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ABSTRACT

An experimental spectrometer, capable of measuring differ-
ential cross-sections for production cf gamma-rays from neutron
inelastic scattering, was available at the start of the project.
14 MeV neutrons were produced by the T(d,n)He" reaction. The
gamma-rays were detected by a heavily shielded Nal scintillator.
Time of flight discrimination, using the associated particle
technique, was used tc eliminate background due to scattered
neutrons. The nerformance of this system was improved, by
achieving better time and energy resolution, resulting in an
increasc in sensitivity of the system by a factor of 10. The
new system was then used to measure the differential cross-
sections for production of the 1:37 MeV gamma-ray from Mg2h,
the 1-43 MeV gamma-ray from Crsz, and the 0°84 MeV gamma-ray

from Fe36, in the range of scattering angle 0° to 90°.

The direct interaction theory, in the form of the coupled
channels approximation, was used tc predict these angular dis-
tributions. The programme INCH, written by A. D. Hill of Oxford,
was used in this work. This programme predicts the neutron
elastic and inelastic scattering differential cross-sections,
and was modified by the additicn of a subroutine GAMMA, to cal-
culate the gamma-ray angular distributiens. This was done by
finding the correlation function between gamma-rays and scattered
neutrons, and averaging over the neutron scattering angle. The
theoretical predictions were then compared with the experimental

results.
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1. INTRODUCTION

The neutron, with its lack of electric charge, has been found
to be a very powerful probe for the investigation of nuclear pro-
perties and forces. Without the complications of the Coulomb
interaction, the calculations are simplified, and the absence of
the Coulomb barrier means that neutrons of very low energy can take

part in nuclear interactions.

One of the predominant modes of neutron interaction with
nuclei in the range of incident energy 1 - 50 MeV is elastic or
inelastic scattering. Elastic scattering does not affect the
internal state of the nucleus but simply transfers momentum to the
nucleus as a whole, in the laboratory system. Inelastic scattering
involves the excitaticn of one of the higher states of the nucleus,
and consequent loss to the emerging neutron of the corresponding
amount of energy. The nucleus is thus left in an excited, and
thercfore unstable state. In some cases, decay by particle emission
occurs, but the most common mode of de-excitation is by gamma-ray
emission. The study of these gamma-rays provides a means of in-
vestigating the nuclear interactions and the structure of the

nucleus.

At incident neutron energies of less than about 10 MeV, the
neutron interactions with nuclei have been described by the compound
nucleus theory first proposed by Bohr (l). This theory describes
the peaction as taking place in two distinct stages, the first of
which is the formation of a compound system which survives long
enough to be considered as a separate entity (10"16 e 10-18 sec).

During this stage, the energy of the incident neutron and its

binding energy is shared between all the nucleons by a series of



multiple ccllisions resulting in high excitation of the compound
system. Due to continued collisions, eventually all or part of
the incident energy is concentrated in a particle near the nuclear
surface, and this "evaporates™. The compound system thus decays
by the emission of the particle concerned. It is assumed that the
probability of decay in a particular mode, or channel, does not
depend on the way the compound system was formed, but only on the
properties such as the spin and parity. of the compound system.
This theory has been found on many occasions to yield good fits

(2 = 3)_ For example, it is able to account

to experimental data
for the large capture cross-secticns and narrowly spaced reson-
ances shown by nuclei under bombardment by neutrons of a few

MeV,

Considering the gamma-rays emitted in neutron inelastic
scattering, the shapes and anisotropies of the gamma-ray angular
distributions have a strong dependence on the properties of the
relevent nuclear levels, namely, the spin, parity and branching
ratios. It is thus possible in many cases to obtain unambiguous
values of these guantities by comparing experimental measurements
of angular distributions with theoretical predictions. For example,

(4)

Benjamin et al have found the spin and parities of the levels

of the isotope Fe 0

The compound nucleus theory, however, does not provide an
explanation of the diffraction structure, including strong forward
peaking, found experimentally. for nucleon scattering at energies

(5).

as low as 6 MeV

This phenomenon suggests the occurance of direct interactions,

which are assumed to take place within the time period taken by the



41 sec). There is thus no

neutron to traverse the nucleus (v 10
intermediate state formed, Direct interaction theory has success-
fully accounted for nucleon scattering at energies of 10 MeV and
above, Due to the scarcity of expsrimental neutron data theore-
tical interest has first centred on proton work. Here the theory
produces acceptable fits to experimentally measured angular dis-
tributions and polarizations of elastically and inelastically

scattered medium energy protons Sk lO). The fits to the avail-

able neutron data are also good (8, 3, 12).

As mentioned above, work at lower incident neutron cnergies
has been published on gamma-rays produced by neutron inelastic
scattering. Compound nucleus theory has been used to predict the
gamma-ray angular distributions. This work has been reviewed by

Sheldon and Van Patter (13).

Up to the present time, however, no
work on fitting the gamma-ray angular distributions produced by
nucleon inelastic scattering at higher nucleon incident energies
is known. It is therefore interesting to investigate the possi-
bility of predicting gamma-ray angular distributions using direct
reaction theory. If successful, this would provide an independent
eonfirmation of the nucleon scattering results, which test the

theoretical descripticn of the reaction mechanism. This is one

of the aims of the present work.

In the range of incident nucleon enmergy 10 to 20 MeV, it is
uncertain which mechanism is dominant, and the reaction may pos-
sibly be best expressed as a mixture of the twe (14? 14 MeV, the
incident neutron energy used in this work, is thus an interesting
value at which to test the reaction mechanism. It is believed

+hat the actual mechanism of the interaction is described exactly

by neither of these theories, but rather that both are simplifi-



cations which concentrate on cne aspect of the whole at the expense
of the rest. In recent years some progress has been made in deriving

(15)

a "unified" theory in which both compound nucleus formation
and dipect interaction appear as extreme cases although this theory

has not been used here.

Some work on the gamma-rays produced by 1k MeV neutron
reactions has been published. Investigation of the gamma-ray
spectra has been used to determine nuclear energy levels, and in

some cases, the parity of these levels (lﬁ). Experimental measure-

; . Yle="2
ments of gamma-ray angular distributions have been made, b 1)
and many measurements of the differential cross-section at 90°
) : (22 ~ 24) : :
have been published . Since the measured angular dis-
tributions are usually anisotropic, it is not valid, as some
{25)

workers have done ., to integrate the differential cross-section
measured at one angle, to obtain the total cross-section. Instead,
the whole distribution must be measured. Theoretical predictions
of the angular distributicns, when compared with experiment, may
yield further information, but the extent of this must depend on

the accuracy with which the experimental data can be obtained.

This consideration leads to the first part of the research

(lv), and

project. An experimental spectrometen has been reported
was available to measure gamma-ray energy spectra produced at
various scattering angles by inelastic scattering of 14 MeV neutrons
produced by the d, T reaction. Time of flight discrimination was
used to separate gamma-rays from scattered neutrons, using the
associated particle technique. The gamma-rays were detected by a
Nal scintillator crystal. Detection cf the associated alpha-

particles gave a measure of the incident neutron flux, sc the

differential cross-sections for gamma-ray production could be



calculated.

The performance of the system was thus limited by both the time
resolution and energy resolution available. For example measure-
ment of a differential cross-section cf the order of 50 mb/str.
required approximately 20 hours machine time, and was achieved
with an accuracy of the order of *+ 13%. This was inferior to the
performance reported by others,for example Stewart and lMartin report

an accuracy of about 10% (18).

Improvements in the available technology since the initial
design meant that the system could probably be improved. For
example, the time resolution, measured as the full width at half
maximum of the gamma-ray peak in the time spectrum, was approxi-
mately 13 nsec, the exact value depending on experimental cir-
cumstances. This comparatively high figure (Stewart and Martin (189
report 8 nsec) was caused by the difficulty in obtaining good
timing informetion from the Nal scintillator used tc detect the

(26) hich showed that,

gamma-rays. Reports have been published
using a technique known as constant fraction discrimination, the
time pesolution obtainable from various scintillators was much
improved over that obtained with conventional techniques. Improve-

ments were thus possible to the system, and part of the work des-

cribed here consisted of introducing them.

The new system was then used to measure the differential
crose-sections for gamma-ray production for various elements,
namely, magnesium, chromium, and iron. The criterion used to
chosze these elements was the lack of corrcborated published
measurements. In the case of chromium, there were no published

results on measurements of angular distributions of gamma-rays,



at the beginning of the research proiect. The differential cross-
sections of the 1:37 MeV gamma-ray from MgQu, and the 0+85 MeV

gamma-~-ray from Pe56 have been published by Martin and Stewart {18, 21),

The relative angular distribution ofthe 1+37 MeV gamma-ray from Mgm+

has been published by Benetskii (13, 20), but the absclute value of
the cross-section is not given. Values for the differential cross-
section at 90° a quantity frequently measured, range between 26+2 *

(22) (21)

6*5 mb/str. and 40-1 £ 3-9 mb/str. for the 1-37 MeV gamma-

(22)

ray of Mg, and between 30°2 & 9+1 ub/str. and 7942 % 9+4 mb/

: (21) for the 0-85 MeV gamma-ray from Fese. Since these values

str
are not compatible within the experimental errors, it was thought
worthwhile to repeat the measurements with the system capable of
greater accuracy. From the theoretical point of view, the most
abundant isotopes of these elements are all even-even nuclei,
with oF ground states and 2" First excited states. The treatment

of the transitions between these two states is thus similar in

aach case.

The seccnd phase of the work was then to calculate the angular
distributions of the gamma-rays preoduced by inelastic scattering of
neutrcns on these nuclei, using the predictions of direct interaction
theory. Tor this work, a coupled channels program, INCH, written by
A, D. Hill of Oxford, was used. This program, which dealt with
nucleon scattering, was modified to include a subroutine GAMMA. which
calculates the gamma-ray angular distributions. These could then be
compared with the experimental data, providing a test, both of the
reaction mechanism and nuclear models assumed in the calculaticn,
and of the simplifving assumptions made in the course of the cal-

culation.



