTEGER) el
JraEATIFRC(EHAX=EPMIN)/DES+0,1)) j ot R st ety
NIAT $=HEAN] 'COMMENTY NUMAER OfF MATERTALS)

TREGINY

TREAL' 'anpAY? SPEC,CTFl43d), kD01 N AT])

YEORY Lg=1 YSYFPY % TUNTILY 4 100" CTIL)1=0)

tEOR' K3=1 'sTEP' 4 TUNTIL! NMAT tpot!

TREGINT

HDEK)s=kEFARS VYCOMMENT! NUMHKER DENSITY TIMES 10=241
PEDRY Ly=t *STEPY 4 YOUHTILY J tp0?

TREGINY

CiarREAD? YCOMMENT! TOTAL MICpoSCOPIC CROSS SECTJON}
CT{LIs=CTiLlenenDIK]} R it L
TEND'} : _ e SRR S5,
YENDT

QUy=READ; 'COMMERT' HUMABER OF INCIDEwWT NEUTRONS}

TX3=READ} YCOMMENT! SCATTERER THICKNFSS)

NEWLINELY)

PHINTLTX,2,2) ] y
NEXT 2
K;=READ} 1COiMmENTY LnENTYIFIES 150OTOPF 1HVOLVED IN REACTINON]
T1E' K<O YpHEnN' 'anTO' PARS3}

§Cy=READ] 'COMMENT! BEACTION CROSS SFCTION] PR
1TEQe! (=) 'sTFRY 1 'ONTIL! M 100" SPrClLYI=READ) = y S Fuasen
VCONMERT! EMISSION SPECTRUM OF REACTIONG

AGAING

PHIt=READ: 'r0MMENT' DETECTOR ANGLE 1IN DEGREES]/

VIE' PHI<N 'THEN! 160T0" PASS2)

NFULINEC2)Y )

PRINTCK:2,0)}

PRINT(SC,1,4)1

PRINT(PH],2+2)1 i : e
PSy=READ] 'COMMENT' NIFFERENTIAL REACTION PRNOB AT ANGLE PHIJ
CS:=8CwiguydLK)? : Fo SR
Ar=1/Cusipyl/S?,.296)) ; =
EAP=EXPC=CT[0+TX)} :

1FQR' Ly=d "STEP' ¢ TUNTIL! J 1DO! ; i | J i Eoiea
YBREGIHY? AR T P e e S s sk
118 SPECLLIKN,000007 'THEN! = . el o]
ITREGINS i : S TR meetaatnl e
FlL1:=01}
16070 PASSTI
TERDY; : e
VIFY ARSCCTCII-CTLLI*A)*TX<O0,01 VTHEN? FLL)1=ON*CS*TX*EA#SPECIL) — yiR AT R IR
1ELSE?
F[L]:=Ghtcs*(FA~EXD(-ETfL!*A*T!i)l(CT[L!*&-CT[J])*SPEC[L);
PASS:

NEWLINEC1)

PRINTC(FMIN*(1L=1)+DES) 2,22} PRINTCCRMINAL®DES) 42,200 ) .
PRIMTCELLI,0:A)1 y A
TENDY

1GOT0Y AGArH}
pPASSE!

160TU" HEXTI
pa5St

1ENDY ]

TENDY]
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