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SUMMARY

The elastic scattering of fast neutrons by 39K and 7Li has
been studied at an incident neutron energy of 14.1 MeV: using a neutron
spectrometer employing the associated particle time of flight technique.
The source neutrons were produced by the 3H(d.n)4He reaction at an
incident deuteron energy of 120 KeV. The time of origin of the source
neutron is determined by detecting the associated helium particle, and
the neutron energy is determined by measuring electronically its flight
time over a fixed flight path.

Differential elastic scattering cross section measurements
were made on 39K in order to obtain better agreement between optical
model predictions and experiment than the one previous measurement by
Frasca et al. Improved agreement between theory and experiment was
obtained, following the suggestion of Cassola and Koshel that a
derivative surface absorption term should be used fot potassium.
Differential elastic scattering cross section measurements were also

made on 7

Li in order to investigate the discrepancies in the previous
measurements by Armstrong et al, using nuclear emulsions. and Wong et al.
using the pulsed beam method. and to investigate the validity of the
optical model for light nuclei. A comparison of the angular
distributions obtained for both elements was made with the predictions
of the nuclear optical model.

Finally, in parallel with the work at 14.1 MeV. an associated
particle time of flight spectrometer was developed for use with the

ZH (d-n)3

He reaction. to enable neutron differential scattering cross
section measurements to be made at an incident neutron energy of

2.5 MeV. this being suitable for experiments related to reactor design.
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CHAPTER 1

Introduction

1.1 Introduction

The interaction between one nucleon and a nucleus is clearly
of central importance in the studies of nuclear structure and reactions.
For nuclear structure it is the potential of the shell model that
explains the specific features. while for nuclear reactions it is the
interaction between an incident nucleon and a target nucleus that
determines how the nucleon is scattered by the nucleus. There are two
ways of determining tha nucleon—-nucleus potential; by deduction from
the nucleon-nucleon potential or by induction from experimental data.

It is found that individually these methods are inadequate. but taken
together they are able to give a good representation of the interaction.

This is indicated schematically in figure 1.1..

nucleon-nucleon = nucleon-nucleus ::gi:;??gta;nd
potential % potential alibic’
- -« - reaction data

Figure 1.1

where the solid arrows indicate deduction and the dotted arrow induction.
The treatment of even the simplest process of elastic scattering

is very complicated. The incident particle interacts with each nucleon

in the target nucleus, and a complete treatment of the interaction

between just two nucleons is exceedingly difficult. The determination

of the nucleon-nucleus potential from experimental data is subject to

another type of difficulty. If a one body potential is assumed, the

expected scattering cross sections can be calculated: and the parameters

of the assumed potential may be adjusted to optimise the fit to the



experimental data. It is found. however, that many potentials can be
made to fit the data in this way, and there is no experimental method
of distinguishing between them. These two methods can be combined
to describe the interaction; the deduction method giving the over-all
shape of the potential and the analysis of experimental data the numerical
parameters.

The simplest model of the nucleon-nucleus interaction
replaces the nucleus by a real potential well specified by a radius and
a depth. The consequences of such a model were studied by Bethe(1).
and it was found that the predicted non-elastic cross sections and the
change of cross sections with energy. were not in accord with experiment.

The model was superseded by the compound nucleus model of Bohr(Z)

+ which
accounted successfully for the cbserved non-elastic cross sections. but

was inadequate to explain the forward peaking shown by elastic scattering

(3

at higher energies. It was later found by Le Levier and Saxon ~°. and

Feshbach et al(a)

+ that the old potential with the addition of an
imaginary component. was able to give a good account of the data at
energies greater than 10 MeV. Physically, this is equivalent to treating
the nucleus as if it were made of a material of complex refractive index.

so that it both absorbs and refracts the incident waves.

y Elastic Scattering and the Optical Model

At energies greater than approximately 10 MeV it is found
that some nuclear reactions can take place immediately. without passing
through the compound nucleus stage: these are known as direct
reactions(s). More precisely a direct reaction may be defined as one
that passes at once from the initial to the final stage, without any
intermediate compound nucleus stage.

In the initial stage the incident particle interacts with

the target nucleus by means of an average nuclear potential. While

it is under the influence of this average potential. the incident



particle will either be elastically scattered or it will be absorbed
by the target nucleus. If the former process occurs. i.e.. a direct
reaction. it is referred to as "shape elastic™ or "potential” scattering.
If the particle is absorbed by the target nucleus a number of possibilities
must be considered. For example. the absorbed particle may collide with
a nucleon in the target causing the struck nucleon to be raised to an
excited state and the absorbed particle to be emitted from the nucleus via
the appropriate inelastic channel. or the particle may undergo multiple
inelastic collisions before being emitted. Another possibility also
exists. The absorbed particle and the target nucleus may coalesce to
form a compound nucleus(Z). At energies less than é MeV the number of
exit channels which are available for the decay of the compound nucleus
is quite small. and there is a high probability that the decay will take
place through the entrance channel. This type of elastic scattering
is referred to as "compound elastic” scattering. At higher energies
more inelastic modes of decay become available and it is then more
probable for the system to decay by some inelastic processCS)(é).
The final stage of the nuclear reaction consists of the separation of
the reaction products. Here., as in the initial stage, the interaction
between the particles can be described in terms of an average potential.
The new model thus occupies an intermediate position between
the shell model with its weak absorption. and the compound nucleus
model with its strong absorption. This model is called the Optical
Model and was first proposed by Fernbach et al(7). The nuclear
potential is expressed as a complex interaction potential. both the
real and imaginary parts being responsible for elastic scattering.
assumed direct, and the imaginary part for absorption leading to
reactions and inelastic scattering. Therefore. it is not possible

to treat elastic scattering on its own without considering the

accompanying absorption process. However. to a good approximation



they can all be considered together and treated just as a process
which removes particles from the incident beam.

Neutron Elastic Scattering

Neutron elastic scattering has become interesting because
of the success of the optical model which gives good agreement with
experiment. In the last decade a large number of measurements of
cross sections for elastic scattering of neutrons have been published,
and in view of the quantity of experimental data available it was
considered beyond the scope of this work to present a detailed review
for the entire range of elements.

For comparison with the optical model. neutron experiment are
preferable because there is no Coulomb interaction with the nucleus.
Neutron elastic scattering data can be interpreted successfully using

the optical rodel with a complex potential of the form:

U

opT (r) N I s v S

(r) = UR(r) + 1UI(r} + Uso
where UR(r) and UI(r) are the real and imaginary parts respectively.
and Uso(r) represents the spin orbit potential. The most widely

adopted form for the real putential is that of the Woods-Saxon well,

1-3.!

" -1
UR(r)=-VR{1+exp(raR>} AR S

The radius R is similar to the nuclear radius. and it is usual to

write R = rok-1/3

+ where r°~'1.3 fm. The parameter 'a’ is a measure
of the rapidity of fall-off of the potential. or of its surface

di ffuseness, ‘a’'~ 0.6 fm. The imaginary potential may take a number of
different forms. Woods-Saxon for volume absorption. derivative

Woods-Saxon or Gaussian for surface absorption being the most widely



adopted forms. Detailed comparison with experimental data enables

the parameters of these potentials to be more precisely determined.
If the shape elastic cross section is denoted by 0 gg* the

total absorption cross section by o p and the total cross section

for all processes byo _. then:

T

i R P A W SR N TS
However. O-A = G—CE + ‘TR . Sl ahe wie e Yok
and 0-E=U-CE+0_SE R b R, R Y

where o‘R is the reaction cruss section, i.e., that part of the

total absorption cross section which leads tononelastic processes.o”CE
is the compound elastic cross section. and O e is the total elastic
cross section.

For incident neutron energies above 10 MeV compound elastic

scattering is negligible. Hence, equations 1.3, 1.4 and 1.5 give:

T mn G = O o
T SE + R E + R - - - - - - - 1.6
The optical model enables the quantities in equation 1.6 to be calculated.
as well as the differential cross section 0 (6).

133 The Research Programme

The principal aim of the present work was to study neutron
elastic scattering at an incident neutron energy of 14 MeV. The
data on angular distributions from elastic scattering of 14 MeV
neutrons is as yet available for a Llimited number of nuclei only.,

and there is a need for accurate differential cross section measurements.



especially on separated isotopes. in order to reduce ambiguities in
optical model parameters. At this energy theoretical considerations
assume that processes involving compound nucleus formation can be
neglected. Differential cross section measurements were made employing
the widely used associated particle time of flight technique. and the

3H(d:n)"He reaction.

14 MeV neutrons produced in the

In the literature search undertaken at the beginning of the
research programme. it was apparent that the optical model has been
more successful for neutron differential elastic scattering cross
section measurements for heavy and medium weight nuclei than for light
nuclei. as the former more nearly approach the limit of uniform nuclear
matter.

The elements chosen for study were Potassium and Lithium.
They were chosen for a number of reasons. Separated isotopes are
extremely expensive but the common isotope of each of these elements

namely . 39K and ’

Li. have isotopic abundances of 93%. Potassium and
lithium are also of enormous practical importance with regard to reactor
physics calculations. i.e.. in the use of sodium-potassium alloy as a
coolant in fast reactors; and the use of Lithium as the breeder blanket
in a fusion reactor.

Differential elastic scattering cross section measurements
for potassium at 14 MeV have been reported only by Frasca et al(S).
This work also included measurements on calcium. boron and carbon.
The results for these other three elements are in good agreement with
those obtained by other workers(9'1°'11'12). It was found: however.
that the optical model with gaussian surface asbsorption was unable to
provide equally good fits for the potassium and calcium angular
distributions. This was a surprising result in so far as potassium

is adjacent to calcium in the periodic table. In an attempt to

improve the agreement between theory and experiment. it has been



(13

suggested by Cassola and Koshe that a2 derivative surface absorption

term should be used in place of the gaussian absorption.

A number of differential elastic scattering cross section
measurements have been reported for licht nuclei (A <15), and have
been successfully interpreted in terms of the optical model. Good

examples are the measurements of Nakada et al(14) on beryllium and

(12 R

carbone. Bouchez et a on carbon. the boron data of Tesc ¢ and

the nitrogen and oxygen data of Bauer et al(15). Differential

elastic scattering cross section measurements have been reported

(16

for Llithium by Armstrong et al « and Wong et al(1?). The results

obtained by the two groups differ somewhat, as is shown in figure 1.2.

(16 was not in very good agreement with

l(1?)

The data of Armstrong et al
optical model predictions; the data of Weng et a was not analysed
in terms of the model.

The aim of the research programme was to investigate the
discrepancies discussed for both potassium and lithium. and in the
case of Lithium to add to the existing data on light nuclei. in order
to try and extend the validity of the optical model for light nuclei.
A comparison of the angular distributions obtained was made with the
theoretical predictions. To make this comparison the computer

(18 was used.

programme RAROMP
The literature search also revealed an absence of elastic
scattering data around incident neutron energies of 2.5 MeV. At this
energy compound elastic scattering becomes significant and any
experimental measurements would have to be corrected accordingly. A

3He reaction. A

well known source of 2.5 MeV neutrons is the 2H(dan)
major reason the associated particle technique has not been exploited
with the % (den)>He reaction until recently, was the difficulty of
performing accurate spectrometry on the recoil nuclei. This difficulty

has been removed by the rapid development of semi-conductor detectors.
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scattering cross section from 7Li at 14.1 MeV.



Therefore. in parallel with the work at 14 MeV, an associated particle
time of flight system was developed to enable neutron differential
elastic scattering cross section measurements to be made at an incident
neutron energy of 2.5 MeV.

1.4 Scattering Geometries

In the measurement of neutron differential cross sections
the placement and shape of the source:. scattering material. detector.
and shield are usually chosen as a compromise between the need for a
good signal to background ratio and the need to reduce the magnitude
of the corrections which must be made to the data. The three most
commonly used arrangements. the ring geometry, cylindrical geometry.
and flat plate geometry are indicated in figures 1.3¢a). 1.3(b) and
1.30e).

Ring Geometry

In the ring geometry as shown in figure 1.3(a), a ring of
the scattering material is placed with its axis on the line passing
through the centre of both the source and detector. and a shadow shield
of some form is used to attenuate the direct beam. Scattering at
various angles is measured by moving either the scatterer or detector
along the axis. or by using rings with different diameters. The
principal advantage of this geometry is that, for a given angular
resolution and thickness of scatterer. more material can be used and
hence a greater scattered intensity can be obtained than with any
other arrangement.

There are several disadvantages of ring geometry. Since
the distances between the source. scatterer, and detector change with
scattering angle. these distances must be determined separately for each
angle. necessitating a recalibration of the spectrometer in each case:
and due to the compactness of the system the angular resolution is poor.

Alsor the angular range over which measurements can be made is Llimited.
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Cylindrical and Flat Plate Geometry

These two sample geometries can be used with the associated
particle time of flight technique. With cylindrical geometry the
sample is made in the form of a cylinder or sphere as shown in
figure 1.3(b); and with flat plate geometry the sample is in the form
of a thin rectangular slab of material, figure 1.3(c). Shielding is
usually in the form of a shadow bar and collimator around the detector.
and the detector is rotated about the scattering sample to obtain the
angular distribution. Good angular resolution is obtained by using
small scattering samples posiiioned between 100 mm to 300 mm from the
source. The resolution is defined by the angle subtended at the source
by the sample as the detector is considerably further away from the
sample.

Flat plate geometry is generally used to reduce multiple
scattering contributions while maintaining an adequate signal to
background ratio. and has several advantages for use with the associated
particle technique. The scattering sample can be made to completely
subtend the neutron beam defined by the associated alpha particles.

This can be done easily with a flat plate sample but not always with a
cylindrical sample. Also. when using flat plate geometry if the sample
is made slightly wider than the defined neutron beam. then a small error
in the positioning of the sample does not alter the effective sample
thickness compared with the use of a cylindrical sample., where an error
in positioning the sample alters the effective thickness.

In view of these advantages flat plate geometry was used in

the present work.
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CHAPTER 2

Neutron Detection and Shielding

ot Neutron Detection

The detection of neutrons 1s a much more complex problem than
the detection of charged particles: because neutrons do not carry any
electric charge and cause no direct ionization. The neutron interacts
with the nucleus and observation of the interaction products provides
a means of detection. The detection or measurement technicue depends
on the neutron energy range.

Neutrons interact with nuclei by scattering or absorption.

In the former. the neutron collides with a nucleus, and a fraction of
the neutron energy is transferred to the recoil nucleus. In the
latter the neutron is absorbed by the nucleus. The most important
scattering process for fast neutrons is the elastic scattering by
protons. i.e.. the 1H(nm)1H reaction. Neutrons are elastically
scattered by all nuclei. but the energy transfer to the recoil nucleus
is a maximum for neutron-proton scattering. and this process is most
widely used for detection of fast neutrons.

Organic scintillators are efficient detectors of fast neutrons
because of their high hydrogen content and the relatively large cross
section for neutron-proton elastic scattering. This class of
scintillator includes plastics. organic liquids and organic crystals
such as anthracene or stilbene. Elastic scattering by hydrogen is
isotropic in the centre of mass system for neutron energies up to
20 MeV: hence. the spectrum of recoil protons from monoenergetic
neutrons of energy Eo is a continuous distribution in energy from
zero to Eo' Neglecting other effects. the pulse height spectrum
from monoenergetic neutrons on an organic scintillator consists of a

flat distribution of pulses up to the pulse height corresponding to Eor
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at which point it drops to zero.

In practice, the drop to zero is not perfectly sharp due to
a number of effects including the resolution of the scintillation
counter and the non linear response of organic scintillators to protons.
These effects are discussed in section 2.3

2ak Plastic Scintillator NE 102A

The scintillator used in the series of experiments undertaken
was a plastic scintillator type NE 102A. manufactured by Nuclear
Enterprises Ltd. It has an excellent combination of properties:
high light output. good light transmission. fast response and decay

times (m10'_9 secs)<19)

all of which are desirable features for high
speed time of flight experiments. For neutrons incident on a thin
plastic scintillator, single elastic neutron-proton scattering is the
most probable reaction. If the scintillator thickness is increased
to obtain higher detection efficiency, double and multiple scattering
can occur within the scintillator and also the increased thickness
introduces a timing uncertainty due to the variation in flight times
to different detection points within the scintillator. Allowing for
a timing uncertainty of 1 ns for 14.1 MeV neutrons required the use of
a scintillator 50.8 mm thick. Using this same scintillator for

2.5 MeV neutrons incurred a timing uncertainty of 2.2 ns.

Before the measurement of scattering cross sections could be
made it was necessary to calculate, and check by experimental
measurement the efficiency of the scintillator as a function of
neutron energy. The experimental measurements are discussed in
section 5.5

225 Scintillator Efficiency

The efficiency of an organic scintillator is conveniently

defined as the ratio of the number of recoil protons to the number of

incident neutrons(ZO). The efficiency of a scintillator consisting
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entirely of carbon and hydrogen can be calculated under the assumption
that only single scattering occurs. The number of recoil protons
produced in a scintillator of length L. exposed to a flux of N0

neutrons all of energy Eo is:

N1(E°.L) =N . LLII = expl=atdYat } . . oo o520

oH H
where n, = number of hydrogen atoms per cm3 of scintillator, 5.25 x 1022
a‘H = neutron-proton scattering cross section at neutron energy Eo;
and

=n.0C +n O
o o L SRR P

where % number of carbon atoms per cm3 of scintillator. 4.75 x 1022;

and (rc = neutron-carbon cross section at neutron energy Eo' The

efficiency for single scattering is then:

€ (EOIL) = N

1 (EO-L)INO =n

Jth(aL) e o . 2.2

1 H

with f(al) = [1 - exp(-al)l/aL Fin Bl A e

the factor f(al) allows for attenuation of the neutron beam in passing
through the scintillator.

The efficiency curve obtained by applying equation 2.2 to
a 50.8 mm thick NE 102A scintillator is shown in figure 2.1.
Unfortunately. it is found that organic scintillators are also efficient
as detectors of low energy background neutrons and ¥ rays. Therefore.
some form of discrimination was necessary to remove these background
effects. The factors which modify the scintillator efficiency are
found by considering the energy distribution of the recoil protons
and the non-linear response of NE 102A scintillator exposed to fast

neutrons.
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Efficiency %

20

10

12 1%

Neutron Energy (MeV)

10

Calculated efficiency of a 50.8 mm NE 102A scintillator.