2, THE EXPERIMENTAL SYSTEM

2.1. Introduction

In this chapter, the apparatus and experimental procedure will
be described. Only a brief description of the whole system will be
civen, more cephasis being placed on changes that have been made to
the original system. The spectrometer, which was in operaticn
when the present work was begun, was capable of measuring differen-
tial cross-sections for gamma-ray production of the order of 50
mbarns/str. It was felt that certain improvements could be made,
mainly in increasing energy and time resolution. This would then
enable, either cross-sections of this order to be measured more
quickly, or smaller cross-sections to be measured in the same time
as before. As will be shown, this has now been achieved. A com-

(17)

plete description of the original system has been repcrted

2.2. Brief Description of System

Neutrons of approximately 14 MeV are produced by the T(d,n)
Heu reaction. Alpha-particles emerging at 90° & 6° to the deuteron
beam are detected, thus defining a cone of associated neutrons at

83° * 8° to the deuteron beam, (figure 2.1).

The scattering sample, in the form of a rectangular plate, is
placed so that it completely subtends the neutron cone. The sample

thickness is such that 30% of the incident neutrons interact.

Neutron inelastic scattering events in the sample result in
the emission of gamma-rays. These are detected by a 77 mm x 77 mm
(3" x 3"). Nal crystal scintillator and 58 AVP photomultiplier. The

gamna-ray detector is mounted 0:78 m from the scattering sample.
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and is moveable so that measurements can be taken at scattering
angles in the range 0° to 90° to the neutron beam direction, in

the herizontal plane.

The NaI crystal is sensitive to neutrons as well as to gamma-
rays, so time-of-flight discrimination is used to eliminate pulses
due to the detection of neutrons. A pulse from the gamma-ray detec-
tor storts the time-converter, which is then stopped by a delayed
pulse from the alpha-detector, producing an output pulse with
heizht proportional to the time delay between the “start'” and "stop"
pulses. Since elastically scattered 14 MeV neutrons have a speed of
about 017 C, and inelastically scattered neutrons less than this,
their flight times from the sample to the detector are longer than
the time taken by gamma-rays. This is the basis of the time of
flight discrimination system. A single channel analyser is arranged
to pass only those output pulses from the time converter which are
due to gamma events. thus eliminating pulses duc to neufrons scattered

from the sample.

Another pulse is taken from the gamma-ray detector (figure 2.1),
amplified, and passed to a linear gate which is opened by the single
channel analyser output, +thus allowing the gamma-ray pulses to be
stored in a pulse-height analyser, forming an energy spectrum of the

gamma-rays.

2.3. Neutron Production

Deuterons are obtained from an electrostatic accelerator
(Type J) manufactured by the S.A.M.E.S.* Company, (figure 2.2).
After acceleration to an energy of between 115 KeV and 150 KeV,

the deuterons pass down a 6m. long evacuated beam tube to a
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Figure 2.2 The S.A.M.E.S. Electrostatic Generator.
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target of tritium adsorbed ontc titanium. Because of the length
of the drift tube, the beam is focussed by two electrostatic

27, g s .
quadrupcle lenses ( ), in the horizontal and vertical planes,

and is directed on to the target by an electrostatic deflector

plate.

The beam incident on the target is defined by a vertical
slit, 10 mm x 1 mm, in a brass plate situated across the end of
the beam tube. This slit replaces 2 pin-hcle which was used
previously, and results in a much increased neutron yield for the
same¢ machine output. Machine instability had limited the neutron
yield to 3 x 107 sec‘l, but it is now possible to run at about
10° neutrons sec_l. It is not possible to quantify this improve-
ment more accurately as the machine stability depends on several
factors such as ambient humidity and temperature which are not

controlled or monitored.

The target consists of a disc of titanium loaded with tritium,
contained in a stainless steel case, incorporating a water cocling
system®™ ., Only a small part of the target is struck at any one
time by the deuteron beam, and the target can be rotated to expose

new areas tc the deuterons.

2.4. The Alpha-Particle Detection System

Alpha-particles emitted in the range 84° to 96° to the

deuteron beam are detected by a plastic scintillator (NE 102A),

o S U, B S S S . 4 S e S ] S5 S T ) S e ke e S S e

* Societe Anonyme de Machines Electrostatique.

#% Supplied by Multivelt Ltd., Sussex.
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0-5 mm thick. The sheet of scintillator is 30 mm square and
shielded from the alpha-particles by an aluminium plate, 1 mm
thick. An aperture in the plate, 10°9 mm x 18:9 mm, defines

a "beam" of alpha-particles which are detected, with half angles,
3.5° in the vertical plane and 6° in the horizontal plane. The
alpha-particle detector is 90 mm from the target. The scintil-
lator is optically coupled py a perspex light pipe 10 mm thick
to a Phillips 56 AVP photomultiplier, (figure 2,3), The light
pipe also forms a flange isolatingthe photomultiplier from the
vacuum system, and supports the scintillator sheet. The dynode
chain which supplies voltage to the dynodes of the photomultiplier
tube is shown in figure 2.4. Equal voltages are applied between
the dynodes, a design recommended by the manufacturers, for high

gain.

Since the range of the alpha particles, which have an energy
of 3+5 MeV, is 0:025 mm (from the manufacturers data sheets), in
the plastic scintillator, its detection efficiency for alpha-
particles is 100%. The scintillator is also sensitive to beta-

particles, which are produced in the decay of tritium in the target
T>Hed +8 +y

with a half life of 12:3 years. These beta-particles, with a

maximum energy of 186 KeV, have a corresponding maximum range in

(28). Also incident on the scintillator

aluminium of 0°0022 mm
are deuterons scattered through 90° by the target. The energy of
the deuterons depends on the accelerator voltage, which was varied
during the experiments, up to a maximum of 120 kv. Deuterons of

(29)

energy 120 KeV have a range in aluminium of 0°001 mm The

scintillator is therefore completely shielded from both these
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Figure 2,3 The Alpha-Particle Detector.
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components of the background by an aluminium foil of thickness
0-0044 mm. Since the range of 35 MeV alpha-particles in alumin-
ium is 0-017 mm, the foil has a negligible effect on the alpha-

particle count.

2.5. Kinetics of d-T Reaction

For every alpha particle produced there is a corresponding
neutron, whose energy and direction can be calculated by classical
mechanics. (The energies invclved are not relativistic, being much

(30))_

less than the rest mass of the neutron, 938.55 MeV

Figure 2.5 shows a schematic representation of the reaction,

in both the laboratory and centre of mass reference frames.

(31)

Benveniste and Zenger have investigated the kinetics of this

reaction. They find the relation:-

i
3 =1 s S0 oy e T Sl el
5 sin 2 ¢n + sin ¢n // /¥ sin ¢n

tan ¢“ = RN E R
! n |  §
o O Ty B ] Sl
sin ¢n + cos ¢n Vv /Y sin ¢n n
vcm
where: - R el 2.2
v ¥
n

ch is the velocity of the centre of mass frame relative to the

laboratory frame, Vn‘ is the neutron velocitv in the centre of mass

frame, m and m, ére the neutron and alpha-particle masses., Also:-

m
h e Q
i E‘I; . (’ + 'E—-) --(2.3)

Eo is the incident deuteron encrgy in the laboratory frame, md and

m,, are the deutercn and triton masses, and Q is defined as usual by;

T
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Figure 2.5 The Kinematics of the d-T Reaction.



- 17 -

o
1"

(mT By S WS mn) c? o el

hence: ~ Q = 17.586 MeV

It can be seen from equations (2.1) an& (2.3) that the relation
between ¢n and ¢u depends on the incident deuteron energy Eo' The
tritium target is ''thick", that is, its thickness is greater than
the range of deuterons in it ,so the value of Eo can vary from the
maximum bombarding energy used, in this case 120 KeV, to zero.

Thus Eo will be used to denote the energy of deuterons incident on
the target, equivalent tc the accelerating voltage of the generator,
and € will be used to denote the deuteron energy at the instant of
the reaction. Figure 2.6 shows the variation of ¢a with ¢n for

(17)

various values of € in the required range, calculated from
equations 2.1. and 2.3. Although the relation is not strictly
linear., over the range of angles considered, the departure from
linearity is negligible. Figure 2.6 shows that a range of ¢, from
84° to 96° (that is, g = 90° + 6°), leads to values of ¢ from

76°5° to 96°, although the extreme values are given by only single

values of €.

In these calculations itis assumed that angular straggling, due

. . i
to scattering in the target; can be neglected., It has been shown (7)
that this introduces an uncertainty of 1° in the results of these

calculations. In view of the overall angular resclution of the

system, this is negligible.

2.6, The Neutron Beam Profile

The cross-section for the T(d,n)He" reaction depends on the

value of € as shown in figure 2.7. Thus as different values of

¢, are produced by different values of
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€, the neutron yield will vary with ¢n. This variation is
described by the neutron beam profile. To calculate this, the

denendence of the neutron yield on the value of &£ must be knowm.

2.6.1. The Neutron Yield

The differential cross-section for the d,T reaction has been
found by measurement to be isotropic in the centre of mass refer-

(32)_ £

ence frame for values of incident energy up to 570 KeV
o(e) is the total cross-section for the d,T reaction at a deuteron
energy €, and N is the number of tritium nuclei per unit volume of

the target, then the neutron yield per incident deuteron, per unit

sclid angle is:-

o T N
Y (8) = IO S de riel )

Here the deuteron energy is treated as a variable in the range Ea
to zero, as the deuteron slows down in the target. This formula
assumes the incident deuteron flux is constant throughout the target.
This is a good approximation because only a small fraction of the

deuterons react with the tritium.

2.6.2. The Anisotropny Factor

To convert to the laboratory frame, the cross-section must be

multiplied by the anisotropy factor:-

sin 68 46 (centre of mass frame)
dw'’ n n

dw = Sin ¢n d¢n IO(A.S)

(laboratory frame)

The relation between Bn and ¢q is (31):-
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cos 6_ = - in2 ¢ # - y2 sin?
os 8_ y sin ¢n cos ¢n /’l v4 sin ¢n N
Thus again dw'/dw depends on ¢n and e. Fipure 2.8 shows this
dependence, with € as a parameter. It can be seen from this figure
that over the range of interest of ¢ , namely 76° to 96°, dw!/dw

is approximately equal to unity, with an error of at most 1-5%.

This factor is thus neglected.

2.6.3. The Stopping Power

The factor de/dx in equation 2.5, represents the rate of
energy loss of deuterons of energy € in the titanium-tritium
target also called the stopping power of the target. To deter-

mine this, the loading factor, or number of tritium atoms in the

target must be known. A reasonable estimate for this factor (91
is unity. Then the stopping power is given by:-

de _ 48 de 3 de

i A R T T il

Here 3 and 48 are the atomic weights of tritium and titanium res-
pectively, and (de/dx)Ti represents the rate of energy loss in
normal titanium, and (de/dx)T in tritium. Benveniste and Zenger
(81) obtained (de/dx)Ti by interpolaticn of proton data.for varicus
elements, and by assuming the rate of energy loss {is a function

only of the particle velocity, so that:-

§524 dEd
(), = (

“3;)25 0:(2.9)

The stopping power for deuterons in tritium has alsc been found

(33)

from Phillip's  measurements on proton energy losses in
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hydrogen and helium. Combining the two functions, the stopping
powers of both materials, in equation 2.8, the stopping power of
the tritium-titanium target is found. This is shown in figure

2.9

The neutron yield can now be expressed, from equation 2.5:-

a(e) de

< 2.10)
de/dx

Y (Bn,e) @

Here Y (Bn,e) is the neutron yield per unit solid angle, per
unit deuteron energy deposited in the target., This has been evalu-

ated (17)

numerically in 10 KeV steps, taking at each step, mean
values of o(e) and de/dx from figures 2.7 and 2.9 respectively. The

result is shown in figure 2.10.

2.6.4. The Neutron Beam Profile

The neutron beam profile is finally found from figures 2.6 and
2,10. The calculation is performed in 1° steps. For each value of
$n from 76° to 96° inclusive, figure 2.6 shows the range of € which
contributes to the neutron yield. Figure 2.10 is then consulted to
determine the relative yield that this range of values of deuteron
energy can produce. This is found from the area under the curve in
the relevant range of e. The areas are then normalized so that the
maximum relative neutron yield is 1:0. The reéultant neutron beam
profile is shown in figure 2.11. It can be seen that the full width
at half maximum of the beam is 12°, and that the total width of the

beam of associated neutrons is 17°.

To a certain extent, this calculation repeats the work of

(17)

Connell , but it has been given here in some detail for

completeness, and also because the present work uses a wider range
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of 6> (+6°) than the previous work, which used ¢ = 90° % u4°,

It has thus becn necessary to check that the assumptions made are
still valid for the present case. The increase in the range of
¢u affects mainly the anisotropy factor dw'/dw. Here the assump-

tion that this factor is unity is still valid.

Thus a beam of associated neutrons is defined, extending from
approximately 77° to 93° to the deuteron beam in the horizontal

plane, and with half angle 3+5° in the vertical plane.

2.6.5. The Neutron Line Shape

The line shape refers to the energy distributicn of neutrons
at a given angle. The neutron energy. En’ is a function of the

angle of emission ¢n, and of the incident deuteron energy, €

) EE € cos 2 &+ ; (

m m e sin? ¢ x
¢ n n )

m, Tp € +Q (md T mT)

x (1 - -(2.11)

Here Mgs Mps Mo and m, are, as stated previously, the deuteron,

triton, neutron and alpha-particle masses respectively, and Q has
been previously defined. This expression has been evaluated (17)
at ¢ = 84° for a range of values of € from 120 KeV to zerc. The
neutron yizld at this value of ¢n and at the various values of g

(17)

has also been evaluated , from equation 2.5. The resulting
neutron line shape is shown in figure 2.12, which shows that the

energy spread of the neutrons atthis angle is 100 KeV. The
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calculation at this value of ¢n is typical, due to the small range

of ¢n which is of interest.

2.7. The Scattering Sample

The magnesium sample is a block of the natural element, of
purity 99%, cast to the required shape®*. The dimensions are 30
mm X 120 mm x 126 mm. Due to difficulties in casting, the shape
of the sample is somewhat irregular, producing errors of 1 mm in
each of the dimensions. It was not found possible to machine the

sanple to size as magnesium filings are inflaﬁEBle.

The chromium sample consists of chromium powder, purity
99-95%%% compressed into an aluminium can of internal dimensions
28-4 mm x 853 mm % 90:6 mm. The density of the packed chromium
powder is 2°'74 gms/cc, compared with 6°'32 gm/cc for the solid
metal. To subtract the contribution to the gamma-ray spectrum of
the aluminium container, an identical empty can replaces the
chromium sample for the background runs. A solid chromium block
was not available., as chromium is used mainly as foil or film

coating for other materials.

Aluminium is chosen for the container by a consideration of
the macroscopic cross-sections, I, of possible materials. The
fraction of neutrons not interacting in a thickness, x, of material
is given by e—Zx- It is required that as few neutrons as possible

will interact in the sample container, so that material is chosen

which has thes minimum value of £. This is given by:

e s e T S s S S . ) o e i 8 S 8 o o -

* Supplied by BKL Alloys Ltd., Birmingham.

%% Suplied by New Metals and Chemicals Ltd., London.
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y = o anl212)

where NO is Avagadros number, p is the density, A is the atomic
weight, and 9. is the total cross-section for 14 MeV neutron

interactions. Table 1 shows values of I for various possible

materials.
Material (E/NO) X lO-QQ cm“l
Aluminium 0+175
Steel 0-358
Tin 0273
Yellow Brass 0+380

TABLE I

Macroscopic Cross-Sections of Various Container Materials

Aluminium is seen from this table to be the best material for the

sample container.

The iron sample consists of a rectangular block of '0' quality
dynamo steel, which is 99:27% pure iron machined to the dimensions
9415 mm x 92-00 mm x 120-00 mm. To prevent rusting contaminating
the sample, it was sprayed with a P.T.F.E. solution which forms a
coating. with a thickness of a few molecular diameters. It is
expected that this layer will produce negligible gamma-ray yield
due to its small thickness and the low atomic number of its con-

stituents.

In each case, the scattering sample is placed at a distance

of 250 mm from the target, so as to subtend completely the neutren
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beam, (figure 2.13). The thickness of each sample has been cal-
culated so as to result in a transmission of 70% or over. (For
sagnesium and iron the figure is 70%, for chromium 80%, resulting
from the low density of the powdered sample). Tt is thought
(34, 35) : :
that at thicknesses of this order, neutron beam attenua-
tion and multiple scattering are mutually compensating, so the
neutron flux may be considered constant throughout the thickness

of the sample. This assumption will be considered in more detail

later (section 3.10).

The sample is placed at 45° to the central axis of the
neutron beam, so as to minimise self absorption of gamma-rays

in the sample, for scattering angles in the range 0° to 90°.

2.8. Gamma-Ray Detection

Gamma-rays produced in the sample are detected by a 3" x 3"
NaI(TL) crystal SCintiilatorj optically coupled by 2 plano-concave
perspex plate, central thickness 15 mm, to a Phillips 58 AVP photo-
multiplier, figure 2.14. The reasons for the use of a Nal scintillator

are given in Section 2.8.1.

The resistance chain used to supply voltage tc the stages of
the photomultiplier is shown in figure 2.15. The design of this
dynode chain is based on that recommended by the manufacturers (36)
for fast timing purposes. The voltages applied to the focussing
grids and first dynode are critical to good timing, as it is in
this region that the electrons have the lowest energy, and are
thus most susceptible to stray fields, even if weak. Each tube

is tested by the manufacturer to determine the optimum values of

vk—gl and kadl for accurate focu881pg of electrons from the
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Figure 2.14 Gamma-Ray Photomultiplier
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photocathede on to the first dynode.

The capacitors across the final stages of the dynode chain
are used to store charge, to enable the peak current of the
output pulse to be greater than that of the steady dynode chain
current. For example, the chain current is 3 mA, and the peak
current of a typical 3 volt pulse across the 160 Q output resistor
is 20 mA. The output pulse must not draw power from the chain
supply, as this must remain stable, to maintain stable voltages at
the dynodes. The peak value of the current pulse is obviously
attained for only a small fraction of the pulse length, and
cannot be maintained continuously. This consideration also limits
the counting rate which can be achieved before the gain begins to

decrease, but this is not a limiting factor in the present work.

A mu-metal cylinder is used to shield the photocathode,
focussing grids, and first few dynodes, from the earthk magnetic
field. This is strong enough to cause defocussing of electrons

in this region of low energy.

The detector is shielded from scattered neutrons by 2 com-
bination of lead, borax, and paraffin wax cvlinders as shown in
figure 2.16. The effect of the shielding material is shown in
figure 2.17, together with the effect of the shadow bar. This
steel bar is placed sc as to prevent neutrons straight from the
tritium target impinging on the detector and creating a high

background signal.

2.9. Time Resclution

The problem of obtaining good time resolution has been

widely discussed i 40). The time resolution available from
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a scintillation detection system depends mainly on the characteri-
stics of the output signal from the photomultiplier. Since com-
paratively high power signals are available, noise in the following

(41)

circuitry is not a problem » 80 that subsequent instrumentation,

if properly designed, does not add to the timing inaccuracy.

The first stages in the detection process are the transfer
of energy from the incident radiation to the scintillator by exci-
tation of optically active states, the subsequent decav of these
states and consequent emission of light, and the collection of this
light onte the photocathode of the phctomultiplier. These are con-

sidered to be governed by Poissonian statistics.