Figure 2.1.
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Energy Spectrum of Recoil Protons

Consider the elastic scattering of a neutron. mass unity.
initial energy En' by a nucleus of mass A, initially at rest in the
laboratory system. From the kinematics of the collision it can be

shown that the eneray of the recoil nucleus Er is given by:

4AE,_ > 2h€
E "= €os o6 = ——— (1 + cos3) P A
r A+ 1O (A + D P

where o and S are the angles of recoil in the laboratory and centre
of mass systems respectively (.ﬁ =2d). Er is @ maximum for a head

on collision ( o = B = 0) when the recoil nucleus receives energy:

" LA

E 2 e—F P TR ORI
max (A + 1)2 n

Thus for a proton (A = 1) the entire neutron energy is transferred

<Emax = En) in a head on collision: while for a carbon nucleus (A = 12)

Emax ~ 0.3 En. For neutron-proton scattering. equation 2.4 takes

the simple form:

y 2
Ep = Encos o S wianenl

Barshall and Kanner(21) have shown that the energy distribution
of recoil protons in the laboratory system is the same as the angular
distribution of neutrons scattered in the centre of mass system. For
neutron-proton collisions below By 20 MeV, it has been found
experimentally that the scattering is isotropic in the centre of mass
systemczZ). Hence the energy distribution of recoil protons is
uni form from Ep =0to E_= E, as shown in figure 2.2.

p
Non-Linear Response of NE 102A Scintillator

The quantity directly recorded in the scintillation method

is the pulse-height spectrum. Under appropriate conditions. the
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photomultiplier output is directly proportional to the luminous output

of the scintillator. The scintillator response for charged particles

is well represented by the semi-theoretical formula of Birks(23):

et A dE/dr
dr 1 + kB dE/dr e

2.7

where S = luminous output of the scintillator; r = path length of the

particle in the scintillator; E = particle energy; and 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. so that equation 2.7 can be re-written in terms of

dP/dE. i.e;
dP _ -1 dS _ -1
d—E L A Eé‘ e (1 + kB dE’dl‘) ® * & e = e e 2-8

where P and E now have the same units.
For electrons with energies up to 2 MeV, dE/dr is very small

so that kB dE/dr can be neglected., then

-—-—-=1 i.e.Pze o e & & @ 'e ‘@ 2-9
e

where Ea is the electron energy. For protons with energies greater
than 2 MeV. however. dE/dr cannot be neglected. Evans and Bellamy<24)
have shown that for NE 102A, taking the range-energy relationship of
protons in the plastic as that for CH., given by the tables of Rich

(25). the most consistent results are obtained with the value:

and Madey
kB = 1.0 x 10-29 cm-2 Mevﬂ1. With the value of kB known., numerical

integration of equation 2.8 gives the pulse height for a given proton
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energy Ep. Using the value of kB given overleaf. table 2.1 lists
dP/dE and pulse height P as a function of proton energy for NE 102A
scintillator; also the range-energy relationship for protons in CH.
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 since the total area under

the two curves must be the same. the two spectra are related by:
LA dp >
N(E) - N(P) -d_E- s & & & & s @ 2.10

Using equation 2.10 and the proton pulse height data of table 2.1,
figure 2.3 shows the distortion of the pulse height spectrum by the
non linear response of plastic scintillator NE 102A for neutrons of
14.1 Mev.

Double Scattering

In the discussion so far. it has been assumed that only single
scattering events occur within the scintillator. Recoil protons can
also be produced by neutrons which have already been scattered one or
more times. by carbon or by hydrogen. The corrections for multiple
scattering are difficult to calculate accurately. However:. it is
possible to estimate the effects of second scattering events on the
efficiency of the scintillator.

Some of the neutrons scattered by collisions with carbon
nuclei produce recoil protons in a second scattering event. The
number of neutrons scattered once by carbon in a scintillator of length
L is given by:

Nc(anL) = Non

cﬂ'ch(aL) RS D SRR

where the terms are as defined for equation 2.1. To estimate the
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Table 2.1

Response of Plastic Scintillator NE 102A to Protons

Proton Energy dE/dr dP/dE Pulse Height
E (HeV) MeV/g.cm © P (MeV)
15 33.50 0.749 8.58
14 - 0.739" 7.84
13 - 0.725" 7.10
12 40.24 0.713 6.37
11 - 0.695" 5.68
10 46.72 0.682 5.01
9 50.93 0.663 4.32
8 56.06 0.641 3.67
7 62.49 0.615 3.03
6 70.80 0.585 2.4k
5 82.00 0.549 1.80
4 98.02 0.505 1.35
3 123.10 0.448 0.87
2 168.60 0.372 0.46
1 276.30 0.266 0.16

*Interpoiated Values
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number of recoil protons produced by second scattering events. the
energy of these neutrons is represented by its average value, which is
about 0.85 Eoe It is then assumed that the neutrons traverse an
average path length L1 in the scintillator. As there is very little
attenuation of the neutron beam in passing through the scintillator,

a very good approximation to L1 is obtained by taking this average path
length to be half the thickness of the scintillator i.e., 25.4 mm.

The number of recoil protons produced in this process is then given by:

NZC(Eo'L'L yenn o L f(a1L1) = N

i ¢ Ty EaCE ely) e 2232
1

RO S ey

where 0H1 = the neutron-proton scattering cross section at neutron
energy E1; a1 =:a(E1) and E1 = average energy of neutrons after
scattering by carbon.

The total number of recoil protons is now N1 + NZC' \ihere N1
is the number calculated by equation 2.1 i.e.. for single scattering

only. The efficiency of the scintillator. including double scattering

can then be written as:

€.CE +LoL) = € _( ,L)I1T > N
o o

2 1 1 CIH1] 1w e s & Lald

2
where 61(E°;L) is the efficiency calculated from equation 2.1. The
curve obtained by applying equation 2.13 toa 50.8 mm thick NE 102A
scintillator is shown in figure 2.4.

The carbon scattering event itself produces a negligible
pulse from the scintillator. In double scattering from hydrogen.
two recoil protons are produced in such rapid succession that they are
recorded as a single event, and hence the number of recoil protons
recorded remains the same. Second scattering events and the loss of

protons from the sides of the scintillator also result in a distortion
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of the pulse height spectrum; however: for a scintillator of the
dimensions used in the present work these effects are usually negligible

2.4 Scintillator Efficiency with Discrimination

In order to eliminate pulses arising from photomultiplier
noise. Low energy background neutrons. and y rays. it is necessary to
employ some form of discrimination. This results in the rejection of
some recoil proton pulses which have so far been included in the
calculations of efficiency. With a discriminator designed to reject
pulses of less than a given amplitude PD' the scintillator efficien&y

for 14.1 MeV neutrons is given by:

€(14.1) = €2(14.1.L-L1) (ﬁf'—%;—')) ...... 2.14
vhere 62(14.1erL1) = 14.1 MeV efficiency without discrimination., as
calculated from equation 2.13; (A14'1 = nD) = area under the pulse
height spectrum between ordinates PD and P14.1; AT = total area under
the pulse height spectrum = area under recoil proton energy spectrum;
VR discriminator level, and LTV, B pulse height due to 14.1 MeV
protons. Hence the scintillator efficiency for neutrons of energy Eo
can be written as:

AL = AL

' ' ( Eo °> . 14.1
€5(E rbily) = €, (E oLiL,) % £, o 74 B BAS

The discriminator level was chosen such that while rejecting
background pulses: it was not at such a level as to reject significant
neutron inelastic scattering data as well. It was also necessary for
it to be fixed at a consistently reproducible known pulse height. This
condition was fulfilled by setting the discriminator to reject pulses
due to Y rays from a specific source. The source used was Nazz. which

emits 7y rays of 1.274 MeV. At this energyr ¥V rays interact with



25

plastic scintillator primarily via the Compton effect. The energies

of the recoil electrons in Compton collisions range from zero up to a

maximum value E given by:
max

E

E B eeie——
1 + (1/2&) - - - - - L 2-16

max

where E = the incident <y ray energy in MeV and a0 = E/mocz. Emax'
the maximum energy of the recoil Compton electrons is known as the
Compton edge. Applying equation 2.16 to Nazz Y rays of energy
1.274 MeV gives Emax = 1.068 MeV. Therefore, a discriminator set to
reject pulses due to +y rays from Nazz. resulted in the rejection of
pulses due to 1.068 MeV electrons. From the discussion in section 2.3,
equation 2.9 shows that a2 1.068 MeV electron produces an equivalent
proton pulse height P = 1.068 MeV. Interpolation of the proton pulse
heights given in table 2.1 showed a pulse P = 1.068 MeV to be equivalent
to a proton of energy 3.5 MeV. With a discriminator set to reject pulses
from Na22 ¥ rays. this resulted in the rejection of pulses due to
neutrons with energy less than 3.5 MeV.

Figure 2.5 shows the efficiency curve obtained by applying
equation 2.15 with a discriminatory pulse height of P = 1.068 MeV.

2.5 The Scintillator-Photomultiplier Combination

For fast neutron time of flight experiments a suitable
photomultiplier tube must have a fast transit time with good time
resolution. This requirement limits the choice of tube to one with
a focused dynode structure, as this type has a much smaller spread
in electron transit time.

The photomultiplier tube used was a Philips 56 AVP, having
an electron transit time spread of less than 0.5 ns. With fourteen
stages of amplification., the 56 AVP is a high gain photomultiplier

tube with a current gain of 108. capable of producing peak anode
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currents up to 1A. The manufacturers state that to achieve a
stability of 1% the ratio of the current through the voltage divider
chain to that through the heaviest loaded stage of the tube should be
100:1‘24). For moderate intensities of radiation this requires a dynode
chain current of about 3 mA.

The manufacturers recommend two types of voltage divider
chains; type (i) has an equal voltage across the last twelve dynode
stages and type (ii) has progressively increasing voltages across the
last nine dynode stages. Voltage divider type (i) gives a higher'gain.
but a higher anode current with better time characteristics can be
obtained with divider type (ii). The last dynodes of the tube are
decoupled by means of capacitors to avoid fluctuations in the dynode
potentials.

In view of the higher gain, a dynode chain of type (i) was
used for the neutron detector. and the resistor chain is shown in
figure 2.6. The current through the dynode chain was 2.5 mA at an
operating voltage of 2 kV. A current of 3 mA was the maximum current
delivered by the H.T. unit., Isotope Developments type 1617A. used.

The capacitors used to decouple the last dynode stages are shown in
the figure. The output resistor and H.T. capacitor were chosen to
have a small time constant; the values were 2000 0 and 34 pF.

The time of flight electronics were 7m from the experimental
area. and this length of coaxial cable was required to connect the
neutron channel discriminator to the detector. To avoid reflections
in this long cable the anode signals were matched into the cable via
an emitter follower at the base of the photomultiplier. The single
transistor emitter follower circuit is shown in figure 2.7. The
output impedance of the circuit was 821 and matched the negative pulses
into the 700 impedance coaxial cable. When the cable was correctly

terminated no reflections were observed.



28

e
7.6K P
% i
145K %
{04
. 1D,
51K %
103
51K é%
: 10,
i o
51K % " 1000pf
1212
51K é o 10D0pT
{P13
m % —— 1500pf
114
51K —_— 5000pf i
+H.T. o FAVAS Y o
Figure 2.6. Dynode resistor cggan. —d Sl

Output



29

=10 v

Z7180

A

Input ©

O  Qutput

2.2K 821

Figure 2.7. Single transistor emitter follower circuit.



30

Photomultiplier tubes with a focused dynode structure are
particularly sensitive to magnetic fields. This effect has been
reported by Engstrom(Z?) and Connor(zs}. They have shown that even
weak magnetic fields can cause a marked reduction in gain. The
earth’'s magnetic field is not usually troublesome if the tube is
operated in a fixed position throughout an experiment., however. in the
present work it was required to rotate the detector about the sample.
so that 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 photomultiplier
tube was therefore placed inside a cylindrical mu-metal magnetic shield.
No. 56131 recommended by the manufacturers. so that the first dynode
stages and the photocathode were adequately shielded. The use of a
mu-metal shield, besides giving optimum tube gain., gives minimum transit
time spread.

To ensure maximum light collection by the photocathode. care
must be taken with the optics of the system. Minimum light loss occurs
when the scintillator is coupled directly to the photomultiplier. As
the scintillator used had a larger diameter than the photomultiplier tube.
a light pipe was employed to make an efficient optical coupling. In
this case it is important to minimise light losses., which occur by
absorption in the guide and through the sides of the guide. Toveczg)
has shown that light absorption is usually only significant for light
pipes greater than about 0.5 m. In the present work the light guide
was made of perspex and was 70 mm long. converging from the scintillator
of diameter 101.6 mm. to the photomultiplier tube face of diameter 46 mm.
Cylindrical light guides operate on the principle of total internal
reflection: for which there is no light loss through the sides of the

guide when the surfaces are smooth.
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The optical contact between the scintillator and light guide
was made using NE 580 optical cement, which is a clear colourless epoxy
resin, having a refractive index close to that of NE 102A scintillator
(pn=1.58). The contact between the light guide and photomultiplier
tube consisted of a non-drying silicon immersion oil.

The complete neutron detector assembly and housing is shown in
figure 2.8.

2.6 Detector Shielding

The purpose of shielding is to reduce background effects
caused by unwanted 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 shadow
bar reduces the number of source neutrons incident on the detector.
whilst the collimator reduces the background caused by neutrons and
v rays scattered into the detector from the floor and surrounding
walls. In the present work the sources were 10 mm line sources of
14.1 MeV and 2.5 MeV neutrons. so that the detector had to be shielded
from the direct flux and from the scattered neutrons of lower energies.

An efficient shield should attenuate fast neutrons producing
a minimum of secondary penetrating radiation without causing a build
up of activity in the shielding material. This is achieved by first
moderating the fast neutrons and then absorbing the secondary penetrating
radiation i.e. y rays.

Shielding Materials

The neutrons were moderated by paraffin wax which is an efficient
fast neutron moderator and as the inelastic process does not occur with
hydrogen it has a low secondary 7y ray production. Thermal neutron

capture by hydrogen produces a single y ray of 2.23 MeV from the



Figure 2.8. The Neutron Detector Assembly.
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reaction 1H(n.)f)2H. The cross section for this reaction is 330 mb
for thermal neutrons. In using paraffin wax., scattering by its carbon

12 120: but

content produces 4.43 MeV ¥ rays in the reaction “C(n.n'y )
the cross secticn for this reaction is very much less than for elastic
scattering by hydrogen and carbon.

It is possible to reduce the Y ray production in the paraffin
wax due to the two reactions mentioned above. This can be achieved by
loading the paraffin wax with a good slow neutron absorbing material.
Suitable materials are 6Li and 108. generally used in the form of a
compound., typically lithium carbonate and boric oxide. Both materials
have a large cross section for the (n.a) reaction but the former tends
to be the most effective since no 7Y rays are emitted in the reaction

6 10

Li(n.cx)SH; in the B(n.a.)7Li reaction 0.47 MeV Yy rays are emitted.

(30 mixed lithium carbonate with paraffin wax. but 2 mixture

Ashe et al
must be rich in lithium carbonate for a substantial reduction in
Y radiation from neutron capture in the hydrogen. However. this
reduces the density of hydrogen in the shield and consequently the
neutron shield is less efficient. As a compromise between size.
weight. and efficiency of the shield, the paraffin wax was not loaded
with Llithium or boron compound.

The innermost part of the shield consisted of a suitable
y ray absorbing material. Invariably lead is used for this purpose
because of its density and high atomic number. This shielded the
detector from 7 rays produced by reactions in the shielding material
and from the general y ray background. A cross section of the
complete collimator shield is shown in figure 2.9(a).

Shielding from the source neutrons was provided by means of

a shadow bar. Neutron target shadow bars are usually made of

hydrogenous material or heavy metal e.g.. tungsten. copper. iron. lead.

The elastic differential cross sections for heavy metals are very sharply
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forward peaked. and for attenuation purposes the entire elastic cross
section may be neglected. The non-elastic processes either absorb or
degrade in energy the incident neutrons. Materials suitable for shadow
bars have been investigated by Hopkins et al<31). They found that for
neutrons above 6 MeV the heavy metals are more efficient than hydrogenous
material in terms of attenuation per unit thickness of the shield. but
when total weight is a consideration, hydrogenous materials are more
effective. For lower neutron energies hydrogenous material was the most
efficient. Since it was necessary to shield against the direct source
for both 14.1 MeV and 2.5 MeV neutrons: on the basis of the above
considerations the shadow bar used was made of paraffin wax. A cross

section of the shadow bar is shown in fig 2.9(b).

Location and Efficiency of the Shadow Bar

Proper location of the shadow bar was essential. There are
several criteria concerning a suitable location for the shadow bar. It
should not intercept neutrons between the target and the scattering
sample. or between the scattering sample and 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 limitations which may be mutually exclusive
at certain very small or very large angles. the shadow bar should occupy
as much space as possible between the target and detector.

To test the efficiency of the shadow bar the following
experiment was performed. The axis of the detector was positioned so
as to coincide with the direct beam from the source. The number of
coincidences for a fixed neutron yield was then recorded, with and
without the shadow bar in position. The spectra obtained are shown in

fig 2.0,
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CHAPTER 3

Experimental Methods for use with the reaction 3H(d.n)"l-le

3.1 The Time of Flight Technique

In recent years the time of flight technique has become widely
used for the measurement of fast neutron differential cross sections
as a function of energy. This technique was developed independently

32). Fertel et 31(33) and Milatz(SA}. Although it has

by Alvarez(
been greatly improved. the principle remains the same. i.e.. the
neutron energy is determined by measuring its flight time over a

fixed flight path. An essential part of the time of flight

measurement is the precise determination of the time of origin of the
particles. For neutron time of flight measurements with low energy
accelerators two approaches are available; (i) the pulsed beam

technique and; (ii) the associated particle technique. These methods
differ in the way the neutron time of origin is cbtained.

In the pulsed beam techniquer, the source is usually a nuclear
reaction induced by ion bombardment. The solution requires that first
of all the time of origin of a neutron be localised by producing the
neutrons in bursts of short time duration., say,d't. A specific neutron
can then be said to have originated at a given point at a certain time
with an uncertainty J't. If the neutrons are produced by positive ions
bombarding a target to induce a nuclear reaction., it is sufficient to
produce ions in bursts of time Jt. This technique was first applied

(35). using the

to neutron energy measurement by Cranberg and Levin
3H(p:n)3He reaction, producing neutrons of energy 2.5 MeV. The pulsed
beam technique can be used for all reactions in which the neutrons are
produced by an ion beam; hence a wide range of neutron energies can

be covered by the use of different charged particle reactions.