In the multiplication process, it is particularly the flight
of the first electron, emitted from the photocathode, tc the first
dynode, which can produce timing errors. This is because the
electron energy is low, and path lengths from different parts of
the photocathode may vary ccnsiderably. Careful consideration of

(2 of the photocathode - first dynode geometry, with

the design
the addition of fccussiﬁg grids, and adjustment cof the accelerating
voltage, combined with good design of the rest of the tube can reduce
the timing errcr considerably. For example, the 58 AVP photo-
multiplier has a quoted 1) transit time spread of 1-0 nsec, and

a phctocathede diameter of 110 mm.

If the excitation of the scintillator takes place at the

instant t = 0, then the detection of the nth photoelectron takes

— 2
nlace a time t afterwards, where; (37)
garn ot l), ] (2.13)
R 2R LR BN - .
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Here T is the mean decay time of the scintillator, and R is the
average number of primary photoelectrons produced for each detec-
tion event. In omitting higher termsof the series it is assumed

1i1at n << R, Also the variance of t is:-

2
N ar L L 2nie LE ..(2.14)

. S

Tzking into account the effect of the spread in transit times

(44, u45)

through the photomultiplier, the following result is

obtained:

oe L 2:25)

S fo
R2 P
where ¢ gives a measure of the transit time spread of the photo-
multiplier tube. This expression for v has a minimum of 201/R
at n = oR/r. Thus to obtain best timingresolution from a scin-
tillation detector, the scintillator should have a short decay
time and high light output, and the photomultiplier a low
transit time spread and high photon conversion efficiency, (a
high proportion of the light incident on the photocathode should
result in the emission of electrons). It can also be seen that
if a timing pulse is obtained after the ccllection of a fractien
%/R of the total charge produced in the detection of a single
gamma-ray, this fraction should be a constant for optimum timing

resolution. This result is confirmed experimentally (46 - 48)

and has previously been predicted theoretically (49)

2.9.1. Choice of Scintillator

Since the time resolution obtainable from a scintillator



e« G =

is proportional to YT/R, it is necessary te choose a scintillator
with a low value of t and a high value of K. Frem this point of
view it is best to use a plastic scintillator such as NE102 which
has T = 2+51 nsec and R equal to 65% of that of anthracene 450
which is used as a standard. NaI, on the other hand, has T = 250

(26)

nsec and R = 240% of anthracene Thus for timing, the plastic

NE102 is approximately five times better than Nal.

However, the detection efficiency must also be considered.
To perform energy analysis ofthe gamma-ray energy spectra, the
total gamma-ray energy must be detected on a substantial number
of occasions, so the full energy peak is resolved. Although some
multiple Compton scattering occurs, the main process for the
detecticn of all of the incident gamma-ray energy is the photo-
electric effect. However, the cross-scction for this process is
proportional to Z" where n is between 4 and 5 (50). Plastic
scintillators are compsosed of carbon and hydrogen with some
nitrogen and oxygen (Si), so an average value of Z is about 6,
while for Nal the value of Z is the average of 1l and 53, that
is 32. Thus clearly Nal is more efficient by a factor of (32/6)"
f 103 at detecting the total energy of an incident gamma-ray than

is a plastic scintillator. Thus energy analysis requirements

dictate that a Nal crystal must be used for gamma-ray detection.

Good timing resolution (4 - 5 nsec FWHM) and energy resolu-
tion (0-14% at 1-33 MeV) are obtainable for gamma-ray detection
by GeLi detectors. However it was calculated that the rate of
radiation damage from fast neutrons would be sc high that the
useful life of the detector would be only 20 hrs. For this

reason a GelLi detector was not used.
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2.9.2. Timing Techniques

A brief summary of the timing circuitry of the original
spectrometer will now be given, leading to a description of the

alterations made to the system.

The timin~ circuitry is shown in figure 2.18. The "start" pulse
of the time converter was obtained from the gamma-ray detector.

The pulse from the 1lith dynode was amplified by a "fast" amplifier,
that is, one which was driven into saturation. The resulting pulse
then triggered a switching circuit, producing a pulse with a re-
latively short rise time, 20 nsec, compared with the rise time

of the photomultiplier dynode output pulse, which was 40 nsec.

To allow time for the operation of the slow coincidence gate in

the "stop” line, this pulse was delayed for 220 nsec by a HO m
length of cable before connecting with the "start" input of the

time converter.

The anode pulse from the alpha-particle detector was matched
inte a 35 m long coaxial cable by means of an emitter-follower
which connected with a discriminator and pulse shaping circuit.
The ancde pulse from the gamma-ditector was similarly treated, and
if these two pulses were in slow coincidence, the alpha-pulse was
used to "stop'' the time converter. The pating time of the slow
coincidence circuit was 400 nsec. Timing uncertainties in the
gamma-pulse did not affect the '"stop' pulse, as this took its
timing information only from the alpha-pulse. It was necessary,
however, to ensure that the gpamma-pulse arrived at the slow coin-
cidence gate before the related alpha-pulse, within the 400 nsec

gating time.

The reason for the use of the slow coincidence gate was to



S i P

Fast
Amplifier im0 1 1 B
Gamma-Ray| | 220 nsec
Detector delay
|| Emitter
Follower
33 nsec
delay
Discriminator
&
Shaper
Slow
Coincidence ;
Gate [
'Stop! rStart!
| |
2 e 1
Dlsczlmlnator Time
Sceler Converter
Shaper
Pulse
Height
180 nsec ’
Anal
AaTan E nalyser
Alpha- Emitter
Partlclel_‘Follower
Detector

Figure 2,18 Original Timing System.



reduce the high count rate from the alpha-particle detector to a
level which was acceptable to the time converter unit. This had
the additional advantage of reducing the number of random events
in the time spectrum, caused when the time converter was stopped
by an alpha pulse which was unrelated tc the gamma-pulse which had

started the time converter.

The time resolution obtainable with this system is shown in
figure 2.19, which is a time spectrum of a silicon scattering
sample, at a scattering angle of 30°. It can be seen that the
full width at half maximum (FWHM) of the gamma-peak is 11°5 nsec,

and the full width at 1/10 maximum (FWTM) is 21-5 nsec.

As described above, the method of obtaining the timing infor-
mation from the gamma-pulse was the fixed-level triggering technique.

It has been found (26)

that although this method gives gecod time
resolution for a narrow dynamic range, that is, range of incident
gamma energies, the resolutiocn drops considerably as the energy

range increases. This is because the triggering level cannct be set
at the correct fraction of pulse height for a wide variety of pulse
heights, and because 'walk' becomes a serious problem, '"Walk' refers
to the shift in the time of crossing the triggering level of pulses
which start at the same time, but which have different heights,

(see figure 2.20) and is independent of any statistical effects on

the time resolution.

Te overcome these difficulties, the timing circuitry was
replaced by that shown in figure 2.21. The gamma-timing pulse was
taken from the anode rather than the 1% th dynode. This is general
practise, as better timing is obtained from the larger pulse. An

emitter follower was not found necessary to match the signal into
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the cable, and as it did not improve the time resolution, it was
omitted. The ORTEC unit 463 incorporates a simple discriminator
level ané a constant fraction discriminator circuit. This triggers,
as its name suggests, at a constant fraction, f, of the input pulse

where £ is set to the value found experimentally
to give the best resolution, ie. 0-2., "Walk' is almost entirely
eliminated, as the circuit triggers on the same phase point on

each pulse.

The alpha detector has not been altered, but to provide a
timing pulse compatible with the input requirements of the new
time tc pulse height converter, (ORTEC 4u7), a fast discriminator,
ORTEC 436, is now used in the alpha line. The ORTEC time converter
can accept a much higher rate of input pulses than the criginal NE
6250 unit, (3 x 108 ‘start" and 3 x 107 "stop'" counts sec —, com-
pared with 25 x 10% counts sec-l), so the slow coincidence gate
is unnecessary. The gamma-ray pulse is used to start the time
converter, as this line has a lower count-rate than the alpha-

line, (10% sec_l5 compared with 8 x 10% sec"l), so the dead time

of the time converter is reduced, as are random ccincidences.

The time resolution obtainable with this new system is shown
in figure 2.22, which is a time spectrum cbtained from a sample
of silicon at a scattering angle of 30°. It can be seen that the
F.W.H.M. of the gamma-ray peak is 4 nsec and the F.W.T.M. is 8:5 nsec.
The pulses due to neutron detecticn form several peaks which are not
resolved. The main peak is due to elastically scattered neutrons
of 14 MoV, the smaller peaks are due to neutrons inelastically
scattered from the various nuclear levels of the nuclei of the

scattering sample.

The improvement in the F.W.T.M. from 20 nsec to 8:5 nsec is



%l

(*A®H O°L:T8A97] JO0JBRUTWTIOS Tg~TBlue)
soTduweg UOOTITS woxy umxzoads 2wty g2 aand T

(*uo/roesu G*Q) Jdquny TIUURYDH

oL on
=t 0
o
=t 001
=
: 002. rouueysy
T xog
: i sjunog
i B 00¢
: TR 00N
M ! EEaaanas dhcaiiaa
it TR R
5 i 006§
m.rd il it i i
£ y i H fthnry 009




=BG -

particularly important as this determines the width of the "window"
set over the gamma-ray peak on the time spectrum. This is the
nortion of the time spectrum which is passed by the single-channel
analyser. Pulses in this region pass through the analyser and then
gate the corresponding pulses in the energy line, allowing the
camma-ray energy pulses to be stored in the energy spectrum

(figure 2.23). Reducing the width of this window obviously pro-
portionately reduces the number of background pulses in the time
spectrum which are allowed through the analyser, thus reducing

the background in the energy spectrum. However, the window must
not be reduced to the extent that a significant proportion of

the pamma-ray peak is lost. It is implicitly assumed in the

data analysis, that the efficiency of the gating circuit is 100%
for gamma-ray events: that is, if a gamma-ray is detected by the

scintillator, it is certain to be ccunted in the energy spectrum

[t

assuming the pulse height is great encugh to pass the gamma-ray

discriminator level.

2.9.3. Sample-Detector Separation

This improvement in time resolution enabled the pamma-ray
detector to be moved closer to the scattering sample, reducing the
flight path travelled by the scattered neutrons and gamma-rays from
1:39 m to 0-78 m. This is the reason for the reduced separation
between the neutron and gamma-ray peeks in figure 2.22 compared
with figure 2.19. The neutron and gamma-ray peaks can still be
satisfactori&ly resolved with this reduced flight-path and the
increased solid angle subtended by the crystal means the count-
rate in the gamma-ray detector has increasad by (139/78)2 or

3+17.
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2.10. Setting Discriminator Levels

The alpha-particle pulses arc discriminated by a level fixed
in the ORTEC 436 unit, to eliminate low energy noise, but to pass
the pulses due to the 3 MeV alpha-particles from the T(d,n)He"
reaction. The detector output is amplified (see figure 2.24), by
a NE 5259 linear amplifier, and the resulting pulses gated by the
output of the discriminator. As the discriminator level is increased,
pulses below this level are not passed, and thus are not available
to open the gate. The lower energy region of the spectrum is thus
removed, The resulting spectra are shown in figure 2.25, both with
the discriminator level set to zero and set to 0:365 volts. This

level was left fixed throughout the whole of the subsequent work.

The gamma-ray discriminator level is set in a similar way to
the alpha-level (see figure 2.2€). This level is set at a value
appropriate to the gamma-ray energies bein; investipgated, that is,
below the gamma-ray peak at the relevant energy, yet sufficiently
high to remove the mamny low amplitude pulses due to neutron back-

ground.

2.11. Energy Scale Calibration

Radioactive sources, listed in table 2, are used to calibrate
the energy scale. The linear pulse for energy evaluation is taken
from the 13th dynode, and matched into a cable by an ORTEC 113
preamplifier (figure 2.26). The pulses are then amplified by a
NE 5259 spectroscopic amplifier with double differential shaping.
The pulse-shaping time constants are chosen to give optimum energy
resolution; the best values are found to be 1 usec for both inte-

orating and differentiating. The pulses are then gated, and
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analysed by the pulse height analyser. To calibrate the energy
scale, the discriminator level, on the ORTEC 463 unit, is set to
zeroc, A linear calibration was obtained, within the experimental

errors of 1%.

The delay unit NE 5262, and the linear gate NE 5730 should
not strictly be necessary for the calibration, as their specifi-
cations state that they do not affect the height of pulses being
processed by them. However, it is found that a slight decrease
in amplitude occurs, of approximately 5% in pulses passing through
these units. They are therefore included, so the energy scale

calibraticn takes account of these effects.

Isctepe Gamma-Ray Energy (MeV)
csl 37 0+662

MnSY4 0+835

Na22 0+511, 1-28

Cob0 14173, 1-332
AR28 178

Na2" 2+75

TABLE 2

Isotopes used for Energy Scale Calibration
The first four isotopes in table 2 are available as standard
sources, due to their comparatively long half-lives. The A228

isotope is produced by the reaction:

$i28 (n,p) Ag28
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The A28 decays by B™ emission to $i%8, with a half life of 2.3
mins. The $i28 decays to its ground state with the emission of
the 178 MeV gamma-ray. Similary, the Na?" isctope is produced
by neutrcon bombardment of Mg2“:-

8-

Mgzk (n’P) Nazli- B Mgzu

The Na?" half 1life is 15+0 hrs. The decay of Mg2% to its ground

state produces the 2+75 MeV gamma-ray.

212, Energy Resolution

The energy resoclution of a Nal scintillation detector is
conveniently measured by the peak to valley ratio obtained in
the energy spectrum of Co®0 (figure 2.27). The original system
employed a Phillips 56 AVP photomultiplier, which has a 51 mm
(2") diameter photocathode. The photomultiplier was optically
coupled to a 77 mm (3") diameter crystal by a 100 mm long conver-
ging light pipe of perspex. This system barely resolved the two

Cc80 peaks, giving a peak to valley ratic of 1.05 : 1 (figure 2.28).

The photomultiplier tube was replaced by a Phillips 58 AVP,
which has a photocathode diameter of 110 mm. The light pipe was
then unnecessary and was discarded, except that, as previously
described, a plano-concave perspex plate was used to couple the
convex surface of the photomultiplier glass case to the plane
surface of the scintillator casing., This new system achieved a
peak tovalley ratic of 3+0 : 1 as shown in figure 2.28. This
improvement is probably due to the better light collection

efficiency of the new arrangement, and the fact that mainly the



- 56 =

Counts
Per
Channel
Pbhalk
Valley
N4
Tl17 133
Ezr MeV,

Figure 2.27 Sketch of 0060 Gamma-Ray Spectrum
to illustrate the P:V (peak to wvalley) ratio.

6001

500 \q

400 +
Counts
per 300
Channel-

200 L \j

100 L

1 L i i 1 i) 1 i

Gamma-Ray Energy.

Figure 2.28 Improvement in Energy Resolution.



central region of the photocathode is now used, which generally

has a higher photoemission efficiency than the edges (42).

2.13, The Energy Spectrum

The complete electronic system used to accumulate the gamma-
ray energy spectrum is shown in figure 2,23, The output from the
time converter is passed to a single channel analyser (NE 5159C),
set so that only pulses in the gamma-peak produce output pulses
from this unit. Thus pulses due to scattered neutrons are cut
out and do not contribute tc the background except in random

coincidences.,

The measurements are obtained by counting alpha-pulses on
the scaler, and simultaneously accumulating the gamma-ray energy
spectrum on the P.H.A. This process is then repeated for the same
alpha total with the sample removed, to measure the background
spectrum. This procedure, which takes approximately 45 mins in
all, is repeated 2 - 4 times for each angle, depending on the
size of the differential cross-section at that angle, and the

relative amount of background present.

Previous experience warned that the gain of the system might
be unstable., This is therefore checked between each run, It is
found that the gain increases steadily throughout the day, resulting,
in a spectrum shift of about 5% over 10 hrs. Since the gain is
reset, if necessary, after each run, this shift does not affect

the results.

2,14, Conclusions

The main improvements which have been made to the system



are the followingy

(a) Timing resolution has been improved from 10 nsec F.W.H.M. to

4 nsecy

(b) Resulting from (a), sample-detector distance has been decreased

from 139 m to 0:78 m.

(c) The slit replaced the pinhole in defining the deuteron beanm
onto the target, allowing preater neutron yield while maintaining

the beam stability.
(d) Energy resolution has been improved by a factor of 3.

Points (b) and (c) together can be seen to inercase the rate
of data accumulaticn by a factor of approximately 10 This means
that long term instability of the equipment is not now serious, and
not so much time is lost checking gain changes due to drifting of
H.T: supplies etc, This improvement can be seen in the time taken
to accumulate a gamma-ray energy spectrum of the required statis-

(17) 0

tical accuracy. This has been reduced from 20 hrs 2 -3

hrs.

It is also to be expected that due to peint (d) the gamma-ray
peaks will appear more quickly as they will be spread over fewer
channels of the pulse height analyser. Point (a) implies that the
random background should be reduced to half its previous value.
This point is difficult to check accurately, as the spectra which
have been measured during this work, have photopeaks at different

(1.7)

energies from those measured by Connell s S0 they are not

directly comparable, However as an aprroximate estimate, com-

parison of the 127 MeV peak in the gamma=ray spectrum of g32 L7
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with the 137 MeV peak of Mg2" (present work) indicates an
increase in the signal to background ratic at the peak centre

from 3+1 : 1 to 7.7 : 1. The energy range per channel of the

two spectra are respectively 44 KeV/ch and 41 KeV/ch. The dif-
ference in gamma-ray energy means that the comparison cannot be
exact, however, both gamma-ray detection efficiency and background
intensity decrcase with the increasing energy scale, tending to
cancel as a first approximation. It can thus be seen that the
signal to background ratio has been improved by a factor of about

2,

These alterations imply that the lower limit of the differen-
tial cross-section which the system could be used to measure, is
reduced, from about 50 mb/str to about 5 mb/str, with the same
experimental errors and data accumulation time, The system has
not, in the present work, been used to measure such low cross-
sections because theoretical interest has centred on cross-sections
larger than this. However, the stability of the SAMES generator
would be the limiting factor in such a measurement of a low cross-

section.
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3. DATA ANALYSIS

3.1, Form of Data

As described in the previous section (2.13), the raw experi-
mental data is accumulated in the form of a gamma-ray energy
spectrum, and the time-integrated total of associated alpha-particles
detected during the period of measurement at each scattering angle,
This data must then be analysed to derive from it the differential
cross-section per unit solid angle, for producticn of the gamma-ray

concerned.

3,2, The Differential Cross-Section

If there is a flux of n neutrons per sec, per unit area incident
on the scattering sample, and g gamma-rays of specified energy E MeV,
are produced, per second, in the sample, which contains N nuclei,
then the total cross-section per nucleus for production of that

gamma~ray is given by:-
0 : i ..(3.1)

It can be seen that o, has units of areca; it is conveniently

28
measured in barms (1 barn = 10 m2),

The differential cross-section per unit sclid angle at a

scattering angle 9 is given by:-

a2@  n H

0.(3.2)

where g(6) is the number of gamma-rays produced per sec. into
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unit solid an:le, centred cn the direction € to the neutron beam,
(All measurements ave taken in the horizontal planz). From

cguation 3.2 it can be seen that do/d@ has units of area / (solid
anzle), usually mbarns/steradian. Examination of the gamma-ray
energy spectra permits the determination of the number of gamma-rays
cof energy EY detected in the photopeak during the period of measure-
ment. Various possible sources of error have to be taken into
account; for example, partial detection of gamma-rays of higher
energy, or activation of the sample material., Also this photopeak
total, P(6), must be corrected for the efficiency of the detector
(e), and for the absorption of gamma-rays in the sample itself.