In contrast., the associated particle technique. can be used
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only with the 3H(d:n)4He and 2H(d.n)SHe neutron producing reactions,

Here. the time of origin of the source neutron is defined by detecting

the associated helium particle, which can be detected with 100%
efficiency. The uncertainty in the time of origin is a function of

the energy loss of the helium particles in escaping the target and

the time resolution of the helium particle detector. The angle

between the helium particle and the neutron is fixed by the kinematics

of the nuclear reaction. Consequently. the solid angle subtended at

the target by the helium particle detector defines a corresponding

cone of associated neutrons. The technique has two main advantages;

(i) a continuous accelerator beam is used; and (ii) with the

scattering sample positioned so that it subtends all of the defined
neutron beam. a neutron start signal is obtained only when a neutron
penetrates the sample, thus giving a good signal to background ratio.

The associated particle technique was first employed in neutron scattering
studies by O'Neill(sé). The technique has been used by Frasca et al(8)
for differential cross section measurements on potassium; and by
other5(9'10'13).

A comparison of these time of flight techniques shows that the
versatility of the pulsed beam technique represents its main advantage
over that of the associated particle. In the pulsed beam technique
the target current burst requires a high peak value to obtain a workable
signal to background ratio. Such current pulses can be achieved only
with a sophisticated beam chopping and bunching system e.g.. a Mobley-type
magnet or a klystron buncher. As neither space nor facilities were
available for such systems. the associated particle technique was
employed for neutrons produced by both the reactions 3H{d.n)4He and
%Hedom e

e The SAMES Accelerator

The deuteron beam was produced by a SAMES type J accelerator,
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as shown in figure 3.1. The SAMES electrostatic generator is housed in
a hermetically sealed unit in a hydrogen atmosphere and at 150 kV has a
stability of 1%. The accelerator ion source is a 100 MHz oscillator
supplied with deuterium gas through a thermally activated palladium

leak. The ions are extracted by a potential variable from 0 to +6 kV;
the maximum output current from the ion source is 600 A. The extracted
beam has a two stage potential drop to earth potential; the intermediate
potential applied to the focusing electrode, is variable from 0 to +45 kV.
The power for the focusing electrode is produced by an oi l-immersed
Cockcroft-Walton generator sifuated inside the high voltage terminal

of the accelerator.

3 Beam Tube and Target Assembly

The positioning of cther experimental facilities in the
laboratory required the use of a beam tube 5m in length. The beam
tube was evacuated to a pressure of 2 x 10-6 torr. The main pumping
staege was included in the main accelerator assembly. but because of
the volume of the long beam tube, an auxiliary stage was provided at
the target end of the tube. The pumps were backed oil diffusion
pumps with liquid nitrogen refrigerated baffles. A liquid nitrogen
cold finger was positioned above the auxiliary pumping stage to
maintain a good vacuum in the target assembly and to stop oil etc..
depositing on the target.

Additional beam focusing was required in view of the length
of the beam tube. To supply this., a pair of electrostatic quadrupole
lenses was used to focus the beam. The focusing has been described
by Baynham(s?). The quadrupoles gave optimum focusing with potentials
of # 2.08 kV. A pair of electrostatic deflector plates., situated

between the quadrupoles and target. enabled the target current to be

optimised.

The 90° branched. stainless steel target assembly was supplied



Figure 3.1. The SAMES Accelerator.
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by Multivolt Ltd., and housed an annular shaped target. The target
assembly is shown in figure 3.2. The area of the target bombarded

by the deuteron beam was restricted by an aperture plate defining a line
source 10 mm in the vertical plane and 2 mm in the horizontal plane.
approximating to a point neutron source in the horizontal plane. The
aperture plate was in two parts. as shown in figure 3.2, to enable
efficient pumping of the target. The target and diaphragm were water
cooled. A comprehensive study of the heating effects of tritium
targets under deuteron bombardment in an accelerator has been reported
by Smith(38).

Under deuteron bombardment. electrons are ejected from the
target and diaphragm. To prevent these electrons backstreaming to
the accelerator the diaphragm and target were self suppressed: i.e..
the electrons were prevented from escaping by raising the target and
dizphragm potentials to +200 volts. As shown in figure 3.2, the
aperture flange and the main beam tube were insulated by araldite
spacing flanges so as to maintain the suppression potentials., which
were produced by taking the target and diaphragm currents to earth
via large resistors. Micro-ammeters in series with these resistors
enabled the currents to be monitored.

The alpha particle detector was positioned in the arm of the
target assembly at right angles to the main beam tube.

3ok The Alpha Particle Detector

A suitable alpha particle detector should have the following
properties, (i) a high detection efficiency for alpha particles.
(ii) a low detection efficiency for neutrons and y rays and; (iii) a
fast response time. Two types of detector meet these requirements,
scintillation detectors and semi-conductor detectors. A suitable
scintillation detector is plastic scintillator NE 102A. It is

available in very thin sheets., thus having a low detection efficiency
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for neutrons and y rays. The properties of NE 102A have been discussed
in section 2.2. When used in conjunction with a high gain focused
photémultiplier tube it meets the timing requirements for the associated
particle technique.

The silicon surface barrier semi-conductor detector is widely
used for alpha particle detection in the 3H(d.n)l'He reaction. It has
a complex detection efficiency for neutrons and 7y rays due to the very
thin sensitive region and has a fast response time.

A comparison of these two types of detector shows two advantages
in using plastic scintillator. Firstly., its use with a high gain focused
photomultiplier tube dispenses with a pulse amplifier which is required
with the semi-conductor detector; secondly., the scintillation detector
is less susceptible to radiation damage than the semi-conductor detector
detector(39). In view of these advantages. plastic scintillator NE 102A
was used for the alpha particle detector.

For an incident deuteron energy of 120 KeV, the alpha particles
emitted at 90° to the deuteron beam direction in the 3H(d.n)t'He reaction
have an energy of 3.52 MeV. The range of a 3.5 MeV alpha particle in
NE 102A is stated by the manufacturers to be 0.025 mm i.e.. this
thickness of scintillator would be 100% efficient. The scintillator
used was 0.5 mm thick and was used in conjunction with a Philips 56 AVP
photomultiplier tube. the characteristics of which have been discussed
in section 2.5. The dynode chain was similar to that used in the
neutron detector assembly. Since the position of the photomultiplier
was fixed with respect to the earth’s magnetic field, a mu-metal
shield was not placed around the photomultiplier.

To avoid the problem of housing the photomultiplier tube inside
the evacuated target assembly. a similar system to that reported by

(36)

O'Nei Ll was used. The thin NE 102A sheet was attached to a

perspex light pipe with the light pipe forming the vacuum sealing flange.
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The photomultiplier viewed the side of the perspex flange outside

the vacuum system. The alpha particle detector arrangement is shown

in figure 3.3. The scintillator was positioned 90 mm from the reaction
point of the target and was attached to the perspex flange by NE 580
optical cement. The photomultiplier was spring loaded onto the

perspex flange., using a non-drying silicon immersion oil to make a good
optical contact.

Detector Shielding

The alpha particle detector had to be shielded against two
sources of background radiation; deuterons and B particles. The
deuteron background resulted from scattering of the deuteron beam by
target nuclei and had a maximum energy of 113 KeV; the S8 particles
were produced by the decay of tritium in the target and had a maximium
energy of 18.0 KeV. The range of 18.6 KeV 8 particles in aluminium

is 0.0022 mm®*®

+ s0 this thicknzss of aluminium would completely
shield the scintillator. Data on the range of deuterons in aluminium

can be obtained by scaling proton range data derived from the

relationship:
(dE) i (dE 3 4
dx proton(E) ax deuteron(2E)

i.e.. the deuteron range is twice the range of a proton with the same
velocity. Mean proton ranges in aluminium have been tabulated by
Nhaling(AO). A 100 KeV proton has a range in aluminium of 0.26 mg.cm-z
(0.001 mm) so a 200 KeV deuteron has a range in aluminium of 0.52 rng.t:m”2
(0.002 mm).

The foil used was 0.0044 mm thick, which completely shielded

the scintillator from the g particles and scattered deuterons, but

was not of sufficient thickness to stop the alpha particles. An
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added advantage of the foil was that it made the scintillator light
tight. The exposed area of the scintillator was defined by an aluminium
aperture plate placed in front of the scintillator in a recess in the
target assembly flange. The plate had a rectangular hole cut out of

its centre measuring 15.8 mm horizontally by 10.9 mm vertically. This
limited the angular acceptance of alpha particles in the horizontal plane
to 90° + 5°.  The alpha detector scintillator light pipe. aperture

plate and photomultiplier are shown in figure 3.4.

D9 Scattering Sample Position

The scattering sample was positioned so that it completely
intercepted the neutron beam defined by the associated alpha particles.
The most intense part of the neutron beam was at an angle of 83° to
the deuteron beam direction. corresponding to the alpha particles
detected at 90°, so the scattering sample was centred orn this angle.
The kinematics of the 3H(dm)l'He reaction are discussed in section 5.2.
As the defined neutron cone diverged from the target the required
sample size depended on the target to sample distance. The scattering
sample was positioned 250 mm from the target. At this distance the
cross sectional area of the neutron beam, defined by the 10° alpha particle
detector aperture., was 68 mm high by 44 mm wide. Figure 3.5 shows
the target assembly with a scattering sample in position.

The flight path from the centre of the scattering sample
to the face of the neutron detector was fixed at 2 metres. Due to
the limited experimental area available in the laboratory the
scattering angle range was limited to angles between 0° and 100°. A
plan view of the target. scattering sample and shielded neutron
detector is shown in figure 3.6.

3.6 The Time of Flight Electronics

A block diagram of the circuitry associated with the two

detector channels is shown in figure 3.7. The output pulse from the
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Figure 3.5. The Target Assembly with a Scattering Sample in position.
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Figure 3.7.

Block diagram of the time of flight electronics.
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anode of each photomultiplier tube was fed into screened coaxial cable.
through an emitter follower designed to provide suitable drive and
matching into the coaxial line. Each pulse was then fed to an amplitude
discriminator. which accepted the pulse only if it exceeded a pre-set
amplitude. The pulse at the discriminator output was then fed to a
pulse shaper and then to the coincidence circuit.

Each time a pulse was allowed through the neutron channel
discriminator. the output pulse triggered the “"start”™ generator. which
was a monostable circuit whose output pulse acted as the start pulse for
the time to pulse height converter. Simultaneously. the output pulse
from the neutron channel shaper triggered the “coincidence time”
generator: which was a 100 ns monostable circuit whose ocutput opened the
coincidence gate for the required coincidence time. The suitably
shaped pulse corresponding to the associated alpha particle was fed to
the second input of the coincidence gate. A pulse at both inputs of
the coincidence gate during the coincidence time, caused a pulse to
appear at the gate output and this pulse triggered the "stop” generator,
which was a monostable circuit whose output pulse acted as the stop pulse
for the time to pulse height converter. The output pulses of the time
converter were fed into a multi-channel pulse height analyser to build
up a time of flight spectrum.

The following sections describe the individual circuits in
more detail.

Neutron Channel Discriminator and Shaper

The circuit is shown in figure 3.8. Amplitude discrimination
was effected by transistor T1 and the potential divider action of
resistors R1 and RZ. The extremes of the potentiometer R2 enabled
the base voltage of T1 to be varied between zero and +2.8 volts.

This ensured that T1 was not conducting and could only be turned on to

the conducting state by making the base negative with respect to the
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emitter. The base of transistor Tz was normally held at -0.5 volt
by resistors R6 and R7. and this ensured that T, was conducting. since
the common emitter voltage was approximately +1 volt.

The negative pulse derived from the neutron detector was
coupled into the base of T1 through capacitor 01. and had to be
sufficiently negative to overcome the positive bias on the base of T1.
Transistor T1 conducted for the period during which the input pulse
overcame the base bias. and the collector output of T1 was a positive
pulse of the same period. This pulse was coupled through capacitor
02 into the shaper transistor T2 switching it off for the duration of
the pulse, producing 2 standard negative pulse of -4 volts amplitude
at the collector of T2. Hence. there was no output if the input pulse
was below the discrimination level:, but if the input pulse exceeded the
discrimination level. a constant amplitude output pulse was obtained.
with the same pulse width as the input pulse width.

Two outputs were taken from the discriminator through emitter
followers. One output provided a trigger pulse for the "start”
generator. and the other output was inverted by transistor TS’ giving a
positive pulse which was used to trigger the "coincidence time”

generator.

Alpha Particle Channel Discriminator and Pulse Shaper

The circuit for the alpha particle channel amplitude discriminator
was identical to that of the neutron channel. Two outputs were taken
from the discriminator, one to trigger the alpha particle channel shaper.
the other to provide a suitable pulse to drive the alpha particle
channel scaler.

The alpha particle channel pulse shaper is shown in figure 3.9
and was a standard monostable circuit. In the stable state, transistor
T1 was switched off and transistor T, was fully conducting. A negative

pulse applied to the base of T1 starts to turn the transistor on and its
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collector voltage begins to rise. This positive excursion is
transmitted through capacitor c1 and starts to turn Tz off. causing its
collector to go negative. This negative signal is fed back to the
base of T1 through the feedback resistor R4. enhancing the negative
input pulse at the base. The circuit remains in the quasi-stable state
with T1 on and T2 off. until the base voltage of 'l'2 relaxes from +10 volts
to approximately -0.5 volt with time constant C1R3. The quasi-stable
state lasts for a period 0.7C1R3 and the output pulse at the collector
of T2 is a pulse of -10 volts amplitude and 0.85 i s width. This
output pulse was then fed through an emitter follower T3 and sharply
differentiated by C2 and Roe giving a -4 volt amplitude output pulse of
approximately 20 ns duration. The positive spike resulting from the
di fferentiation of the trailing edge of the shaper output pulse was only
of +1 volt amplitude, due to the slow trailing edge of the shaper pulse.
The negative output pulse from the differentiator was fed directly to
one input of the coincidence gate.

The alpha particle channel scalar required negative pulses of
between -2 volts and -3 volts amplitude. It was therefore necessary
to feed the alpha particle channel discriminator output pulse through an
isolating emitter follower T,, and a differentiator circuit C, and Ryqe
to give -2 volt pulses of 70 ns width. This circuit is shown in
figure 3.9.

The Coincidence Circuit

The coincidence circuit consisted of a "coincidence time”
generator and a coincidence gate. Figure 3.10 shows the “coincidence
time” generator. which was a standard monostable circuit whose output
was fed directly to one input of the coincidence gate. In the stable
state, transistor T1 is switched off and transistor Ty is fully
conducting., with the collector voltage of T2 at approximately zero volts.

A positive input pulse., derived from the neutron channel shaper through
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capacitor 51. is applied to the base of Tye causing the transistor to
start conducting. Its collector voltage begins to fall and the negative
excursion is transmitted through capacitor Cz and starts to turn T2 off,
causing its collector to go positive. This positive signal is fed back
to the base of T1 through the feedback resistor R3. enhancing the positive
input pulse at the base. The circuit remains in the quasi-stable state
with T1 on and T, off, until the base voltage of T, relaxes from - 5 volts
to approximately 0.5 volt with time constant csz. The quasi-stable
state lasts for a period 0.?CZR2 and the output pulse at the collector of
T, is a positive pulse of + 5 volts amplitude and 100 ns width.

The coincidence gate was similar to that used by Oliver et al(41)
and is shown in figure 3.11. The zener diode held the emitter of
transistor T3 at +1.5 volts. In the quiescent state the base of
transistor T3 was at zero volts and so T; was cut off. since its base was
negative with respect to its emitter. The gate output. which was the
collector of T3 was thus held at + 10 volts. The negative input pulses
from the alpha particle channel shaper were fed into the grounded base
transistor T4 causing it to saturate., producing negative pulses of
1.5 volts amplitude at its collector. When a neutron was detected the
“coincidence time” generator fed a + 5 volt pulse to the base of T3.
causing it to conduct. Thus. with coincident gate input pulses from
both neutron and alpha particle channels. a negative pulse of 6 volts
amplitude appeared at the collector of T3. This output was fed through
an emitter follower and provided a suitable pulse to trigger the “stop”
generator.

The “stop”™ generator was a standard monostable circuit which
produced a standard timing pulse of - & volts amplitude and 600 ns
duration. This was the stop pulse for the time to pulse height

converter. The "start” generator in the neutron channel was an

identical monostable circuit, which produced the start pulse for the
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time to pulse height converter. The circuit used is shown in figure 3.12.

The Time Converter

Measurement of time intervals in the nanosecond range is usually
made by converting the time interval into a voltage pulse. The time
converter generates an output pulse whose amplitude is proportional to
the time between the start and stop pulses. When a start pulse is
applied it initiates the charging of a capacitor from a constant current
sourcer and when a stop pulse is applied the charging is halted. The
voltage across the capacitor is thus proportional to the time interval
between the start and stop pulses.

The time converter used in the present work was a Nuclear
Enterprises type NE 6250. The amplitude of the output pulse was
0 to + 10 volts with range selections of 0 to 50, 100, 200. 500 or
1000 ns  In the absence of a stop pulse after the given time interval.
the instrument automatically reset itself to its original mode.

The output pulses of the time converter were analysed in a
100 channel pulse height analyser, a TMC gammascope 1202.

3.7 Setting the Discriminators

It was necessary to set the discriminator levels for both the
neutron and alpha particle detectors at a consistently reproducible
known level. As was discussed in section 2.4 the neutron discriminator

22 Y rays interacting in the neutron

was set to reject pulses due to Na
detector. The experimental arrangement for setting the neutron channel
discriminator level is shown in figure 3.13.

With the Na22 source placed in front of the neutron detector. the
count rate was measured as a function of the voltage on the base of
transistor T1 (figure 3.8), the voltage being adjusted by means of the
0 - 500 {1 potentiometer. Figure 3.14 shows the integral Compton

spectrum obtained by plotting the count rate against base voltage. The

differential Compton spectrum was obtained from this data by plotting
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Figure 3.13. Block diagram of the electronics used to set the neutron

channel discriminator level.
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Figure 3.14. Integral Compton Spectrum for Na22 Y rays.
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the difference in the number of counts in successive voltage intervals
against that interval. The resulting spectrum is shown in figure 3.15.
The Compton edge of the 1.274 MeV 7y rays coincides approximately with
the point at which the count rate fell to half its maximum value. At
this point the voltage on the base of transistor T1 was 2.05 volts.

The experimental arrangement used for setting the alpha
detector discriminator level is shown in figure 3.16. The negative
discriminator output pulses provided suitable gating pulses for the
linear gate. As a result. the pulses below the discriminator level
were blocked from the multichannel analyser. Figure 3.17 shows the
pulse height spectrum of 3.52 MeV alpha particles produced in the
deuteron bombardment of the target. The discriminator level as
determined by the above method is shown in the figure. The voltage
on the base of transistor Ty in the alpha discriminator circuit was
1.25 volts.

The discriminator levels in both the neutron and alpha particle
detector channels were checked before cross section measurements were
made.

3.8 Electronic Testing

Lineari ty

To test that the coincidence gate was functioning correctly
the linearity of the time converter-gate combination was examined.
A random coincidence spectrum was obtained by using a pulse generator
for the stop signal and an americium-beryllium neutron source for the
start signal to the time converter. The experimental arrangement is
shown in figure 3.18. Since the two signals are randomly related in
time an equal number of counts should appear in each channel of the
analyser. Linearity tests were performed with the time converter on
the 0 - 100 ns¢ 0 - 200 ns and 0 - 500 ns ranges, with stop pulse

repetition rates of 20 - 400 KHz. The best linearity was found on
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the 0 - 200 ns range., and was relatively insensitive to changes in the
stop pulse repetition rate. As a result, all time of flight measurements
were made on this range.

The spectrum obtained is shown in figure 3.19. The total
length of the gate plateau was approximately 100 ns and the region used
is shown in the figure. The spectrum indicates that apart from the
non linear region after the start of the coincidence gate. the
differential time linearity was *+ 3%. This was considered satisfactory
for the present work. '

Time Resolution and Spectrometer Performance

There are sources of time uncertainty that arise in the
measurement of the time interval between the initiation of an event and
the registering of the detection of that event. The folding together
of all contributing time uncertainties in production and detecticn of an
event yields a total time uncertainty called the resolving time or time
resolution. For analytical purposes this is given by the square root
of the sum of the squares of the individual timing uncertainties; and
this is equal to the full width at half maximum (FWHM) of a timing peak
in a time of flight spectrum. The time resolution was measured by
observing the cirect neutron beam which was at an angle of 83° to the
incident deuteron beam direction. Figure 3.20 shows the coincidence
curve obtained for a repetition rate of 100 KHz in the alpha particle
channel. The curve shows a FWHM of approximately 2.5 ns.

With the associated particle method the neutron production
time can be determined with a very small uncertainty. Most of the
line width in the spectrum is due to (i) kinematic variations over the
finite angular extent of the detectors, (ii) dispersion in the alpha
particle velocities due to the thickness of the tritiated titanium
target, (iii) dispersion in the neutrcn transit times in the neutron

scintillator and:. (iv) timing uncertainties in the associated electronics.
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At the instant of production the alpha particles had an energy
of 3.52 MeV with a small energy spread of approximately 60 KeV, due to
the ten degree angular range subtended by the alpha particle 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. This resulted in a
time spread of 0.4 ns over the 90 mm target to alpha particle detector
flight path. The uncertainty in the transit time in the 50.8 mm thick
neutron scintillator was 1 ns (section 2.2). Both photomultiptief tubes
were Philips 56 AVP's which have a stated transit time spread of 0.5 ns.

The time resolution was also found to be dependent on the
repetition rate of the signal in the alpha particle detector channel.

The resolution varied from 2 ns for repetition rates up to 60 KHz. to

4 ns for repetition rates exceeding 150 KHz., and was accompanied by a
small time shift of the centre of the coincidence curve to a lower
channel number of the analyser. These effects were attributed to the
change in gain of the alpha particle detector photomultiplier due to the
higher count rate.

The time resolution of 2.5 ns indicated in figure 3.20 was
sufficient for the present work. To ensure time stability of the
associated particle spectrometer throughout all experimental observations.
the repetition rate in the alpha particle detector channel was maintained
at a constant rate of 100 KHz. The small loss in time resolution due
to the higher count rate had obvious advantages over the amount of

scattering data acquired.



68

CHAPTER 4

An Associated Particle Time of Flight System For Use with the

Reaction 2H(d.n)3He at an incident deuteron energy of 150 KeV

4.1 Experimental Considerations

There are considerable experimental difficulties in applying
the associated particle technique to the lower Q-value (3.26 MeV)
2H(dm)3l-le reaction with' incident deuteron energies below 200 KeV, if
the associated 3He particles are to be detected unambiguously and
good timing resolution obtained. These difficulties arise from a
combination of two factors; (i) the associated 3He particles must be
distinguished from a very much larger number of charged particles
produced in other interactions in the target and. (ii) the low energy
of the 3He particles resulting from both the reaction kinematics and
energy loss in escaping the target.

3He reaction.

In addition to the “He particles from the 2H(d.n)
other particles will be emitted from the target namely. (i) deuterons
elastically scattered by the Coulomb field of the target nuclei.

(ii) protons and tritons both produced in the reaction 2H(d.p)SH and.
(iii1) neutron capture 7y rays from surrounding material. The separation
of these other particles is especially important since for a determination
of the neutron flux at the scattering sample. the number of 3He particles
must be accurately known.

Due to the energy loss of the deuterons in the target, the
energy distribution of the scattered deuterons is a continuous distribution
between zero and Ed' the energy of the incident deuterons from the
accelerator. The number of scattered deuterons is higher than the
number of 3He particles by a factor of about 105. and in general. pile

up of the deuteron pulses will occur in the 3He particle detector
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channel. Therefore. unless the pulse height for the 3He particles is
much more than the pulse height for deuterons., a discrimination between
deuterons and 3He particles cannot be made in the detector alone.

The cross sections for the 2H(d-n)3He and 2H(d.p)3H reactions
are approximately equal for incident deuteron energies up to 200 KeV.
Consequently. the number of protons and tritons is of the same order
as the number of 3He particles. Due to the higher G-value (4.032 MeV)
in the latter reaction. the proton and triton energies (approximately
1 MeV end 3 MeV respectively) are higher than the 3He particle energy.
and it is possible to get different pulse heights for the 3He particles
and for the protons and tritons. For an incident deuteron energy of
150 KeV the 3He particle energy is rather low, i.e. ~800 KeV: therefore
the main difficulty arises from deuterons elastically scattered from
the target. It is extremely difficult under such conditions to avoid

3He particle detector which are in no way

events in the associated
associated with coincident neutrons. A low deuterop bombarding energy
allows better discrimination between scattered deuterons and the
associated 3He particles. since the energy difference between them
decreases at higher bombarding energies. Various methods have been
applied to eliminate some of the difficulties discussed so far.

(42) and Schuster (433 tried to reduce the

McFadden et al
number of scattered deuterons by using a thin deuterated polytheylene
target. While this method has the advantage that the full energy of

the 3

He particles is available for effecting a detector response. the
count rate in the unshielded detector and associated electronics is

high and the 3He particle pulses are usually not well resclved in the
detector pulse height spectrum. Furthermore. because of the difficulty
in producing satisfactory targets for use with low incident deuteron

energies. the method is effectively restricted to deuteron energies in

the MeV range.
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Franzen et 31(44)

used a gas target. and took an angle greater
than 90° between the direction of the 3He particles and the incident
deuteron beam. In this way they eliminated the effect of scattered
deuterons because no deuterons can be scattered by deuterium gas over
angles greater than 90°.  However. the use of gas targets introduces
considerable problems in that the target must be isolated from the
accelerator vacuum system either by thin windows, or by a differential
pumping system.

Dixon and kitken<45)

39

» working on the absolute cross section of

39 Al reaction for'2.5 MeV neutrons at an incident deuteren

the ““K(n.p)
energy of 100 KeV, used a thin CsI(T<£) crystal for the 3He particle
detector. A crystal of thickness 0.51 mm and diameter 25.4 mm was used.
with a film of aluminium evaporated on one side of the crystal. The
main disadvantages with a detection system of this type are threefold.
(i) The thickness of the foil covering the crystal is critical. The
foil thickness must be sufficient to prevent scattered deuterons from
reaching the crystal. but must not be thick enough to degrade the 3Ha
particle pulse height to a level comparable with the noise level of the
system. (ii) The inherently poor resolution of a CsI(T.€) crystal
results in a broad 3He particle peak. Consequently., if cenuine 3He
particles only are to be selected for neutron flux determination. a
narro¥ pulse height window must be used. Such a restriction would
result in a relatively low 3He particle counting rate with consequent
poor efficiency. (iii) The sensitivity of the crystal to neutron
capture Y radiation is not entirely negligible even for thin crystals.

A considerable improvement is made by the use of a
semi-conductor detector as the associated particle detector(&6'47'48).
The use of this type of detector has the advantage of giving better
discrimination between particles. because the height of the pulses from

such a detector is proportional to the energy the particles lose in the
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sensitive region of the detector. The intrinsically good resolution

of semi-conductor detectors, combined with their low sensitivity to ¥ rays.
reduces considerably the restrictions previously necessary on the foil
window in front of the detector. It is only necessary to ensure that the
foil thickness is adequate to prevent scattered deuterons from reaching
the detector. Bell et al(46). working at an incident deuteron energy

of 100 KeV with a gold “drive-in" target. used a silicon surface barrier
detector with a separately mounted nickel foil. The thickness of the
foil used was sufficient to completely absorb scattered deuterons but
allowed the residual 3He particle energy to effect a detector response
above the noise level. The upper limit to the deuteron energy at which
this method may be usefully employed results from this last requirement.,
since the deuteron range in the absorber increases more rapidly with
energy than that of the 3He particles emitted in the reaction. A marked
disadvantage in the use of foils as discussed is that the absorbing foils
are extremely thin. and the method is effectively restricted to incident
deuteron energies below 100 KeV‘aS)(46).

As is evident from the discussion so far. the discrimination
cannot be realised completely by the detector or by an absorber. However,
in an attempt to overcome the limitations in detection of the associated
3I-le particles, a selection system can be introduced before the particles
strike the detector. This can be effected by using an electrostatic or
magnetic field in which the particles are deflected with curvatures
depending on their charge. energy and mass. Both of these methods allow
resolution of the 3He particles without the use of a foil in front of
the detector. The advantages of such an associated particle detection
system are numerous. However. the method requires longer flight paths

3He particles, causing a large variation in the flight times of

for the
3He particles of different energies with a resulting loss in the

- - - - 3
achievable coincidence time resolution between the neutrons and “He
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particles. Magnetic or electrostatic deflection also allows detection

3 3 -0 3He+

He particles of only one of three stable charge states (“He®.
3

of
and He++) emerging from the target., thus decreasing the coincident
neutron flux for a fixed incident deuteron beam.

Bartle et at(ﬁq)

+ using a magnetic analyser, found that the
associated 3He particles were completely resolved for a range of deuteron
energies starting at 100 KeV. even with a detector of medium quality.
Increased neutron yields are possible at higher deuteron energies because.
since the detector no longer requires an absorbing foil., the danger of
detector damage due to window failure is removed. The full energy of the
3He particles is expended in the detector giving an improved signal
response and consequently improved rescolution. also the associated

particles may be observed at angles for which the 3He particle energy

is relatively small. These same advantages apply to an electrostatic

discrimination system(SO). The condition for different deflection is:
E3 > 2Ed for an electrostatic field e o s hotta)
He
8 :
E3He > Z'Ed for a magnetic field o wiis = o 14b)

where E3He is the energy of the 3He particles emitted from the target
and Ey is the incident deuteron energy. From these conditions it is
seen that the best discrimination is possible with an electrostatic
system.

The parameters which determine the associated particle method
are Ed' the incident deuteron energy and {33He + the angle of emission of
the 3He particles. The best discrimination between 3He particles and
deuterons is possible when the ratio E3HefEd is as large as possible.

This implies that both 83He and Eq have to be as small as possible.

However: 63 cannot be too small because the 3He particles then have
He
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long paths through the target, which implies a large energy loss.
Furthermore. at low incident deuteron energies the neutron yield is
small and therefore Ed must have an appreciable value.

For a good discrimination a small angular spread in the 3He
particle beam is essential. Therefore a small value of d 63He/dErt
is required. where Ert is the deuteron energy at which the reaction
takes place in the target. The requirement for a small value of this
quantity is connected with the desirability to use a reasonable thickness
of the target in order to get high intensity in the coincident neutron

beam.

4.2 The 3He Particle Detector

A comparison of the methods discussed shows that probably the

2hedomd He

best associated particle detection system for use with the
reaction. is discrimination of the particles by an electrostatic field in
conjunction with a semi-conductor detector. This was the method adopted
in the present work.

Taking into account the limitations on experimental facilities
and space available, an electrostatic plate analysing system was used
for particle discrimination, with a silicon surface barrier detector as
the 3He particle detector. The associated 3He particles were detected
at an angle of 90° to the incident deuteron beam. As well as fitting
in conveniently with existing experimental arrangements. this was
accepted as a reasonable compromise with respect to the problem of
energy losses in the target.

4.3 Expected Neutron Yield at 90° from a Titanium Deuteride Target

of Uniform Deuterium Atomic Ratio

The lack of sufficiently accurate experimental data on the
cross section of the 2H(d.n)SHe reaction and on the energy loss of

deuterons in titanium deuteride at incident energies up to 150 KeV.

required calculations in order to obtain a yield curve for titanium
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deuteride. These calculations were necessary in order to estimate
the number and range of energies of the 3He particles escaping from
the target and hence to design a suitable electrostatic deflection
system. The deuterated titanium target used was supplied by the
Radiochemical Centre and had a deuterium atomic ratio (i.e. loading
factor) of 1.2.

Method of Calculation

It was assumed that the deuterium atomic ratio of 1.2 deuterium
atoms per titanium atom was constant throughout the whole thickness of
the target material. and that ény surface contamination layer was of
negligible thickness. This assumption has been found to be justified

(51 and Woods and Saker(sz}

by Gunnersen and James + in calculating the
expected neutron yields from tritiated titanium targets.
From the theory of the yield of & nuclear reaction, the total

yield of particles per incident deuteron of energy E is given by:

E N o€E)dE
Y ES ‘[ —_—— N e B Ty
o dE/dx

where n, is the number of deuterium atoms per cm3 (assumed constant) ,

t
o (E) is the cross section at energy E for the 2H(d.n)sHe reaction,
dE/dx is the rate of loss of energy of deuterons of energy E in the
titanium deuteride target and dE is a constant small energy interval.

The yield per incident deuteron per steradian at 90° in the laboratory

system is then given by:

dﬂ
n S {(E) dE
E t (d;u 90°

dy =[ e Y
dE/dx
(o]
where g—gD (E) is the differential cross section at energy E for
(o]

90
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the 2H(d.n)3He reaction at 90° in the laboratory system.
The value of the constant n, is obtained as follows. If the
target material TiDN contains N = 1.2 deuterium atoms per titanium atom.

then the density Ptip of the target material is given by:
N

_ 48 + 2N g
pTiD - — X pTi X 0-85 Lo 4-05 .- s e 4.4

N 48

where F%i = 4.54. The factor 0.85 arises from the 15% expansion which

the deuterium lattice undergoes during deuteration. The number N, of

deuterium atoms per cm3 is then
23
1.2 x pTiDN x 6.02 x 10

n, = e 5.8 3 10°° .. 4.5

TiDN

The chief source of error in calculating the yield over an
extended energy range is the lack of reliable experimental data on the
rate of energy loss dE/dx of deuterons in titanium deuteride. There
are no experimental figures available on the rate of energy loss of
deuterons in either titanium deuteride. titanium alone. or deuterium
alone for the required energy range. Moreover., most available data on
the rate of energy loss of deuterons in other metals usually does not

extend down to energies less than 100 KeV; Allison and Harshau‘ss).

Harshaw‘sa). however. has made some measurements on the rate of energy

loss of protons in aluminium. copper. silver and gold for the proton

energy range 50 - 350 KeV. which corresponds to deuteron energies of

100 - 700 KeV.

The data used for the energy loss of deuterons in titanium

was that of Woods and Saker(SZ). To obtain a curve for titanium they

. . s -1
assumed a law relating energy loss to atomic weight. i.e., dE/dx<A ~.
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By taking Warshaw's results for the metals quoted overleaf. the
assumption was found to be valid at higher deuteron energies between
300 - 400 KeV and only for materials of light atomic weight. The

~(55) =143

assumption of Segre ¢« that dE/dx ~ A gave no better results.

Thus a straichtforward interpolation assuming a power law was not regarded
as reliable. The method used consisted of plotting dE/dx against A-1,2
and also A”1/3. using Warshaw's figures. for the points of deuteron energy
200, 150 and 100 KeV. giving reasonably smooth curves. from which the
average intercepts corresponding to titanium were obtained. A curve was
drawn. and produced to the point dE/dx = 200, E = 60 from where it was
joined to the origin by assuming dE/dx n-Ei. The curve obtained is
shown in figure 4.1 and the data given in table 4.1(52). Obviously. the
probable error of points obtained by this method cannot be small.
particularly as there exists no adequate theory of stopping power in the
region in question. but in the absence of any anomaly an accuracy of + 5%
should apply.

The rate of energy loss of deuterons in deuterium was obtained

(563 in which experimental results

from a paper by Dalgarno and Griffing
of several workers for proton energy loss in hydrogen are collected. The
energy loss in deuterium in Kevimg.cm—z is equal to one half of the energy
loss in hydrogen in KeV/mg.cm_Z. since the atomic weight is 2 but the
nuclear charge is the same. The data obtained is given in table 4.1.

The probable error in figures obtained by Dalgarno and Griffing(56) W

as
estimated to be + 5% above 20 KeV deuterons. increasing to possibly + 10%
for the lower values.