The correction factor for this effect is S(6). The total of
associated alpha-particles, ¢, gives a measure of the incident
neutron flux, here again correction factors (F) are necessary.

The differential cross-section is thus given by;

doE(S) A 2(8)

aq =~ eS(e)(o/A)EN ee(3.3)

here A is the area of the sample face on which the neutron flux is

incident,

These various factors will now be considered in detail,
leading to a discussion of the protlems particular to each
g

glement, which will be considered separately.

3.3, Gamma-Ray Energy Spectra

in example of a gamma-ray energy spectrum is shown in
figure 3.1, that of gamma-rays from magnesium at a scattering

angle of 40°, Several features of this spectrum may be noted,
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to illustrate the problems involved in obtaining the number of
gamma-rays of a particular energy emitted by the sample at a

particular angle,

The gamma-ray discriminator level has been set above zero,
specifically at 0+95 MeV, As mentioned in section 2,10, this is
necessary to eliminate the high background count at low energies,
which produces an unworkable signal-to-noise ratio in this energy
region. The setting of this level means that the peak efficiency,

rather than the total efficiency must then be used (section 3.7).

The gamma-ray of interest is that of 1+37 MeV, which is
cleerly resclved., Other gamma-ray energies are alsc detected,
a peak being resclved at 1°81 MeV. The 1-37 MeV photopeak is
situated on the Compton distributions due to the partial detection
of these hicher energy gamma-rays. To obtain P(8), the total
count in the 1¢37 MeV photopeak, the counts under the photopeak
due to these Compton distributions must be accounted for. Various

methods for achieving this have been used.

One such method involves the subtraction from the spectrum
of the Compton distributions due to these other gamma-rays, 2
orocess known as 'spectrum stripping". In the present work, this
process cannot be carried out completely as there may be further
gamma-rays present, of energy greatsr than 3.0 MeV for which the
photopeaks are above the high snergy end of the recorded spectrum,
Since the magnitudes of these photopeaks are unknown, the Compton
distributions accompanying them cannot be estimated. Also, some
of the photopeaks which are within the energy range of the spectrum
are not clearly resolved, and relative statistical fluctuations

are high. Errors in the "stripping" prccedure increase as each
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peak is removed, statistical uncertainties and the possibility of

error in the spectral shapes accumulating with each subtraction.

An alternative to this procedure is the method of Covell (52).

Thiz involves measuring a known fraction of the full peak count,

As shown in figure 3.2, a line is drawﬁ across the peak and counts
above this line are noted, To find from this the total number of
counts in the whole peak, P(€), it is necessary to measure a refer-
ence spectrum. This must show the gamma-ray photopeak of the
anpropriate energy fully resclved, and with all backgrcund sub-
tracted from the spectrum, Then the fraction of the total count

which is ahove the ccrresponding line can be determined.

The sources of errcr invelved in this procedure include the
statistical uncertainties in the experimental and reference spectra,

and the pessibility of misplacing the base-line,

In the present case, Covell's method of measuring a calibrated
fraction of the peak total is likely tc yield a more accurate result
for the photopeak total (P(6)), than the procedure of spectral
stripping, and for this reason is prefaﬁéﬁ. This method is thus

used tc determine P(8), from each spectrum,

3.4, The Neutron Flux

As mentioned abeve, the total cocunt of associated alpha
particles gives the number of neutrons incident on the sample,

when certain corrections have been made.

3.4.1. Activation Background

The background count which is included in the measured
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total of alpha particles can be divided into two components, The
first consists of radiation produced by activaticn of the target
and surrounding assembly, caused princiaily by neutron reactions
of the type A(n,x)B. The materials used in the construction of
the target assembly are mainly iron, copper and zinc. The gamma-
ray spectrum rroduced by the target has previcusly been investigated
(17). It was found to consist of peaks at 0.511 MeV, 0+85 MeV,
1+81 MeV and 2+12 MeV, superimposed on a continuous level dropping
from a high value at low energies, tc zerc at 3 MeV, The 0-511
MeV peak intensity decreases with a half life of approximately 10
mins, while the other peak intensities have half lives of several
hours. These peaks have been accounted for by the following
reactions:

Fe3® (n,p) Mn°6 8" peSta
The (n,p) reaction has a cross-section of 110 mb, and the Mn36
decays with 2 mean half-life of 2:6 hrs, The decay of the excited
states of Fe®% to the ground state then results in the emission of

the gamma-rays of energy 085 MeV, 1¢81l MeV and 211 MeV.
Activation of copper and zinc takes place mainly by the
(n,2n) reaction, for example;

cu®3 (n,2n) cub? L Nib2

The cross-section for the (n,2n) reaction is 550 mb, and the
half life of Cu%2 is 98 mins, which may correspond with the
half life of production of the 0¢511 MeV gamma-ray,99% of the

beta decay ewents go tc the ground state of Nisz, so few gamma-
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rays are produced Thedecay modes of the unstable zi+e isotopes
produced by the (n,2n) reactions are similar, alsc producing few

famma-rays.

This part of the background may be measured directly as it is
present for some time after the deuteron beam has been switched off,
The procedure used to account for this is thus to complete the
measurement of the alpha-particle total, to note this figure,
switch off the deuteron beam, then immediately restart the alpha-
narticle menitor, allowing it to count for 10 seconds. The back-
ground count=-rate thus determined, usually in the raage 1,700 £
100 ccunts/sec., is used to correct the alpha total just measured
Since the alpha-particle count rate is in the range 80 to 90 Kc/s,
this correction is of the order of 2%. Assuming that the back-
ground count-rate is constant throughout the period of measurement,
the only errcor introduced by this correction is that due to statis-
tical fluctuations, which are of the order of VE?EE)B0,000, or
0+5%. Since the background count-rate is measured throughout the
day, it can be seen that it does remain approximately constant,
differences being less than the statistical uncertainties, This is
true only after the deutercn beam has been switched on for some time
to allow the activation to reach approximate saturation. For this
reason the machine is always run for 90 minutes at the start of

every day before measurements are taken,

3,4,2, Fast Background

The remainder of the background is due to direct reactioms,
and consists mainly of 14 MeV neutrons produced in the T(d,n)He"
reaction which leave the target at 90° to the deuteron beam.

This ccmponent of the background is produced only when the deuteron
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beam is on, so it is not accounted for by the above procedure.

To measure this component, the deuteron beam iz switched on, and
the alpha-count rate is monitored for various values of target
current in the range used, The beam_is then switched off, and the
alpha-particle detector aperture plate (section 2.4) is replaced
by an aluminium plate withcut an aperture. The plate thickness is
1+0 mm, sufficient to stop 35 MeV alpha-particles, (range in
aluminium 0-017 mm (29)) but having a negligible effect on 14 MeV
neutrons., Only 1+6% of the neutrons interact in passing through
the plate. The count rate in the alpha-particle detector is again

measured for the same range of target currents.

It has thus been found that a fraction 0:055 of the alpha-
count consists of this background, and that the fraction is constant
over the range of target currents within * 0:005. To correct for
this "fast" background the alpha-count is thus multiplied by the

correction factor Fl which is 0+945 + 0.005,

3.5, Neutron Absorpticn in the Target

Neutrons associated with detected alpha-particles must escape
the target assembly before reaching the scattering sample. To do
this they must pass through 2.50 mm of steel and 1+30 mm of water
(used to cool the target). These figures are taken from the manu-
facturers specifications. To calculate the fraction of neutrons
escaping the target, the cross-sections for neutron interactions,

excluding forward elastic scattering, for these materials are

needed. These have been found to be (17):—
Iron o = 2+316b
Oxygen o = 1°523b
Hydrogen o=

0+646
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The ffaction of neutrons escaping the target assembly, F
thus given by:-

E, = exp (= %, I, =% (2, + ) sk BH)

where Xpy = 2+50 mm £ 0«03 mm, X8 1+30 mm * 0+03 mm. Here the

Ei are the macroscopic cross-sections excluding forward elastic

scattering, and the X, are the respective thicknesses.

The correction factor for absorption in the target it thus:

F2 = 0+939 £ 0.048

where the error is due mainly to uncertzinties in the cross-

sections,

3.6. Absorption of Gamma-Rays in Sample

Gamma-rays prcduced by neutron reactions in the sample may
be absorbed before leavins the sample, The calculation of the

(17), but

correction for self absornhtion has been made elsewhere
will be repeated here for clarity. The magnitude of the effect
depends on the gamma-ray energy, and the nature of the sample,

which determine the absorption coefficient for the gamma-ray in

the material, and alsc on the sample geometry.

The neutron flux is assumed constant throughout the sample,
as multiple scattering is assumed to cancel the effect of beam
attenuation (section 3.10). Figure 3.3 shows the sample position
in the horizontal plane of the neutron beam, which extends from

78° to 90° as described in section 2.6.4.
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The fraction of the total gamma-ray beam which is produced
in the elemental strip is 6x/b. Assuming furither that the
emerging gamma-rays which enter the detector form a parallel
beam, it is not necessary to consider any chanse in the scattering
angle, 6, over the length of the shaded strip., The fraction
of pamma-rays produced in the strip and escaping the sample,
through the face AR is thusj

s b=l §x
S(e) s EXP (-UI COS(e = 450)) Er' 53(3.5)

Here p is the absorption coefficient, excluding coherent scat-

tering

(&)

for the gamma-ray of interest, in the sample material.

Lr 4

It is a function of the gamma-ray enerpy, and the sample Z

number, Integrating equation 3.5 over the width, b, of the

sample leads toj

s(e) = 3 D o
= exP (_Uu CCS(O s 45U)) Er' ca(3.6)
C
_ cos(® - 45°) . - ub
S(e) - ub [l bt EX9 (COS(E s HSU))} -o(3|7)

Thus €(8) gives the fractien of the total gamma-ray yield produced
in the sample which escapes from the sample at the scattering angle

.