The only known approximation to use for the value of dE/dx for
deuterons in titanium deuteride is that value obtained by assuming that

Braggs Rule holds. i.e.r that the eneroy loss in a compound is the sum

of the energy losses in its separate constituents. Hence.
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Figure 4.1. Energy loss of deuterons in titanium. from Woods and Saker(SZ)
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Table 4.1

Energy loss data for Titanium. Deuterium and Titanium Deuteride

Deuteron Energy (dEldx)Ti (dE/dx)D (dEfdx)TiD
KeV Il(e\h"mt_:;.cm_2 I(e‘»'/mg.c:m-2 Kevlmg.cmﬂz
10 82 960 124.14
15 100 1080 147.04
20 115 1176 165.93
25 129 1257 183.15
30 141 1341 198.60
35 153 1404 213.05
40 163 1470 225.74
45 173 1524 237.85
50 183 1566 249 .39
60 200 1671 270.61
70 214 1758 288.11
80 226 1824 302.70
90 236 1875 314.67

100 245 1905 324.68
110 251 1926 331.40
120 257 1926 35011
130 262 1917 341 .44
140 266 1902 344 .53
150 270 1884 347.47

160 273 1860 349.18
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dE _ 48 g_e_) 2 2n [ de o
dx ° W+ \dx/ BFB A, “ - :

dE dE &
0.952 ('a;) 3% + 0.048 (E;)D fOI" N =12

There is evidence that this law holds sufficiently accurately for those
compounds for which it has been investigated provided the incident energy
is not less than about 10 KeV(S6’57'58). Just how low in deuteron energy
it is possible to go before the law deviates for TiD is uncertain.
Using equation 4.6. the curve obtained for the energy loss of deuterons in
TiD is shown in figure 4.2: and the data is listed in table 4.1.

The values of the differential cross section at 90° in the
laboratory system for the reaction 2H(d.n)3He were calculated from the

total cross section data measurements of Arnold et al(59).

They measured
the differential cross section of the reaction at 90° but published only
the total cross section data. Figure 4.3 shows the total cross section

of the reaction for the energy range 0 - 150 KeV. The total cross section

was calculated by the equation:

o 5 do
Total = 47gh(E) (d)%o ....... 4.7

where ‘g’ is the correction to the counter solid angle for motion of the
centre of mass. and h(E) is the correction factor for the angular
anisotropy of the reaction products in the laboratory system. The
correction ‘g’ was applied although its value was only 1.02. The factor

h(E) was of the form:
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where C., and 04 are experimentally determined coefficients in the

2
Legendre polynomial expansion of the anisotropy, taken from the data
of Wenzel and Hhaling(bo) and
R 2 L 3E
p—cosﬁ-w—;—g— o e s e G

where ¢ is the centre of mass angle that corresponds to 90° in the
laboratory system and E is the energy in KeV in the laboratory system.
The experimentally determined values of c2 and C4 in the Legendre

polynomial expansion of the anisotropy viz..

do

o
o T
- Zfﬁ:[1 + CZPZCcos 0) + C4P4(costﬂ} MU e e 1D

(60)

undertaken by Wenzel and Whaling for the five energies considered.

are listed in table 4.2.

(59)’ the

Using the total cross section data of Arnold et al
data of table 4.2, and equations 4.7, 4.8 and 4.9. the required
differential cross section of the reaction 2H(d-n)sHe was calculated
for the energy values given in table 4.2. The results are listed in
table 4.3. Figure 4.4 shows a curve of the differential cross section
as a function of energy., fitted to the data of table 4.3.

By use of equation 4.3, the yield per incident deuteron
per steradian at 90° was calculated as a function of deuteron energy.
Figure 4.5 shows the resultant yield curve of neutrons per microcoulomb
of deuterons (1.6 x 10h13 particles). The results are listed in
table 4.4.

Most of the inaccuracy in these calculations arises from
the uncertainty in the energy loss figures for deuterons in titanium
deuteride. Because of the extrapolation involved at low energies, it

would be unjustifiable to claim an accuracy greater than + 10% and it
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Table 4.2

Legendre Polynomial Coefficients

Ed KeV Cz 64
35 0.155 0.020
50 0.195 0.020
70 0.247 0.020

100 0.310 0.023
150 0.400 0.031
Table 4.3

Differential Cross Section of the Reaction 2H(d.n)sHe

E KeV p° h(E) o wb (o /dw) g0 mb/st
35 0.0131 0.918 1.7 0.147
50 0.0186 0.899 4 0.372
70 0.0260 0.875 8.5 0.773

100 0.0370 0.845 15.2 1.431

150 0.0550 0.799 23.8 2.370
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Figure 4.4. The differential cross section for the 2H(d.n)3He reaction.
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Figure 4.5. Yield of neutrons per microcoulomb of deuterons.
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Table 4.4

Yield per Microcoulomb of Deuterons

Energy Interval  dY x 10°% dv x 107" 5 dY x 1077 Neutrons

(KeV) (mg.cm-s) p P per /L coulomb
15 - 25 0.00068 0.000150 0.000150 0.094 x 103
25 - 35 0.06231  0.000508  0.000658 0.411 x 10°
35 = &5 0.00454 0.000999 0.001660 1.036 x 103
45 - 55 0.00724 0.0015%90 0.003250 2.030 x 103
55 ~ 65 0.00992 0.002180 0.005430 3.390 x 103
65 - 75 0.01300 0.002860 0.008290 5170 % 103
75 - 85 0.01600 0.003520 0.011810 7.370 x 103
85 - 95 0.01890 0.004160 0.015970 9.970 x 103
9> = 105 0.02150 0.004730 0.020700 12.920 x 103
105 - 115 0.02430 0.005350 0.026050 16.260 x 103
115 - 125 0.02660 0.005850 0.031900 19.910 x 103
125 - 135 0.02860 0.006290 0.038190 23.840 x 103
135 - 145 0.03100 0.006820 0.045010 28.100 x 103
145 - 155 0.03330 0.007330 0.052340 32.670 x 103



87

may be very much worse than this for incident deuteron energies of less
than 20 KeV. It is important to note, however. that above 20 KeV, the
general shape of the yield curve is far more likely to be correct than
the absolute position of the curve on the ordinate scale. Furthermore.
at low incident energies the effect of surface contamination is likely
to be serious in reducing incident ion energy. An uncontaminated
surface, rather than a high atomic ratio, is the most essential property
of a target operating at low incident energies.

4.4 Energy of the 3He Particles Escaping the Target

In order to find the energies with which the 3He particles
escape the target, it is necessary to find the range of deuterons in
titanium deuteride and the energy loss of 3He particles in titanium
deuteride.

The range of a deuteron of incident energy Ed in a material

in which its rate of energy loss is dE/dx is given by :

E
o d dE
RCE -[0 = v ey s

For constant energy intervals dE, the range can be written as

AE,
i

R(Ed) = Ei m * & * e 8 ° =& = 4.12

For a 150 KeV deuteron, using the energy loss data of figure 4.2 and

for constant energy intervals of 10 KeV. this gives R(E150)=0.638 mgm.cm"2

Table 4.5 lists the deuteron range in titanium deuteride as a function
of incident energy from O - 150 KeV. The table also lists the energy
of the 3He particles produced in the reaction 2H(d.n)3He as a function
of incident deuteron energy.

It is evident that the energy of the 3He particle produced

in the reaction 2H(dm)3He in the target, is dependent on the energy
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Table 4.5

Range of Deuterons in Titanium Deuteride

Ed KeV Range (mg.cmnz) 53 KeV

He ?
10 0.106 816
20 0.174 814
30 0.229 811
40 0.276 810
50 0.318 806
60 ' 0.356 804
70 0.392 801
80 0.426 799
90 0.459 796
100 0.490 794
110 0.520 791
120 0.550 789
130 0.580 786
140 0.609 784

150 0.638 781
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at which the incident deuteron initiates the reaction. i.e.. the incident
deuteron may travel some range 'r' into the target., losing part of its
energy. and there produce a 3He particle of a given energy. Since the
target is at 45° to the incident deuteron beam. the 3He particle has to
travel the same range 'r’ to escape the target, and in doing so loses
part of its energy. In order to estimate the energy loss of the 3He
particle consider the diagram shown schematically in figure 4.6.

Let E{ be the initial energy of a e particle produced at a
range r, in the target, and let E; be the energy with which the 3He

particle escapes the target. then:

S
E1 - E1 ("d‘i‘) ..l‘1 * s e @ ¢¢¢4.13

where (%E-) ' is the energy loss of a 3He particle of energy E1' in
1
titanium deuteride. Similarly if Eé be the initial energy of a 3He

particle produced at some second range roe then:

Ez = EZ [(dx> \ .r‘1 + (dx) .!"2 ] P o w e len 1 G
o

E

i dE
where oc—Ez (dx) LA

5

2

To employ equation 4.14 and subsequent equivalent equations:

it is required to know the rate of energy loss of 3He particles in
titanium deuteride. Energy loss data for deuterons in titanium deuteride
was available for higher incident energies up to 1 MeV. The required
3He particle energy losses were thus deduced from this data according to

the relationship:

dE (3 ) 4 dE
5 He 36 = 4.3; (deuteron)E S AT s Ry

2
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Figure 4.6.
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The deuteron energy loss data used was that given in LAMS Report

No. 2162(61). which was calculated for an atomic ratio of N = 1. No
data was available for an atomic ratio of N = 1.2. This was considered
adequate in spite of the slight difference in the atomic ratio. Table
4.6 and figure 4.7 show the converted energy loss of 3He particles in
titanium deuteride as a function of energy. as defined by eqguation 4.15.
Using the data of tables 4.5 and 4.6, application of equations of the
type 4.14 yielded the range of energies of the 3He particles emerging

from the target. These values are listed in table 4.7.

4.5 The Electrostatic Deflection System

Theoretical Considerations

Consider a particle of charge ‘e’ entering into the
homogeneous electrostatic field between two plane parallel plates of

voltages + Vp. as shown in figure 4.8.

N/

+V

Figure 4.8.

Let the particle move along the Z-axis and let the two plates

be arranged symmetrically about the Z-axis. parallel to the X-Z plane.



92

Table 4.6

Energy loss of 3He Particles in Titanium Deuteride

Ey KeV (dE/dx) Deuterons E3He KeV (dE/dx) 3He
l(e\af/mg.cm"2 Ke\l’)‘rru_:;.crnh2

600 258.9 900 1035.6
570 265.6 855 1062.4
540 271.0 810 1084.0
510 277.1 765 1108.4
480 283.1 720 1132.4
450 288.6 675 1154.4
420 294 .6 630 1178.4
390 300.7 585 1202.8
360 307.3 540 ' 1229.2
330 314.0 495 1256.0
300 320.7 450 1282.8
270 L 405 1311.6
240 335.2 360 1340.8
210 341.8 315 1367.2
180 346.1 270 1384 .4
150 347.3 225 1389.2
120 342 .4 180 1369.6
90 325.% 135 1292.4
60 274.7 90 1098.8

30 1779 45 711.6
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Table 4.7

Emergent Energy of 3He Particles Produced in the Titanium Deuteride Target

Deuteron Energy 3He Energy Emergent 3He Energy
(KeV) (KeV) (KeV)
150 781 781
140 784 666
130 786 588
120 789 527
110 _ 791 473
100 794 423
90 796 376
80 799 331
70 801 . 287
60 804 246
50 806 208
40 810 170
30 811 131
20 814 94

10 816 65
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the spacing of the plates being Zyp. The electrostatic field vector

E is given by:
=y g9 Y

m
"
1

~<I_o<
o

L]

.

L]

L]

L]

.
I~

.

-

o

The equations of motion for the particle are:

2
m 9—% = eE
dt 4
J BRI
2
m Q_% = 0
dt

Subject to the boundary conditions (Eﬁé) = VO. y =0 and
0
)

The solutions of equations 4.17 are given by:

; ;
] wiai s s e, e e 18

Elimination of the time 't’' gives the equation of the particle orbit

ioe-f

LTI oz N2
y = zm Ey(u ) " = s & e w = 4.19

> muz2 B R e B S+ o T W e anla Cear s 4.20

and hence equation 4.19 reduces to

n
<

T i A ek
AR R R o T e 21

°
o
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Differentiation of equation 4.21 gives the angle of deflection ¢ at the

end of the plates:, i.e.«

. o B XD
tﬁn?s dz E Ep - p - - - - = - 4.22

Elimination of Vp!ypEp between equations 4.21 and 4.22 gives

tang = I o e s B2

This shows that the tangent to the beam leaving a parallel plate system
of length z can be produced back to the centre of the systenm.

Beam Tube Design

Due to the limited experimental space available the length
of the electrostatic separation system was restricted to C.4 m. The
deflector plates were 40 mm wide and 150 mm long. leaving a flight path
of 250 mm for an effective separation of particles before the 3He particle
detector. The separation of the deflector plates was 30 mm. The
deflector plates were fixed in the vertical plane and carried voltages
of + 3 kV respectively. supplied by two Nuclear Enterprises stabilised
power packs type NE 4646.

In view of the need for a small angular divergence in the
3He particle beam, the defining aluminium aperture plate in the target
assembly flange (section 3.4) was restricted to 3.2 mm horizontally by
4 mm vertically. This limited the angular acceptance of particles into
the electrostatic field to be 90° + 1° in the horizontal plane.

The displacement from the Z-axis over a flight path of 250 mm
after the applied electrostatic field was calculated using equations
4.21 and 4.23 for deuterons of 139 KeV, this being the maximum energy
of an incident deuteron of energy 150 KeV scattered through 90° from

the titanium deuteride target. Displacements were also calculated
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for protons and tritons of energy 972 KeV and 3.06 MeV respectively,
this being the maximum energy of the particles emitted in the reaction
ZH(d-p)SH for an incident energy of 150 KeV. and 3He particles of energy
781 KeV and 300 KeV, these being the extremes of energy considered for
3He escaping the target. The displacements are listed in table 4.8,
from which it can be seen that deuterons elastically scattered from the
target are well separated from the other particles. Protons and tritons
of energies below the stated maxima will incur greater displacements from
the Z-axis producing a certain amount of overlap into the 3He particle
displacement region. However: since the cross section of the ZH(dap)SH
reaction decreases with energy. the effect of these lower energy particles
is not serious since their numbers are much smaller than the number of
3He particles.

From these considerations., the beam tube was designed such
that the centre of the 3He particle detector was displaced 16 mm from
the Z-axis. This allowed detection of the maximum number of the
higher energy 3He particles, as well as compensating for the slight
angular divergence of the particle beam due to the + 40 defining aperture.
To prevent unwanted lower energy particles scattered from the inside
of the tube from reaching the detector. a rectangular aluminium collimator
70 mm long. and measuring 13 mm horizontally by 15 mm vertically was
placed at right angles to the detector face. The silicon surface barrier
detector was housed in a suitable end flange piece that formed the end
of the vacuum system. The electrostatic deflection system and 3He

particle detector are shown in figures 4.9 and 4.10.

4.6 The Time of Flicht Electronics

A block diagram of the circuitry associated with the two
detector channels is shown in figure 4.11. As Ortec NIM series units
were available for use in the time of flight electronics. no gating

system was required; these units are capable of coping with pulse

repetition rates up to 2MHz.
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Table 4.8

Displacement of Particles from the Z-axis

Particle

Deuteron
Helium 3
Helium 3
Proton

Triton

Energy (MeV)

Displacement (mm)

0.129
0.300
0.781
0.972
3.050

37.8
32.5
12.5
5.0
1.6
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Figure 4.10. The Electrostatic Deflection System and 3He Particle Detector.



100

Neutron 3He particle
Detector Detector
Emitter Pre
Follower Amplifier
] I
|
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; Cable :
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Neutron
Channel
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Start Time 3 Stop
Converter
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Height
Analyser

Figure 4.11. Block diagram of the time of flight electronics.
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The Neutron Channel

The output pulse from the anode of the neutron detector
photomultiplier was fed into screened ccaxial cable. through an emitter
follower designed to provide suitable current drive and matching into
the coaxial line. The pulse was then fed to an amplitude discriminator.
which accepted the pulse only if it exceeded a pre-set amplitude.
However: in view of the much lower primary energy of 2.5 MeV for neutrons
from the 2H(d-n)3He reaction., a different discrimination and shaping
system was required from that used in the 14 HMeV work.

Discrimination in this case was by use of an integrated
circuit high-speed differential comparator. The circuit was manufactured
by Texas Instruments Ltd., type SN 72710. The device is capable of
making a voltage comparison with a resolution of 5 mV.between + 5 volts
with a response time of 40 ns. The essential function of the circuit
was to act as a threshold detector: by comparing a signal voltzge with
a reference voltage. thus producing either a high level or low level
output when one input was higher than the other.

Figure 4.12(a) shows a basic circuit for using the
differential comparator. A reference voltage between + 5 volts maximum
is connected to one input and the signal is fed into the other. VWhen
the input exceeds the reference signal, the output changes in state from
+ 3.1 volts to -0.5 volt as shown in figure 4.12(b). The output
switches postively or negatively depending upon how the inputs are
connected.

The maximum supply voltages of +14 volts and -7 volts.
specified by the manufacturer’'s data sheet were produced with zener
diodes from the 24 volt supplies. The reference voltage:, variable
from 0 to -1 volt was supplied by a potential divider chain from the
=24 volt supply. In order to minimise offset veltage and thermal

drift, the manufacturers recommend that the source resistance of the
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signal voltage and the reference voltage should be equal. These
resistances should also be made as low as possible. preferably less than
200 2 for best performance. In order to avoid oscillations in the
circuit., it was necessary to by-pass to earth both the positive and
negative supplies. using low inductance disc ceramic capacitors of 0.01uF.
The complete discriminator circuit is shown in figure 4.13.

The output from the discriminator was fed to a standard
monostable circuit which produced a constant output pulse of -4 volts
amplitude and 100 ns duration. This pulse was compatible with the
input requirements of the Ortec NIM series time converter, type 447.

The circuit is shown in figure 4.14.

The 3He Particle Detector Channel

The silicon surface barrier detector used was a Nuclear
Enterprises type NES 50-100, having an area of 50 mm2 and a depletion
region 100 microns thick. The detector required a bias of +45 volts
when in operation and this was supplied by a Nuclear Enterprises power
pack: type NE 4646. The cutput from the detector was fed through a
screened coaxial cable into a Nuclear Enterprises pre-amplifier. type
NE 5287, which produced pulses of 1000 ns duration and amplitude
depending on the energy of the particle striking the detector.

The flight times of the 3He particles over the target to
detector flight path of 0.5 m varied from 70 ns for the maximum energy
of 781 KeV:, to 227 ns for the lower limit of 300 KeV. Therefore no
delay was required in the 3He particle detector channel.