Consicderation of this equation, 3.7, shows why the scattering
sample is placed at 45° to the neutron beam direction. This posi-
tioning ensures that the correction S(8) has the minimum possible
variation, and the maximum possible value, over the range of

scattering angles 0° to 90°. If the sample had been placed
24 i
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perpendicular to the neutron beam direction, gamma-rays escaping
at low scattering angles would traverse a comparatively short
distance in the sample, but pamma-rays escaping at 90° to the beam
would have to traverse the length of the sample. For intermediate
angles, part of the gamma-ray beam woula escape through face AB
and part through BC of the sample making calculation of S(8) com-
plicated. The sample width, in each case, is great enough to en-
sure that all the detected gamma-rays have left the sample through

face AB.

Equation 3.7 is evaluated at each value of the scattering
angle, 8, for which experimental measurements have been taken,
The value of u is taken from the tables of Grodstein and Hubble

5 . : : : o
(53) for magnesium and iron, and the value for chromium is found

(5“). In each case, inter-

from the report of Storm and Israel
polation is necessary to find the value of u at the relevant
gamma-ray energy. Table 3.1 shows the relevant values of u and

some typical values of the correction factor S(8).

Sample EYMeV . v S(50°)
=10 m*/Kkg.
Magnesium 137 5552 08627
Chromium 143 4-952 0+8154
Iron 0.85 6+ /A5 0.7984
TABLE 3.1

Absorption Coefficients and Typical Corpection Factors for

Sample Materials

3.7. Efficiency of Gamma Detector

The number of gamma-rays detected in the peak of the gamma-
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ray energy spectrum must be corrected for the effect produced by

the fact that the gamma-ray detector is not 100% efficient.

The absolute gamma-ray detection efficiency T(Ey) is
defined as that fraction of the total number of gamma-rave
incident on the detector which interact with a finite energy
lcss in the crystal, and hence are detected, although not neces-
sarily in the photopeak of the spectrum. In the present case,
this is inappropriate as the total spectrum is not measured.
Counts below the gamma-ray discriminator level (section 2,10)

are not recorded.

The required correction factor is the peak efficiency e,
defined as that fraction of the total nurber of incident gamma-
rays which deposit the whole of their energy in the crystal,
and are thus recorded as counts in the photopeak of the gamma-
ray energy spectrum. This may occur by the photoelectric effect,
or by multiple scattering, followed by the photoelectric effect.
The detection efficiency, however it is defined, depends on the
gamma-ray energy as this governs the absorption coefficient in
the Nal crystal, and on the sample-detector geometry. Rather
than attemnt the extremely complicated calculation of the peak
efficiency, which should be decne using Monte Carlo techniques,

the efficiency was measured experimentally.

3.7.1. Measurement of Peak Efficiency

A gamma-ray source of strength S disintegrations per second
; _ - : . S x (Ey) y
emits int: unit solid angle —HEE——x—-gamma-rays per second of
energy EY’ where x (EY) is the fraction of disintegrations which

produce the gamma-ray concerned. If the spectrum of this source
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is @ccumulated by the gamma-ray detection system for a time t
seconds, and the spectrum then is found to havc P(EY) counts

in the photopeak, then the peak efficiency is measured to be:-

- f: r
S(EY) o T » s.x® 00\308)

Certified reference sources of known strengths, as supplied

by the Radicchemical Centre, Amersham are used in the determina-
tion of €. The source is placed on the sample stand, supported

at the centre of the sample position by a small paper support
which is assumed to introduce negligible scattering. The energy
spectrum is accumulated using the experimental arrangement of
ficure 2.26 (section 2,10) with the discriminator level on the
constant fraction discriminator (ORTEC 463) set as low as possible.
The sources used for the measurement are shown in table 3.2

which gives the activities together with the uncertainties in

the activities.

Isotope EY MeV  Half Life ctivity uei % Accuracy of Activity

csl3? 0662 300 yrs 10+29 3.7

MnS* 0835 303 days 12432 3+7

Na?2 1.275 2+6 yrs 10-68 3.7

Cob0 14173 5426 yrs 1111 1+9

Co80 14332 5+26 yrs 11-11 1+9

Y89 1+836 108 days  10-62 50
TABLE 3.2

Reference Sources
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These values for the activites, the source strength in microcuries,
(1 pr= 3700 x 10" disintegrations per second), were measured on

1st January 1874, according to the manufacturers specifications.
Corrections are thus necessary to allow for reduction in the activity
since that date., The half-life for each isotope is also listed in
table 3.2, and the correction is made by multiplying the activity

by the factor exp (-T/.) where T is the time elapsed from the date
the sources were calibrated to the date when the efficiency was

measured, and T is related tc the half-life t% by:

’F

s 9]

o
o
e}

The corrected value of the activity is then used in equation 3.8.

137

The value of x is unity for each scurce, except for Cs*®’, where

it has the value 0°935, This is because in the decay:-
137 BS 137
S50 ¢ Tack ™

6+5% of the transitions go to the ground state of Bal37 so that no
gamma-ray is emitted., The remaining 93+5% decay to the 11/,= state,
06616 MeV above the ground state, which then decays to the ground
state by emissionof the 0:6616 MeV gammo-ray. No other decay modes

( 55)

of this level are known .

The time taken for accumulaticn cf the spectrum, t, is measured
on a calibrated stop watch with an estimated error of 0-2%. The
number of counts in the peak P(Ey) is found from the spectrum, cor-
rected for background, by completing the lower energy side of the
photopeak to be symmetrical with the high energy side, then adding

the counts in the peak on a desk calculator., Typically the error
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due to statistical fluctuations is of the order of 0+5%. The
most important source of eypror in the determination of € is

thus the uncertainty cf the calibrated values of the activities
supplied by the manufacturer, and the other errors are not
considered further. Figure 3.4 shows the result of this measure-
ment, the variation of the peak efficiency of the gamma-ray
detector with incident gamma-ray energy. The curve has been
drawn by eye through the experimental points. This formulation
of the peak efficiency actually involves the ratioj

% Total of counts in photopeak ..(3.10)

Total of gamma-rays emitted into unit solid angle

This definition includes the effect of the solid angle subtended
at the sample by the detector, so this need not be measured sepa-

rately.

3.8, Isctopic Abundance

The formula for the differential cross-section for gamma-ray
production, equation 3.3, involves the factor N/A, where N is the
number of nuclei of the relevant isotope in the sample, and A is
the area of the sample face upon which the neutron beam is incident
This factor can be written N'x, where N' is the number of nuclei
of the isotope in unit volume of the sample, and x is the sample
thickness. In all cases, the sample consists of the natural element
of which the isotope of interest forms only a part., Thus N' is
given by;

NopI

Aw C.(a.ll)
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Here No is Avogadrc's number, p is the density of the sample,
Aw is the atomic weight of the relevant iscotope, and I is a
correction facter which accounts for the iscotopic abundance of

that isotcpe. These fractional abundances, which have been

(88)

obtained from the Handbook of Chemistry and Physics y are
shown in table 3.3.
Isotope Fractioral Abundance (I)
Mg2*t 07860
Ccrs2 0-8376
FeS6 0-9168
TABLE 3.3.

The factor I can be considered as correcting the density, p, so

that the value of Aw used is the exact atomic weight of this isctope
concerned, not the averaged value of the natural sample. Since

these abundance factors have been quoted to four significant fipures,
it can be assumed that they are accurate to better than 1%. Errors

in N' are thus due mainly to uncertainties in the density.

3.9. Weighted Sample Thickness

The necutron beam incident on the scattering sample is not
parallel, but diverging, c.f. figure 3.3. The width of sample
material traversed by the beam thus differs at different values
of tn. The neutron beam profile (scction 2.6.4) shows that the
relative intensity of the neutron beam also varies with neutron
angle. It is thus necessary tc calculate the weighted sample

thickness X, defined by,
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where i labels the values of the neutron scattering angle, ¢n’
running from 77° to 93° in 1° steps. The weighting fraction,
Tis is proportional to the area under the beam profile curve,
figure 2,11, in the 1° interval denoted by i, The value of the
sample thickness, X also depends on $n’ the geometrical depen-

dence is shown in figure 3.5. This sum has been performed using

a desk calculator, the result beingj;

% = (1+610 # 0.087)b

where b is the actual sample thickness, The error in this factor

is composed of the estimated error in the neutron beam preofile, of
5%, and possible errors in positicning the sample. An error of

1° in sample position results in a 2% error in the %;o In practise,
the sample could be positioned with an estimated accuracy of 1°,

(based on an error of 0«5 mm over half the sample width, GO mm).

3,10. Multiple Scattering and Beam Attenuation

If the neutron flux incident on the sample is ¢O, then this
flux may be expected to decrease in intensity with increasing

penetration, x, of the sample, according to the exponential form;
- s
¢(x) = ¢_ exp (- ) os(3.13)

Here A is a constant of the sample material, specifically;

:\ = -.(3-11.‘.)
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Figure 3.5 Calculation of the weighted sample

thickness, X.
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As before, N' is the number of ruclei per unit volume of the sample,
and a. is the total cross-section for neutron interacticns, of any

type, in the sample.

However, one of the most frequently occuring reactions of the
14 MeV neutrons in the sample is scattering, elastic or inelastic.
While these processes remove neutrons from the beam travelling in
the defined direction, the ncutrons arc still present in the sample
and available for further reactions. Equation 3,13, thus under-
estimates the neutren flux present in the sample, leading to an
overestimate of the cross-scction for gamma-ray producticn., There
is however, some attenuation of the neutren flux due to abscrotion
of neutrons in reactions of the type; (n,n), (n,a), (n,y) and so

O

An approximate method of dealing with this problem is to
assume that, when transmission through the sample is greater than,
or equal to, 70%, the beam attenuation is exactly balanced by multi-
ple scattering, so that the neutron flux is constant throughout the
sample. This implies that the probability of neutron absorption
at a neutron energy of 14 MeV is equal to the probability of a
neutron which has scattered once, scattering again off ancther
nucleus, The calculation of the first factor is straight forward,
depending on the cross-sections for the varisus reactions (n,p),
(n,a) and so on. The second factor is much more complicated,
depending not only on the total scattering cross-sections but on
the angular distributions ofthe neutrons after scattering, and on
the sample geometry. It is probable that this calculation would

be most successful using Monte Carlo techniques,

(34)

However, this approximation, due to Day has been checked
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on varicus occasions, and has been found
to introduce less errcr than that due to experimental uncertain-
ties., For this reason, this assumpticn is made here, The neutron

flux throughout the sample is assumed constant at the value incident

cn the sample face.