When timing from the leading edge of slow rising pulses an
electronic error known as "time walk™ is introduced. This is the
difference in the triggering time due to different amplitude pulses
having otherwise identical characteristics. Figure 4.15 illustrates

this point. In order to minimise the effects of "time walk”™, the

output pulses from the pre-amplifier were fed to an Ortec constant
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Figure 4.13. The complete neutron channel discriminator circuit.
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fraction discriminator., type 463. The output from the discriminator
was then fed directly to the stop input of the time converter.

4,7 Electronic Testing

The neutron detector was placed at an angle of 71° with
respect to the incident deuteron beam direction; corresponding to 3He
particles detected at 90°.  The flight path from the socurce to the face
of the neutron detector was fixed at 1.25 m.

The discrimination level in the neutron channel was fixed
by the reference voltage on the comparator. A reference voltage of
-0.5 volt was found to be sufficient to eliminate background noise.
Discrimination in the 3He particle channel was by means of a 50 mV to
5 volt threshold level on the constant fraction discrminator. A
level of 80 mV was found to be sufficient to eliminate background noise
from the detector.

With the electronics set up as shown in figure 4.11. a
coincidence spectrum was observed, and this is shown in figure 4.16.
The spectrum was consistently reproducible and exhibited the expected
increase in time resolution due to the long flight paths of the 3He
particles. The resolution compares favourably with that obtained by

l(éz). i.e.. 10 ns for a deuteron bombarding energy of

(47)

Okhuysen et a
100 KeV and Monier et al + 101 sec for a deuteron bombarding

energy of 125 KeV.
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CHAPTER 5

Differential Cross Section Measurements

5.1 The Differential Cross Sectien

In general., neutron scattering is anisotropic. Therefore
it is convenient to specify a cross section as a function of the
direction in which the neutron is emitted. This is called the
differential scattering cross section. normally written as do” = 0(6)dQ
(t:m2 per atom or nucleus), and is a measure of the probability of a
neutron being scattered into a small solid angle d1. at a specified
angle 0 to the incident neutron direction. Integration of the
di fferential cross section over the 47 solid angle gives the reaction

cross section i.e.r

o T
- =[ FCINdn = / f o6 )sin0 dOdg e &
4T $=0 "0=0

I1f the differential cross section is independent of azimuth about the

incident beam direction then:

dQ = 2wsinf do e e M S
and doo = 2wsin0 o(0)do e el e DS

from which the total reaction cross section is obtained by integration.

T
(o = ZW[ 00(0)sinbd & Wi o RN
0
The quantity oc(0) = gé; gives the angular distribution of the

scattering events, and is expressed in cm2 per scattering centre per

steradian.
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The angular distribution 0 (0 ) measured in the laboratory
system: is related to the angular distribution in the centre of mass

system 0 (¢) as follows:

o (pIsingdp = o(0)sing do S O

That is. the same number of events are seen per unit solid angle at
corresponding angles in each system. In order to convert the differential
cross section from one frame of reference to another, it is required to
know the ratio of the related solid angles. This ratio is called the
anisotropy of the reaction. If  is the solid angle in the laboratory

system and {1 ' that in the centre of mass system., then equation 5.2 gives:

dl " sin0do =EldSare 350

The relation between the centre of mass angle ¢ and the laboratory angie 0

is given by(63)

cos ¢ = —yﬁnzﬁt cos 6 [1 - yzshgﬁli B v ele Dol
with
m m + m
Q
< =Eﬂ("mmT)m+Tm o S N S8
Y n n n T o

where m_ is the mass of the recoil nucleus:, m_ is the mass of the target

R T
nucleus. m is the mass of the neutron. Q is the Q-value of the reaction
and Eo is the energy of the incident neutron in the laboratory system.
Differentiation and rearrangement of equation 5.7 then gives the

anisotropy factor.
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dff _ yleos 0 + (ly 2 - sin’0)%? &5

e 17y 2 - sin®6 1%

The present work was concerned with the differential elastic
scattering cross section of neutrons. For neutrons incident on a sample
of thickness 'x‘, having 'n' nuclei per unit volume, the total number of
elastically scattered neutrons Nel is given by:

N = o601~ exp(-no x)] . n e te w5410

el

1 |2

where ¢ is the total number of neutrons incident on the sample in a given

time, and 0 _ is the total neutron cross section for all processes.

T
elastic and inelastic. The number of elastically scattered neutrons

NCO): in a solid angle dfl. at an angle 6 to the incident beam direction
is given by:

4%t

dn

O

NCOY = 01 - expl-ng X)) dfl =5 5 5 » Sall

is the differential cross section for elastic scattering

per unit solid angle. To obtain the true yield of elastically scattered
neutrons it was necessary to correct the neutron detector count for the

detector efficiency. On re-arrangement, equation 5.11 then gives:

dfel N (6)0}

dfl d pl1 - exp(-n a}x)l AR e(En) Sl aiie w SN

where N' () is the neutron detector count; e(En) is the detector
efficiency as a function of neutron energy and Afl is the solid angle
subtended by the neutron detector at the sample. In practice. equation

5.12 required corrections for the number of incident neutrons ¢ and the
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sample thickness 'x'+ since with a point neutron source the neutrons
incident on the sample do not form a parallel beam but a diverging beam

and different parts of the beam pass through different sample thicknesses.
The angular range of the source neutrons defined by alpha particles emitted
at 90° + 5° to the incident deuteron beam in the reaction 3H(d.n)!'He can
be calculated from the reaction kinetics. The corrections to equation
5.12 are discussed in section 5.4.

Double Scattering

The differential cross section given by equation 5.12 aséumes
that the neutron yield is due to neutrons interacting only once in the
scattering sample. However. after a neutron has been scattered once.
either elastically or inelastically, it is possible that the neutron may
interact a second time. Neutron elastic scattering is very forward
peaked and the incident neutrons are only slightly reduced in energy

(6% that the effects of

(section 5.5). It has been shoun by Walt
multiple scattering can be neglected if the sample thickness is less than
0.2 mean free paths.

The term [1 ~ exp(-n U}x)] in equation 5.12 accounts for the
attenuation of the neutron beam in the sample. Therefore. in the case
of a thin sample where the attenuation is small., [1 - exp(-nchx)]~ NO X

T
Day(65) l(66). have proposed that for a thin sample the

and Nishimura et a
effects of multiple scattering cancel out the neutron attenuation and
that the neutron flux is constant throughout the sample. This criterion

was applied in the present work and hence equation 5.12 can be written:

ol _ N"CO)
= ¢ n XM? G(En) * = ® w = 5.13

Q.
~
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D.2 Kinetics of the Reaction 3H(d.n)t'He

Collisions of nuclear particles are governed by the laws of
energy and momentum conservation. In this reaction the deuteron. mass mye
is incident on the triton. mass m, s which is at rest in the laboratory
system. The interaction produces a neutron and an alpha particle of
masses m_ and m, respectively. If ( ﬁn' 305 ) and (gén.qéa ) represent
the angles of emission of the particles in the laboratory and centre of
mass systems of co-ordinates respectively. then the interactions are
illustrated by figure 5.1, together with the relationship of the angles
in the two systems.

In order to determine the angular range of the source neutrons
it is required to know where:. in the laboratory frame of refsrence. the
neutron and associated alpha particle from a given encounter are to be
found. The following expression given by Benveniste and Zenger(63>

relates Ga and 6n' the angle made by the alpha particle with the beam

direction to the angle made by the neutron and the beam direction:

- 2 e
3 sin2¢ +sing [1/y"~ - sin t?n]’lr

tan 0 = 5.14
o o sin2 Ot cossﬁ’n[wy2 - sinzﬁn]'} » ;g
n
m m,+m n
with 12 = a-‘-" (—E‘-ﬁ-—i) . PE- 5.15
v n d d t d

where Ed is the incident deuteron energy in the laboratory system and
Q is the energy released in the reaction., i.e.. Q@ = 17.586 MeV.

Since deuterons lose energy in penetrating the tritium target
to the point of interaction: neutrons are produced in collisions with Ed
varying between zero and 120 KeV. Equations 5.14 and 5.15 show that the
relationship between the angles of emission of the alpha particle and

neutron are dependent on the incident deuteron energy Ed‘ The related
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Figure 5.1. Kinetics of nuclear collisions.
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angles were obtained using equations 5.14 and 5.15 for incident deuteron
energies between zero and 120 KeV in steps of 20 KeV; the results of which
are shown in figure 5.2. It can be seen from figure 5.2 that alpha
particles detected at 90° + 5% define a neutron beam over the angular
range 77.6° to 95°.

SHedn) “He

In view of the variation of the cross section of the
reaction with incident deuteron energy. the neutron yield is not uniform
over the specified angular range of the alpha particle detector in the
reaction plane. This fact is illustrated by figure 5.2, i.e.. at f?n = 79°
the neutron yield is due only to deuteron interactions with energies from
120 KeV to 80 KeV. whilst at 85° the yield is due to deuteron interactions
over the entire energy range. In order to determine the relative neutron
yield over the angular range ﬁn = 77.6° to 95%, it was necessary to

calculate the variation of neutron yield with incident deuteron energy.

D3 The Neutron Yield as a Function of Deuteron Energy

The method of calculation of the neutron yield was similar
to that given in section 4.3 for the reaction 2H(d:n)3He. The total

thick target yield of neutrons per incident deuteron of energy E is

given by:
E n, o (E)de
Y = —_— s wretes 310
o dE/dx

where n, is the number of tritium nuclei per cm3.o‘(E} is the cross section
at energy E for the 3I-l(d-n)['He reaction and dE/dx is the rate of loss of
energy of deuterons of energy E in the tritiated titanium target.

The neutron yield dY per incident deuteron per steradian at a

neutron angle 6n is given by:

do
E n, = (E)dE
f t df . 5.17
(o]

dE/dx

dy =
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where g%;(E) is the differential cross section in the laboratory system

at an incident deuteron energy E and neutron angle an.
The angular dependence of the differential cross section of the

4

3H(d:n) He reaction has been found to be isotropic in the centre of mass

system for deuteron energies up to 200 KeV by Allen and Poole(67)

and up
to 570 KeV by Argo et al<68). The data used for the differential

cross section in the present calculations was that of Benveniste and
Zenger(63). The data is given in the centre of mass system and is shown
in figure 5.3.

The data used for dE/dx. the rate of loss of energy of
deuterons in the target. was that of Gunnersen and James(51). They
measured dE/dx for deuterons in a tritiated titanium target experimentally
for incident deuteron energies up to 170 KeV. The curve obtained is
shown in figure 5.4.

In contrast to the calculation of the neutron yield from the

2H(d.n)3He reaction. where it was requirad to obtain an estimate of the

actual numbers of neutrons available, the 3H(d-n)4ﬂe reaction is known to
be a copious source of neutrons. therefore it was sufficient to calculate
only the relative neutron yield. With the data of figures 5.3 and 5.4,
the relative neutron yield dY per steradian. at an angle ﬁn' from

deuterons in a small energy interval dE is obtained using equation 5.17

and can be written:

dy( 6n:E) o dE A S T

N, the number of tritium nuclei per cm3 is assumed constant. The

anisotropy factor defined by equation 5.9 was found to be constant to

within 1% over the deuteron energy range. and its value was considered
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as unity. The yield curve obtained is shown in figure 5.5.

With the information on the neutrons produced in the

3 4

H(d«n) 'He reaction found so far., it was possible to calculate the
neutron beam profile, i.e.. the relative neutron yield at each angle
6n' as defined by the alpha particle detector. This was obtained
using the data of figures 5.2 and 5.5. For example., from figure 5.2
at 6rl= 79°, the emitted neutrons having detected associated alpha
particles are produced only by deuterons with incident energies between
120 KeV and 80 KeV. Using figure 5.5 it can be seen that the area under
the curve in the energy interval 120 KeV to 80 KeV is proportional to the
neutron yield. Calculation of the relative neutron yield at each angle
6n over the defined neutron beam produced the beam profile shown in
figure 5.6. The defined beam was centred at approximately 83.7° to
the incident deuteron beam, with a full widch at half maximum of 10°.

Implicit in the calculation of the neutron beam profile were
the following assumptions; (i) the reaction products are isotropically
distributed in the centre of mass frame of reference over the range of
incident deuteron energies: (ii) uniform loading of tritium atoms to a
depth at least equal to the range of the incident deuterons and.
(iii) no scattering of the incident deuterons.

A comprehensive study of the problem of determining the
* absolute yield of 14 MeV neutrons from the 3H(d.n)4He reaction has

<69). who concluded that these

been undertaken by Schrader et al
assumptions introduce little effect on the shape of the profile.

5.4 Corrections to the Differential Cross Section Equation

The differential elastic scattering cross section as
defined by equation 5.12 required corrections for the sample thickness

*x' and the number of neutrons incident on the sample ¢ . Each of these

are now considered separately.
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The Sample Thickness

From figure 5.6 it can be seen that the neutron beam diverges
over an angular range of 14°, Therefore: for a scattering sample which
completely subtends the defined neutron beam., the sample thickness varies
with the neutron angle of emission. Since the intensity of the neutron
beam also varies across the angular range it was necessary to replace the
sample thickness term 'x' by a weighted average thickness.

The weighted average thickness was calculated using the neutron
beam profile. The ratio rs of the area under the curve in a small angular
interval to the total area under the curve. gave the intensity of the beam
passing through the sample at a given thickness X, The weighted sample
thickness was then given by E}rixi. where i defines the angular range of
the neutron beam. This expression was evaluated over one degree
intervals using the data of figure 5.6.

The angle between the scattering sample and the incident neutron
beam could be positioned to one degree, introducing a possible error in
the sample thickness of 1.7%.

The Neutron Flux ¢

The number of neutrons % . incident on the sample, was
determined by the number of counts in the alpha particle detector channel.
This count had to be corrected for two effects:. namely., (i) the background
radiation in the alpha particle detector, which consisted of source
neutrons and Yy rays promptly emitted in fast neutron interactions with
the material of the target assembly. and y rays and 8 particles resulting
from the activation of the target assembly; (ii) the absorption of
source neutrons in the target assembly.

At the end of each data cycle the background count rate in
the alpha particle detector was noted. This background was due entirely

to the activation of the target assembly. The total background count

over each data cycle was subtracted from the detector count.
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To measure the neutron and y ray prempt background correction
factor. the alpha particle detector count rate was first recorded for a
number of different deuteron beam target currents. The alpha particle
detector aperture was then replaced by a blank aluminium plate of the
same thickness. so that all alpha particles were completely shielded
from the detector. The detector count rate was then noted for the same
target currents. This count was due to the neutron and y ray background.
The detector counts were corrected for the activation background giving
a value of 5.5% for the percentage of the alpha particle detector count
due to prompt neutrons and vy rays. The prompt background correction
factor. C1' was then equal to 0.945.

In view of the design of the target holder., the neutrons had
to penetrate 2.5 mm of steel and 1.3 mm of water in order to escape from
the target assembly. The number of neutrons incident on the scattering
sample was thus reduced due to neutron elastic scattering and inelastic
reactions with these materials. However. neutron elastic scattering is
very forward peaked:. so that a large fraction of the source neutrons
elastically scattered by the materials in the tarcet assembly would still
pass through the scattering sample. The fraction of source neutrons
escaping the target assembly: cz. was estimated to be:

C, = exp- [ ApaXq * oay ] - R &

X
2072

where aFe and o are the absorption coefficients for iron and water.

H20

and Xqe X5 are the thicknesses of iron and water respectively. The
absorption coefficients were calculated using the total cross section
data given in the Barn Book(?O). The fraction of source neutrons
escaping the target assembly was calculated as 0.937.

In applying these three corrections the neutron flux was

determined with an estimated error of less than 1%.
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e Experimental Determination of the Efficiency of the Neutron

Spectrometer

The efficiency of the alpha particle detector was assumed to
be 100%. No error resulted from this assumption because those neutrons
associated with lost alpha events were not part of the coincident beam.

The energy of neutrons elastically scattered in the laboratory
system by potassium and lithium nuclei varies slightly with scattering
angle. affecting both the efficiency of detection in the neutron detector
and their flight time. For a neutron scattering collision in the
laboratory system: the energy of the scattered neutron is a function of
the scattering angle and the mass of the scattering nucleus. The
general expression for the energy of a neutron in the laboratory system

may be written in the form(63):

mn 2 mN mN
E( rp) = (—-———-) E cos2f + ( ) E +@
n o m + ™ [§) m + My m +m. 0

m E S1n 6 - - - - - 5-20

where EO is the energy of the incident neutron in the laboratory system.
0 is the laboratory angle made by the scattered neutron with the incident
beam direction. m is the mass of the neutron and My is the mass of the
scattering nucleus. Figure 5.7 shows the neutron energy as a function

of laboratory scattering angle for potassium and lithium; evaluated

by equation 5.20 over the angular range 0% - 100°.
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In order to apply the correct value of the efficiency term.

e(En) in equation 5.13, it was necessary to determine experimentally

the efficiency of the neutron detector as a function of the energy of
the scattered neutron.

Neutron Detector Efficiency

The efficiency of the neutron detector for 14.1 MeV neutrons
was measured using the direct beam. The centre of the face of the
neutron detector was positioned 150 mm from the neutron source. so as
to completely encompass the defined cone of associated neutrons. In
view of the very short neutron flight path. the pulse repetition rate
in the alpha particle detector channel was restricted o 1 KHz, and a
number of coincidence spectra were observed. The efficiency of the
neutron detector was then given by the ratio of the total number of
coincidences to the total number of neutrors incident on the detector.
as defined by the alpha particle detector ccunt. When employing this
method. the efficiency of the neutron detector for 14.1 MeV neutrens
was determined to be 9.4% + 0.1%.

The relative sensitivity of the neutron detector to neutrons
of lower energies was determined by measuring the yields of neutrons
scattered by hydrogen at known angles. and assuming that this scattering
is isotropic in the centre of mass system(22'71'72). The energy and
yield can then be related to the laboratory angle. The hydrogen was
in the form of a flat sheet of polyethylene. which is a polymerised
form of ethylene. CHZ:CHZ.

For the particular case of neutron-proton scattering in the
laboratory system. the energy of the scattered neutron as defined by

equation 5.20 reduces to the much simpler form:

3
. 0
En o -2- [1 * cosz 6} " e = = = 5-21

where the terms are as defined previously. Figure 5.8 shows the neutron
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energy as a function of laboratory angle for incident neutrons of
14.1 MeV, as evaluated by equation 5.21.

When measuring the yield of neutrons scattered by the hydrogen
content of a polyethylene sample: it is found that at certain angles the
hydrogen peak overlaps with those of the neutrons elastically scattered
by carbon and inelastically scattered to the 4.43 MeV state in carbon.
It was therefore necessary to subtract from the polyethylene spectra
the contribution due to neutron scattering from the carbon content of
the sample. Two approaches are available for this correction. The
first is by taking time of flight spectra for both the polyethylene
and a graphite sample; the known response of the system to elastic and
inelastic scattering from carbon can then be subtracted from the
polyethylene spectra. The second approach is to use a graphite sample
of equivalent thickness to the carbon content of the polyethylene; the
contribution due to scattering from carbon can then be subtracted
directly. This approach was used in the present work., the main advantage
being in the amount of experimental time required for data accumulation.

The thickness of graphite required to make a direct subtraction
of the scattering due to carbon was deduced using equation 5.10. For
the same incident neutron flux ¢ . the number of neutrons scattered by
carbon nuclei in a polyethylene sample and graphite sample respectively.

is given by:

B

. - & ol
NCP = ¢I1 exp( axp)] it oty T h 2 6a)

with a = Nup Ol + nCP Oet and
Ne ¢r1 - exp(-n, 0" (xc)] v e S 220D
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where Np = number of hydrogen atoms per cm3 of polyethylene
Nep = number of carbon atoms per cm3 of polyethylene
ne = number of carbon atoms per cm3 of graphite
oy = total cross section for hydrogen
ge total cross section for carbon
xp = thickness of the polyethylene sample
= * thickness of the graphite sample.

Solution of equations 5.22(a) and 5.22(b) showed that to a good
approximation., the thickness of graphite required to make a direct
subtraction was given by:
%
- - o
" 1T+ 01 2xp(1 axp!Z)ncp ¢!

* N R

Re%c

e

To minimise multiple scattering effects, the thickness of the
polyethylene sample was chosen to be 20 mm. Using equation 5.23, this
required a graphite sample of thickness 8.28 mm for the direct subtraction
of scattering due to the carbon content of the polyethylene sample.

To further minimise the effects of carbon scattering. the
scattering angles were chosen where the flight times of the neutrons
scattered from the carbon and hydrogen were well separated. These
angles were 25°, 40° and 50° in the laboratory system. Figure 5.8
shows that at these angles the energy of the neutron scattered from
hydrogen is 11.58 MeV., 8.27 MeV and 5.83 MeV respectively.

The energy of a neutron scattered by hydrogen falls very
sharply with laboratory angle. This results in a relatively wide range
of flight times for the scattered neutrons. To minimise this effect
the angular acceptance of the associated alpha particles was reduced to

+ 2° in the reaction plane. The minimum acceptance is limited by
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straggling due to scattering of the alpha particles in the target.

Experimental Procedure

With the electronic system set up as described in section 3.6,
time of flight spectra were observed at laboratory ancles of 257, 40°
and 50°. The neutron detector face was positioned 2m from the centre
of the scattering sample. The experimental configuration is shown in
figure 5.9. Prior to taking experimental measurements. the electronics
was switched on for two hours to allow the system to stabilise. The
neutron source was also run to allow the induced activity in the target
assembly to become reasonably constant. Alternate runs were made with
the polyethylene sample in position. and with the graphite sample to
correct for the contribution due to carbon scattering in the spectra.
A single run corresponded to an alpha monitor count of 108. The time
of flight spectra obtained are shown in figures 5.10, 5.1% and 5.12.
On examination of the spectra. the energy spread of the neutrons
scattered by hydrogen becomes apparent., indicated by_the deterioration in
the time resolution (FWHM) with increasing laboratory angle.

The sensitivity of the neutron detector as a function of energy
was determined by use of the equation:

N'CO)
E(En) = oiln; ake w nl

d
C,C, #n3 r.x, ﬂ(m"’%

where (%%)i*is the differential cross section in the laboratory system

for scattering from hydrogen and the remaining terms are as defined

previously. The value of Gi—%)H was calculated from the results of the

angular distribution measurements of neutron-proton scattering obtained

by Seagrave(?1). The results are presented in the centre of mass system
as an isotropic distribution, with a differential cross section of

52 + 2.4 mb/sr. In order to convert the differential cross section in
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the centre of mass system to the laboratory system, it was necessary

to determine the anisotropy factor as defined by equation 5.9. For the
particular case of neutron-proton scattering, the relationship between
the scattering angles in the two systems is that the centre of mass angle

is twice the laboratory angle. Equation 5.9 then reduces to
a‘rz = 4cos 0 it el 525

The relative sensitivity of the neutron detector determined experimentally
as a function of energy is shown in figure 5.13.

For the points obtained by scattering from hydrogen. the errors
indicated in the energy values represent the energy spread of the
scattered neutrons due to the finite angular acceptance of the spectrometer.
The largest single source of error in the sensitivity was the error in the
estimation of the hydrogen peak intensity. 1If Ai is the count added into
the ith channel and Si is the background counts subtracted from the ith

channel, then the standard error in Ai' given by a; e is(73)

a = ouui+s1.>i Loy

The total error on a peak is then given by (Zlaiz)i. The errors in

each term of equation 5.24 are summarised in table 5.1. The error in
the relative sensitivity was obtained by adding the errors in each term
quadratically to give an estimated experimental error.

39

5.6 K Differential Cross Section Measurements

The Scattering Sample

The potassium sample was of solid metal moulded into a thin
walled (1.2mm) aluminium container. To prevent oxidation. the moulding

process was carried out by melting the potassium under paraffin. The

top of the sample was then sealed by a thin layer of paraffin wax. An
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Table 5.1
Term Estimated Error
Peak counts. N'(0) (= aiz)’l’
Sample thickness. Erixi 1.¢%
Solid angle, AQ 1.0%
Corrected flux. C162¢ 1.0%
Hydrogen differential 4.5%

cross sections (do /d Q)H
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X-ray radiograph of the constructed sample showed good uniformity of the
potassium metal inside the container. The sample measured 120 mm by
140 mm and was 25 mm thick. An identical empty aluminium container was
used for background subtraction.

Time of Flight Spectra

The experimental procedure for accumulating time of flight
spectra was as described in section 5.5. Alternate runs were made with
the potassium sample in position. and with the empty aluminium container
to subtract the backgreound contribution. Time of flight spectra were
accumulated at nine laboratory angles between 20° and 100%, in ten degree
intervals. Typical spectra obtained are shown in figures 5.14, 5.15
and 5.16+ corresponding to laboratory angles of 20°, 40° and 60°
respectively. For each time of flight spectrum obtained a normal error
curve was applied to the elastic scattering peak.

Differential Elastic Scattering Cross Sections

The equation used to evaluate the differential elastic

scattering cross sections was:

do N"(C6)

S e i e B a kel

df %Czén(zriﬁ)Aﬂ e(ﬁg

where all the terms are as defined previously. The results obtained
were transferred to the centre of mass system by use of equations 5.6
and 5.7, and are given in table 5.2, together with those of Frasca
et al‘a). The angular distributions are shown in figure 5.17.

Each experimental point in the present work is subject to an
angular uncertainty of * 5% due to the angular acceptance of the
defining alpha particle detector aperture. The errors indicated in the

di fferential cross sections were obtained by adding the errors in each

term of equation 5.27 in quadrature. to give an estimated experimental error.
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The results obtained for potassium using flat plate geometry are
in good agreement within experimental errors with those obtained by Frasca
et al(8> using cylindrical geometry. except for the 20° (LAB) measurement.
However: with the exception of the values at 20° and 30° (LAB), the
experimental errors quoted by Frasca et al are approximately a factor of
two better than those of the present work. The data of Frasca et al was
not corrected for multiple scattering or absorption. but was corrected for
the finite angular resolution of the spectrometer. this being # 3.57 in
the scattering plane. The effect of the angular resolution, and a
comparison of the present measurements with the optical model predictions
is discussed in Chapter 6.

7

ol Li Differential Cross Section Measurements

The Scattering Sample

The lithium sample was of solid mstal and was initially moulded
into a thin walled aluminium container; a method similar to that used by
Cookson et al(74). To prevent any oxidation the moulding process was
carried out by melting the Llithium in an argon atmosphere. However. the
combination of these two metals was found to form a solid solution. On
the recommendation of whittaker(TS). the lithium metal was enclosed in a
thin walled (0.7 mm) stainless steel container. An X-ray radiograph of
the constructed sample showed good uniformity of the lithium inside the
container. The sample measured 120 mm by 140 mm and was 20 mm thick.

Again. an identical empty container was used for background subtraction.

Time of Flight Spectra

Time of flight spectra were accumulated at the same nine
laboratory angles as for potassium. Typical spectra obtained are shown
in figures 5.18. 5.19 and 5.20, corresponding to laboratory angles of 20%
50° and 100° respectively. The inelastic neutrons from the 4.61 MeV

level are clearly resolved at 20° and 50°. Neutrons from the 0.477 MeV

level are included in the elastic peaks since they were not resolved from
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the elastically scattered neutrons. The only y rays from ?Li are from
the 0.477 MeV level:. since the higher levels decay by the emission of an

alpha particle and a triton., i.e..

O h Y e 3 e S o T 2,465 ReY
E Cis et o % s e 3423 eV = S+ e s Tnti= 2,485 mev
a0 G T

Gid) T+tn o= T +Tn = 34+ %e + ot - 2,465 Mev
reaction (iii) being mainly via the 4.61 MeV state.

Differential Elastic Scattering Cross Sections

The differential elastic scattering cross sections obtained for

7Li are presented in table 5.3: together with those of Wong et al(17) and

Armstrong et al(16). The data of both these other studies also includes
scattering to the 0.477 MeV level. The angular distributions are shown
in figure 5.21.

The treatment of experimental errors was the same as that used
for the differential cross section results for potassium.

The results obtained for lithium show good agreement within

l(17)

experimental error up to 70° with both Wong et a using ring geometry.

l<16) using nuclear emulsions. The three angular

and Armstrong et a
distributions shown in figure 5.21 differ however. in that Armstrong et al
found a pronounced secondary maximum, whereas the present results indicate
this to be very shallow.

The data of Armstrong et al was not corrected for multiple
scattering. The data of Wong et al was corrected for multiple scattering,
absorption., and angular resolution due to finite ring size which, although
not stated. was probably inferior to that in the present work. The
experimental error in the present results is a factor of between two and
eight better than that of Armstrong et al. but a factor of two greater
than that of Wong et al.

The agreement of the present measurements with the optical

model predictions is discussed in Chapter 6.
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CHAPTER 6

Optical Model Analysis of the Differential Cross Sections

6.1 Optical Model Analyses

The optical model has been used extensively for the analysis
of elastic scattering data for a wide variety of particles and over a wide
range of energies. Many investigations have shown that neutron elastic
scattering cross sections can be well fitted by the optical model with a
complex potential and suitably adjusted parameters. Much of the data has
been analysed individually in terms of the model, and in several instances
the individual parameters have been used to aive information about the
energy and isospin dependence of the optical model potentials. However.
because of the inherent potential ambiguities. the parameters found by
various authors differ somewhat and make interpolation between different
energies and nuclei uncertain. Besides the utilitarian value of such
parameters. there is reason to believe that useful information about
nuclear forces and structure can be obtained from the systematic analysis
of neutron elastic scattering.

In view of the amount of data available and the inherent
parameter ambiguities in the optical model potentials. it is clearly
impractical to analyse individual data sets and subsequently determine
an optimum parameter set. The usual approach is to combine a large
number of individual data sets taken over a range of energies and nuclei.
include explicit energy and mass terms as variable parameters in the
optical model potentials, and fit simultaneously all of the data.

An extensive analysis of experimental data by Perey and Buck(?6)
showed that the differences in parameters found by various investigators

were mainly explained by the experimental uncertainties and differences

in techniques of the optical model analysis used. They found it was

possible to find a single optical potential that gives cross sections in
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excellent agreement with the data for medium and heavy nuclei for
incident neutron energies from 1 - 25 MeV. This optical potential is
non-local in form. In general. non-local potentials seem to give
better results than those obtained with local potentials. At present.
however, it is not clear whether this improvement is a direct result

of the increased validity of the non-local potential., or simply follows
from the greater number of adjustable parameters that are included in
the non-local potential analysis.

In view of the increased numerical complexity due to the
greater number of adjustable parameters. Wilmore and Hodgson(?T)
calculated an equivalent local potential, from which a set of equivalent
tocal optical model parameters have been derived. The use of this
potential gives good agreement with experimental data for medium and
heavy nuclei in the neutron energy range 1 - 15 MeV.

More recently., a large amount of accurate data from proton
and neutron elastic scattering on medium to heavy weight nuclei have
appeared. which has allowed an improved set of nucleon-nucleus optical
model parameters to be determined. This has been done by Becchetti

(78). using much of the elastic scattering data for energies

and Greenlees
less than 50 MeV and nuclei with A>40. The parameters were determined
by fitting simultaneously a large sample of the available proton data,
and independently., a large sample of the available neutron data.
Explicit energy and isospin-dependent terms were included and their
coefficients obtained directly from the data analysis.

The neutron data were analysed using the derived proton
parameters as starting values. The results. however., were found to be
insensitive to small changes in the energy and (N-Z)/A terms.

Consequently. the energy dependence of the central strengths was set

equal to that of the corresponding proton terms. The real potential

geometry and the spin orbit strength and geometry did not change
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significantly from the proton parameters. and these were also set equal
to the proton values. The most significant changes were in the strength
and geometry of the absorptive potential, which indicated a smaller radius
and an increased volume strength for neutrons.

In the present analysis. the optical model parameters of
Becchetti and Greenlees(?a) were used as starting values for the optical
model searches on both potassium and lithium. The parameters are
presented in detail in section 6.3.

The differential elastic scattering cross sections obtained in
the present work were compared with the theoretical predictions of the
optical model using the computer search code RAROMP. (Regular And
Reformulated Optical Model fyogramme)<182 The programme was run at the
Rutherford High Energy Laboratory, via the link line from the Physics

Department of the University of Birmingham.

6.2 The Optical Potential

The optical potential used was a combination of Woods-Saxon

volume and surface derivative forms given by:

UOPT(r) = UR(r) + 1UI(r) - Uso(r) e ans ver 83

where UR(r) is the real central potential and its form is taken to be

(79

that of a Woods-Saxon well « written in the conventional form:

r-RR -1
UR(r) = -VR[1 +exp< a ) ] O o e PO

with a radius prameter defined as RRA-1,3. The primary effect of this

potential is on the shape elastic scattering cross section and it has

three parameters., vR. Fr and the diffuseness ap:

UI(r) constitutes the imaginary central potential and has the

usual combination of volume and surface terms given by:
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U.(r) )+ da 9_ $0raR ap) D

-Nvf(r.R T d dr 1

; S |

[1 + exp(%ﬁﬂ“ RO

These terms are responsible for the absorption which takes place in the

where f(r.R.a)

scattering process. The first corresponds to absorption occuring within
the nuclear volume and is assumed to possess the same general form as the
real central potential. The second term is the shape for the potential

which characterises the absorption taking place near the nuclear surfacer

and is proportional to the derivative of the Woods-Saxon well. Again.

it is convenient to introduce the radius parameter r'l.'I = RI. IA—1!3'

and the imaginary potential thus has six parameters Hv'rI"aI"“d'PI and a-

and as- The spin orbit potential Uso(r) is given by the usual Thomas form:

2
2 R L e
Uso(l") [VSO + iHSOJ( m'n. c ) -~ -a'F f(r‘:Rs.as){i.O' 6.5

r—RS =1
{1-bem<-;— } ol el ek 1k (056
s

where the coefficient is the square of the pion Compton Wavelength., which

with f(r.R_.a )
s s

appears because the potential was originally derived from the meson theory
of nuclear forces and serves to keep the dimensions correct. It is
convenient that (h/mTTc)Z“'Z.OO. 2.0 is the scalar product of the
intrinsic and orbital angular momentum operators.

In the absence of convincing evidence to the contrary it is usual

equal to zero(SO). The primary effect of the spin orbit

SO
potential is in the polarisation of the scattered particles(BO). With

-1/3

the introduction of the radius parameter A RSA » the potential

to take W

has the three parameters. VS. P and a,.

6.3 Optical Model Parameters

The appropriate optical potential cannot be deduced directly
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from the experimental data, so it is necessary to begin with a suitable
potential and iterate the numerical values of its parameters. in order to
optimise the fit to the data. The optical model parameters used as

starting values to evaluate the potentials defined in the previous section:

were the best fit parameters of Becchetti and Greenlees(?a); given by:
VR VR = 56.3 - 0.32E - 24.0(N-2)/A 6.7
RR P 1.17 6.8
AR ap = 0.75 6.9
WV W, = 0.22E - 1.56 or zeros 6.10
whichever is greater.
RV Py = 1.26 6.11
AV e 0.58 6.12
WD Hd = 13.0 - 0.25E - 12.0(N-2) /A or zero. 6.13
whichever is greater.
RD g - 1.26 6.14
AD a; = 0.58 6.15
Vs Vs ® 6.2 6.16
RS P 1.01 6.17
AS e 0.75 6.18

where all potential strengths are in MeV and E is the incident neutron
energy in MeV in the laboratory system.

With the optical potential defined by equation 6.1, it is
possibles by systematic adjustment of the parameters. given by equations
6.7 - 6.18., to obtain a good over-all fit to elastic scattering data.

In practice. however., it is necessary to limit the number of variable
parameters so that meaningful information can be obtained.

Experience with conventional optical model analyses has shown

that for incident neutron energies of less than 20 MeV, it is not

necessary to include a volume absorption term because these neutrons are
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not sufficiently energetic to penetrate deeply into the nucleus(6'76'81'82).

Pyle and Greenlees(82)(83) have shown this also to be true for proton
scattering in this energy range. where the data can be satisfactorily
represented using a pure surface form for the imaginary part of the
potential. The variability of the potential of equation 6.1 can be
further restricted by requiring that no parameters in the spin orbit term
be allowed to vary. The justification for this choice is that the spin
orbit term influences the elastic scattering in a minor way only. and its
effect on the cross section is confined to scattering angles in the

backward hemisphere, i.e., for angles greater than about 150° (6)(84).

6.4 Fitting Procedure

In view of the above limitations on the number of variable
optical model parameters. the analysis undertaken in the present work was
mainly focused on the effect on the surface interaction. For completeness,
however. the eifect of volume absorption alone was also examined. as was
a combination of surface and volume terms. In all analyses the three
spin orbit parameters defined by equations 6.16, 6.17 and 6.18 remained
fixed.

The general problem in the fitting procedure was that of
obtaining the parameters of the optical model which gave a best fit of the
predictions to the experimental data. The criterion most widely used for
this purposer and the one used by RAROMP in the present analysis is the

(6'76'85), " ; is a measure of the discrepancy between the

X ¢ criterion
experimental data and the theoretical values found from an assumed

optical potential, and is defined by:

Ng L G5, P e i 1) -
x2=2[ LA e""p] = il
1
A Uéxtoi)

where o‘ex( ﬁi) + aO‘ex(@i) is the experimentally determined differential
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cross section at a particular angle @i. and o*t ( ﬁi)(p) is the

h
theoretically predicted differential cross section in terms of the
optical model parameters (p)., the summation running over all the
experimental points Ng- Hence the quantity ;{2 is a function of the
(p) optical model parameters., with minima at the positions where:

a;<2 )

—2_ = 0

op

= sileiia GLE0

Thus the lower }<2 the better the fit. It is difficult to
specify the range of }(2 for which a fit is acceptable. but in general
a value of X2 <10 is satisfactory(é'so'SS).

The experimental data obtained in the present work were not
corrected for the angular resolution of the spectrometer. This
introduced appreciable experimental averaging into the measured
differential cross sections. In view of this the 'averaging option’
in the programme was used. which averages the theoretically predicted
differential cross section over the experimental angular resolution
before making the x’z comparison:. i.e..

. A
T (6) =[o‘(6)d6 SRe IR

~A6
where A 0 is the experimental angular resolution.

A suitable set of optical model parameters should not only
give good fits to angular distributions. but should also predict
accurately the reaction cross section. In the analyses on both 39K
and 7Li. the experimentally determined reaction cross section was read
in and fitted as an extra data point.

6.5 Optical Model Analysis of 39I(

In the first instance, the three energy and (N-Z)/A dependent

potentials defined by equations 6.7, 6.10 and 6.13, were evaluated for an
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incident neutron energy of 14.1 MeV: giving:
VR = 51.173 MeV, WV = 1.542 MeV, WD = 9.167 MeV oiaaie « BPE

Keeping all geometrical parameters fixed at the values given by

(78). the three potentials were optimised by

Becchetti and Greenlees
searching on the parameters VR. WD, WV.(6). (The number in parenthesis
after the varied parameters indicates the number of iterations carried

out). The optimum values of the three potentials were found to be:
VR = 51.3 MeV, WD = 9.56 MeV, WV = 0.73 MeV sl e g Gl

and the fit obtained is shown in figure 6.1. The figure shows the fit
to be poor., and it would eppear that the parameters of Becchetti and
Greenlees are not sufficient to fit potassium differential cross sections.
although potassium just lies within the target mass range for which the
parameters should be suitable. This inadequacy has recently been found

for other elements of mass number greater than forty by Hoffman and COker<86)

and Carlson et al(S?). A typical output of iteration number six of the
search VR, WD., WV.(6) is shown in Appendix A.1.

The next stage of the analysis was to investigate the effects
of surface absorption alone. The value of the real radius parameter
RR was fixed at 1.17 fm, and using the optimum values of VR and WD from
equation 6.23 three searches were executed to obtain an optimum fit.
The first was to investigate the effect of the surface radius parameter RD.
i.e.. a search VR, WD, RD.(6). The fit obtained is shown in figure 6.2
and although it is an improvement on the first, with a value of >{2 < 2
per point, it was not satisfactory over the region of the first sharp
minimum. The second search varied the diffuseness parameters. i.e. a

search VR: AR, WD. AD.(6) was performed. The fit is shown in figure 6.3
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and is seen to be worse than the previous one. Hence, a combination of
the two was investigated. i.e.. a search VR. AR, WD, RD, AD,(10). The
fit: shown in figure 6.4, gives good agreement between theoretically
predicted and experimentally determined cross sections. with a value of
x 2 <0.5 per point.

So far the real radius parameter RR has not been included in
any of the searches undertaken. This is because of the well known
Verr ambiguity(6'8°'88). In the case of the real central potential it
is found that as long as the product Varg is kept constant. rp can often
be varied over quite a large range without substantially affecting the
fit to the experimental data. i.e., a change in the parameter o results

only in a small change in ><2. provided V, is varied at the same time to

R
keep the product constant. To overcome this ambiguity a grid search was
performed in order to find an optimum value of the real radius parameter
RR(89)_
Grid Search

The grid search technique consists of varying the particular

2 as much as possible. 1In

parameter singly to reduce the value of X
general the parameter is varied up or down in arbitrary steps in order
to obtain the direction of decreasing >{2. The parameter then is
repeatedly varied in that direction until the value cf }<2 starts to
increase, indicating that the minimum has been straddled. It is then
possible to either ‘close in' on the solution in decreasing steps: or
simply fit a parabola to the three points closest to the minimum and
calculate the position of the minimum. Having obtained three points

near the minimum, say P, P, and Pz, J<2 can be expanded about the

point Poe giving

2 2

x% = X% +aP-Py) +bP - P SR Y
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Partial differentiation with respect to P gives:

Pmin P2 - (a/2b) o v wisiie OLLD

‘a’ and 'b’' can then be obtained from the equations:

r A et - e b ory 628
Xy ® xz + a(P3 Pz) + b(P3 Pz) :
i g aly 2 RIS o nehee s 6a27

This was the method used in the present analysis.

Using the optimum fit obtained by the search VR.AR.WD,RD.AD,(10),
the value of the real radius parameter RR was varied in steps of 0.05 fm
between 1.17 fm and 1.42 fm. The three points found closest to the

minimum are listed below:

RR (fm) xz per point
1.22 0.33257
1.27 0.28474
1.32 0.29157

Application of equations 6.25, 6.26 and 6.27., showed the optimum value of

of RR to be 1.29 fm. The curve of ){2 versus RR is shown in figure 6.5.
The optimum value of RR was then substituted in the three searches

VRe WD+ RD.(6); VR, AR, WD. AD.(6) and VR. AR. WD. RD., AD,(10). Improved

fits were found for the first two: and the final fit for the third search

is shown in figure 6.6. The value of }{2 for this search was reduced to

less than 0.3 per point. This search also gave good agreement between

the theoretical and experimental reaction cross sections viz; 1200 + 72 mb

(90)

experimental « compared to 1102 mb theoretical.
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It is appropriate at this point to compare the present optical
model analysis of potassium., with that undertaken by Frasca et al(a).

In this previous analysis, the volume terms were set to zero.
and a Gaussian surface form factor was used. The real radius parameter
was initially fixed at 1.25 fm but no satisfactory fit was found. In
subsequent calculations all parameters were allowed to vary., although it
is not clear whether the variation of the real radius parameter was by grid
search: or whether it was allowed to vary freely. In the calculations the
best fits were obtained only with regard to the angular distributions. HNo
attempt was made to obtain a best value for the reaction cross section.
The value of }<2 was 307 and the fit obtained is shown in figure 6.7.

A further optical model analysis of the data of Frasca et al(S)
has been undertaken by Cassola and Koshel(saj. using a Woods-Saxon surface
derivative form. With the optimum parameters determined by Frasca et al.
the main objective of the analysis was to determine an optimum value of the
surface radius parameter RD. Keeping VR, AR, and WD fixed at the optimum
values: RD was varied from 1.24 fm to 1.49 fm. The optimum value was
found to be 1.49 fm, and the value of ;{2 for the fit was 394. (In the
present analysis the optimum value of RD was determined to be 1.442 fm).
Again, no attempt was made to obtain an optimum fit with respect to the
~reaction cross section.

A comparison of the optimum optical model parameters determined

by the analyses discussed is given in table 6.1.

Volume Absorption

The entire searching procedure was repeated using only volume
absorption. With the optimum values for VR and WV given by equation 6.23,
three searches were executed; VR. WV: RV,(6); VR, AR, WV, AV,(6) and
VR, AR: WV: RV, AV,(10). When using volume absorpticn alone, however., it

is necessary to use a different value of the radius parameter RV. This

is explained by figure 6.8. The new value required can be deduced from
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Figure 6.7. The Optical Model fit for 39K obtained by Frasca et al.
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Table 6.1

Optical Model Parameters used to fit Potassium Elastic Scattering Data

Parameter Present Frasca et al Cassola
Work and Koshel
VR (MeV) 44.78 46.1 46.1
RR (fm) 1.295 1.3 1.25"
AR (fm) 0.620 0.58 0.76
WD (MeV) 5.97 6.7 6.9
RD (fm) 1.442 - 1.49
AD (fm) 0.455 - 0.47"
b (fm) Gaussian - 0.88 -
VS (MeV) 6.2 2.09 7.5
RS (fm) 1.01 - 1.25"
AS (fm) 0.75 - 0.65"
ot b 1102 908 1310
org" (mb) 1200 + 72 - -
X ® < 0.3 307 394

* Parameters of Perey and Buck.
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the surface geometry and is given by(91):

RV s RD + ZAD * & o 9 @® 6.28

where RD and AD are the optimum values given in table 6.1. For
potassium, RV = 2,352 fm. No reasonable fits were obtained for volume
absorption alone. and a typical fit for VR, WV, RV.(6) is shown in
figure 6.9(a).

Finally. a combination of surface and volume terms was used.
The optimum value of WV was included in the three searches used for
surface absorption: i.e.» VR, WD, RD. WV,(6); VR, AR: WV, WD, AD.,(6) and
VR, AR, WD. RD. AD, WV,(10). Again. no reasonable fits were obtained and
a typical fit for the five parameter search is shown in figure 6.9(b).

6.6 Optical Model Analysis of ?Li

The procedure for the analysis of the lithium differential
cross sections was exactly the same as that for potassium. The three
energy and (N-2)/A dependent potentials defined by equations 6.7, 6.10
and 6.13, were evaluated for the incident neutron energy of 14.1 MeV,

giving:

VR = 48.359 MeV, WV = 1,542 MeV, WD = 7.761 MeV . . . . . 6.29

With all geometrical parameters fixed at the starting values of Becchetti

78)

and Greenlees( » the three potentials were optimised using the search

VR: WD, WV.(6):, giving:

VR = 48.35 MeV, WV = 2.98 MeV. WD = 6.74 MeV o e e e 6350

and the fit cbtained is shown in figure 6.10. As expected. the fit is

a poor one:. since the overall parameters are not suitable to describe light
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nuclei. There is no reason, however. why these parameters should not be
used for starting values. A typical output for this search is shown in
Appendix A.1.

With the real radius parameter fixed at 1.17 fm., three
searches were executed using surface absorption only. VR, WD, RD,(6);
VRs AR: WD. AD.(4) and VR, AR, WD, RD, AD,(10). The fits obtained are
shown in figures 6.11: 6.12 and 6.13 respectively. All three searches
give good fits to the experimental data., but for the four and five
parameter searches the value of sz was a factor of three better than for
the three parameter search. In view of the lesser number of variable
parameters. the search VR. AR:. WD, AD.(6) was used in the optimisation of
the real radius parameter RR.

A grid search was again used on the parameter RR. its value
being varied in steps of 0.05 fm between 1.17 fm and 1.47 fm. The three

points found closest to the minimum are listed below;

RR (fm) ‘Xz per point
132 0.46445
081 g 0.46396
1.42 0.46568

Application of equations 6.25, 6.26 and 6.27 showed the optimum value of
RR to be 1.356 fm. The curve of J(z versus RR is shown in figure 6.14.
It should be noted that although an optimum value of the parameter could
be determined. the fits obtained for Llithium appear to be relatively
insensitive to changes in this parameter. the value of ><2 per point
being less than one over the entire grid range.
The optimum value of RR = 1.356 fm was substituted into the
three searches VR, WD, RD,(6é); VR. AR, WD, AD.(6); VR, AR, WD, RD, AD,(10).

Although the visual fit was not improved. the value of ‘Xz was reduced for
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all searches. The final optimum fit for the search. VR: AR: WD. AD,(6)
is shown in figure 6.15. This search also gave good agreement between

the theoretical and experimentally determined reaction cross sections

viz; 531 +102 mb experimental(16)' compared to 473 mb theoretical.
In a previous analysis of Lithium by Armstrong et 31(16). the
optical model parameters used were those of Bjorklund and Fernbach(81).

No further information is presented for this analysis. so a comparison of
the optimum parameter values is not possible. In using these parameters.
however., the volume absorption is set to zero and a Gaussian surface form
factor is used. The fit obtained by Armstrong et al is shown in
figure 6.16.

No optical model analysis was made of the angular distribution
for 7Li obtained by Wong et al(1?).

The optimum parameter values cbtained for Llithium in the

present work are listed in table 6.2.

Volume Absorption

The search procedure was repeated using volume absorption alone.
and a combination of surface and volume terms. The analysis was exactly
the same as that for potassium. As expected, no reasonable fits were
cbtained. Typical fits for searches VR, WV, RV.(6) and VR, AR, WD, RD,

AD, WV.(10) are shown in figures 6.17(a) and 6.17(b) respectively.
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Table 6.2

Optical Model Parameters used to fit Lithium Elastic Scattering Data

Parameter Present Work
VR (MeV) 48 .37
RR (fm) 1.356
AR (fm) 0.654
WD (MeV) 15.65
RD (fm) 1.278
AD (fm) 0.200
VS (MeV) 6.2

RS (fm) 1.01
AS (fm) 0.75
i b) 473.3
o—;" (mb) 531 + 102

X S 0.3
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CHAPTER 7

Conclusions and Recommendations

The differential elastic scattering cross sections obtained in
the present work for potassium at 14.1 MeV., using flat plate geometry,
agree within experimental errors with those obtained by Frasca et al(a).
using cylindrical geometry. The optical model with derivative surface
absorption gives better agreement between theoretically predicted qnd
experimentally determined values, (,Xz < 0.3), than the use of a Gaussian
surface absorption form (;{2 = 307}(8). In addition, the model predicts
a value within experimental errors for the reaction cross section:, showing
that the model can successfully describe the elastic scattering from
potassium.

The differential elastic scattering cross section measurements

obtained for lithium., fall between the results of Wong et al(17)

« using
the pulsed beam method. and Armstrong et al(16). using nuclear emulsions.
Again. the use of the optical model with derivative surface absorption

(78). gives much better

and the parameters of Becchetti and Greenlees
agreement with experimental data over the angular range 0° - 100°
(;(2-< 0.5). than the use of a Gaussian surface form with the parameters
of Bjorklund and Fernbach(81>. as undertaken by Armstrong et al. In
addition. the good agreement between the theoretically predicted and
experimentally determined values of the reaction cross section for lithium.,
would indicate that for a light nucleus the use of the optical model is
valid for the description of elastic scattering.

Although a good cptical model fit was obtained for Llithium in
the present work. it would be unjustifiable to claim a completely
successful analysis in view of the limited angular range examined. This
could be remedied. however. by a repositioning of the existing accelerator

facility in order to obtain measurements in the backward hemisphere.
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This would require the development of one or two more time of flight
systems, since the accumulation of data at the backward angles would be
prohibitively slow in view of the very small differential cross sections
predicted by optical model calculations.

An optical model analysis with the same parameter variation as
that undertaken in section 6.6 should be sufficient to examine a complete
angular distribution for lithium. An improvement cn the reliability of
the analysis could be made by using the method developed by Thomas and

(92)

Burge . Here: the gquantity analysed is the difference in cross

section from neighbouring nuclei. i.e..

.C0) - 0°,00)
0D = et £ (oo ey,

0‘1( 6 + orzt 0)

where the 0" s are the differential cross sections and the subscripts
refer to the two nuclei. This method eliminates many of the usual
sources of statistical uncertainty and gives more accurate results.

In all future measurements. the determination of the relative
sensitivity of the neutron detector as a function of energy could be
determined more accurately using the triple ceincidence method(12).
With the experimental arrangement described in section 5.5, the
polyethylene sample is replaced by a sample of plastic scintillator
coupled to a photomultiplier tube. Neutrons scattered by hydrogen in
the scintillator produce an output pulse from the photomultiplier tube
and complete the triple coincidence requirement when they are also
registered by the neutron detector. The use of this method gives a
negligible background. since scattering from carbon produces a negligible
pulse from the scintillator., and the spectrum obtained is effectively
from hydrogen alone.

The development of the associated particle time of flight

spectrometer for use with the reaction 2H(d.n)3He. shows that such systems
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can be constructed on a reasonably economical basis., although its use for
neutron scattering studies with existing facilities is limited by the low
yield of neutrons obtainable with the 150 KeV incident deuteron energy
available from the accelerator. However, the basic design of the system
does form a useful starting point for the development of a system for use
with the new Dynamitron facility. where higher incident deuteron energies
are available for an increased neutron yield. In this case it would be
an advantage to use a more restricted energy range of 3He particles in
order to obtain better time resolution in the coincidence Spectrum;
Neutron elastic scattering data obtained for incident neutron
energies of 2.5 - & MeV, would have to be corrected for compound elastic
scattering contributions. Such a correction could be applied by assuming

the compound elastic scatteringr o ..+ to be isotropic. and the formation

CE
of a quantity.

o‘el(true) = toﬂexp - U‘CE(assumed)} oo manr  al
The numerical value of the assumed compound elastic scattering cross
section would be dependent on the experimentally determined values.

i.e.. if these values range from several hundred millibarns per steradian
at 20°, down to 10 or 20 mb/st. at 90° - 100°, then as a starting point

it would be feasible for the compound elastic scattering cross section

to be 1 mb/st. An optical model analysis similar to that described

in Chapter &, with the same objects in mind, i.e.. the optimisation of
potentials and geometrical parameters., would give a best fit value for ;{2.
The entire procedure should then be repeated with other assumed values of

O, i.e.., the values of 0 ._ are, in effect. investigated by a grid

CE CE
search. A graph of ;{2 per point versus U-CE would then very nearly
determine the true value of G_CE’

With the experimentally determined differential cross sections
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corrected for the optimum value of O eg* the entire analysis should then

be repeated to obtain meaningful results.
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