3.11. Reference Frames

To compare the experimental results with the theoretical
predictions, it is necessary to convert the scattering angle, 9,
which has been measured in the laboratory frame, to the centre of
mass frame. All thecretical calculations are carried out in the
centre of mass frame to avoid the complications of centre of mass
motion. It is thus convenient to convert the experimental data

to the centre of mass frame.

Considering the inelastic scattering event, as shown in
figure 3.6, in the laboratory and centre of mass frames res-

pectively. Then, comparing components of velocity,

vwWsin 6 = v' sin 0 +s03:18)
cm L
vWweos® +v  =v'"cos 6 s el 336)
cm cm L
sin ch
hence; tan 0 - e l3417)

L cos 8+ v _/v!
om cm

as befor'e; i = ;h_ 10(3013)
sin ch
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(i) Laboratory reference frame

Figure 3.6 The scattering event in two reference

frames,
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From the definition of y, it follows that (SE);

=(3,20)

Hare m and my are defined in figure 3.6, E is the incident
neutron energy, and Q is the difference between the initi:l and

final values of the kinetic energy of the system;
Q - (K-Et)f 3 (K-E-)_? 00(3-21)

For elastic scattering, Q = 0 and y = mn/mN, but for in-
elastic scattering, Q is negative and 2qual to the value of the
energy of the nuclear level which is excited. The value of §

is thus variable and unknown for a particular scattering event.

The possible range of Q is from zero to -E, when the whole of

the incident neutron energy is transfered to the nucleus. In

this case, y = @, as the neutron velocity after scattering is
zero. However. the tranformaticon from the laboratory to the

centre of mass frame (equation 3.19) is not very sensitive to
the value of Q as can be seen from the follewing illustrative
example. Consider the case of scattering from Mg2%, for 6 em

= 45°, Calculating 6., for the two cases Q = 0 and Q = -13 MeV,

L)

Fives the results;

Q=0 ; ¢ = 8, = 43° 23!
ﬁﬁ L] ]
Q= -13 MeV ; Y S o, = 42° 1

The difference between these two extreme cases is thus seen to

be 1° 227 much less than the angular resolution of the system,
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For calculation of the transformation to the centre of mass frame,

Q is thus set to zero.

It should be pointed cut that althouch the transformation
(3.19) is derived by applicaticn to the scattering angle of the
neutrcn, it is generally apnlicable to any angle measured in the
laboratory and centre of mass reference frames. It can thus be
apnlied to the pamma-ray angle of emissicrn, which is also measured

relative to the neutron incident direction.

3.12. Activation of the Sample

Several altermative reactions can take nlace between the
neutron and the target nucleus , apart from scattering. These
reactions may lead to the emission of pamma-rays, which may then

be accumulated as part of the gamma-ray energy spectrum.

One such reaction is the (n,p) reaction, which occurs for

each of the elements concerned as shown in table 3.4,

Target Cross Product Half Gamma-ray

Nucleus Section (mb) Nucleus Life Energies (MeV)

Mg 24 187 Na2 15:0 hr. 2.754,1+368

Cp2® 116 v52 376 min.  1-4336

Feob 160 Al 2:576 hr. 2-110,1°811,0-847
TABLE 3.4,

(n,p) Reacticn



Each product nucleus is unstable, decaying by B emission
tc an excited state of the target nucleus, with the half-life
indicated. The target nucleus then decays to its grbund state
producing the gamma-rays shown in the table. Only gamma-rays
produced in more than 5% of decays, are listed. These gamma-rays
are within the energy range of the spectra, and may therefcre form
a source of error in the analysis of the spectra. The size of

this cortribution will now be estimated.

Considering the general reaction;

B
X (n,p) Y > x*

where the B decay cccurs with time constant 1 then the number
of nuclei of Y produced per second, per unit volume of the sample
is ¢nxd, where ¢ is the incident neutron flux, n, is the density
of nuclei of X, and o is the cross-section for the (n,p) reaction.
This assumes that n_ remains effectively censtant. It will be

S

shown later that this is the case. If nV is the density cf nuclei

of Y, then the rate of decay of Y is given by ny/r, sc that (57),
Wy s

Intecration of this equation with the boundary condition ny =0

at t = 0, leads to
n, = 1¢n 0 (1 -~ exp (= t/1)) sei(3.23)

This expression gives the number of nuclei of Y present in the

samnle, at a time t, after the start of the neutren bombardment
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of the sample. However, the quantity required is Nys the number
of disintesrations of Y whichnve occured in unit volume of the

sample during the time interval, t. This is given by;

=]
"

¢n ot - ¢n o7 (1 - exp (- t/1)) .. (3.24)

i
i

¢nxo (t ~ 1T+ 1exp (- t/1)) -+ 635257

For the case t << 1, the exponential term may be expanded,

£ (3
nd = ¢nx¢~2? i .25)
and if t >> 71, then,
ny = ¢nxct vl S 27

If t is interpreted as the total duration of an experimental run,
then an average value of t is 45 mins. Considering the nuclei of
table 3.4, the condition t << T is seen to be valid for Mg2"* and

FeS8, while for Cr°2, t > 1.

Thus tc determine the magnitude of the correction due to this
activation of the sample, equation 3.26 is evaluated for Mz2* and
re56, while for CrS2, equation 2.27 is used. The neutron flux, ¢,
has the average value 8-5 x 10% neutrons cm sec_l. The number

of B decay events, B, occuring in the sample during the period

of measurement is thus found.

In order that the gamma-rays produced in these decays may
be accumulated as part of the energy spectrum they must be in

random coincidence with a detected alpha-particle. If no
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coincidence occurs, the associgted particie discrimination system
will eliminate the pulses due to the detection of these gamma-rays.
If the efficiency for detection of the gamma-ray of energy EY is

e(E#), then the number of gamma-rays due tc (n,p) reaction , which

are detected in the gamma-ray energy snectrum is;
n = B¢atRe(EY) v (3.28)

assuming that every decay produces the camma-ray of energy EY'
The alpha-particle count rate, éa’ is 85 x 10* sec-l, and the

resolving time of the coincidence circuit, t,, is equal to the

R
camma-ray ''window' on the time spectrum, 10 nsec. The values
obtained for nY are 0+2, 0*8 and 1:0 respectively for Mg24, cp32,
and Fesﬁa at gamma-ray energies of 1°368 MeV, 1:4336 MeV, and
0°847 MeV. These figures are to be compared with the total number
of counts in the nhotopeaks of the respective energy spectra, v
2000. This shows that although the (n,p) cross-sections are
comparable with those for scattering, the contributions cdue to
(n,p) reactions in the gamma-ray energy spectra are negligible.

Similar reasoning shows that other reactions which produce gamma-

rays by activaticn of the sample are also negligible.

Referring to the earlier assumption that the density of
target nuclei, s remains effectively constant during activation,
this can be justified by the follewing consideration. The maximum

value of ny occurs at saturation when;
n_ = ¢n ot
y g

Considering the case of Cr525 using values given previcusly,



S

n %1015 n
y X

Since ny is so much less than ns obviously B, ie effectively con-~

stant.

3.13. Reactions In The Detector

Gamma-rays, which have been produced by neutron interactions
in the Nal crystal uzed as the gamma-ray detector, may be accumu-
lated in the energy spectrum. When the scattering sample is in
position, this forms a source of scattered neutrons of varying
strength at various scattering angles. The neutrons which are
scattered, elastically or inelastically, into the crystal, may
cause interactions leading to the production of gamma-rays. If
these interactions take place immediately, within a time period
of less than the resclving time of the system, 10 nsec, the
resulting gamma-rays will not be eliminated by the time of flight
discrimination system, and will thus be accumulated. Tnelastic
scattering in iodine, specifically 127, yasults in gamma-rays
of comparatively low energy (less than O-7 MeV), which are below
the discriminator level for all of the elements considered, and
hence may be neglected. Inelastic scattering in Na23 produces
higher energy gamma-rays, for example 1+27 and 1°63 MeV, which
are above the discriminator levels. When the sample is not in
place, during the background subtraction runs, the scattered
neutrons are no longer incident on the Nal crystal, so these
interactions no longer occur. Thus the contributions due to

these gamma-rays are not subtracted.

The size of this contribution may be estimated by the

following consideration. Applying equation 3.2 to neutron
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scattering in the sample, the rate of production of scattered

neutrons into unit solid angle is,

¢ = N (o) ve/(2.30)

where n and N have previcusly been defined and dcn/dﬂ is the
differential cross-section for neutron scattering. Then, assuming
that gamma~rays'produced in the crystal are detected with the same
efficiency as found in section 3.7, apart from the geometrical
factor 4w, then the number of gamma-rays detected per second,
which arise from neutron inelastic scattering in the Nal crystal,

e =S
[ o

-

PC ZR::QNCU ..(3.31)

€
cc

Here &c is the area of the cvystal, @ is the solid angle subtended
by the crystal at the sample, Nc is the number of scdium nuclel

in the crystal. o is the total cross-section for Na?3 for the
producticn of the relevant gamma-ray, and £, is the efficiency of

detection of this gamma-ray in the crystadl.

From equation 3.3, the number of detected gamma-rays per
second which arise from neutrcn inelastic scattering in the

sample, Ps, 18

a.

¢ (v
P =2 N =Lie § ..(3.32)

s At d? s
where t is the period of measurement. Te compare P and &
it is assumed that the cross-section for pamma-ray production

by 14 MeV neutron inelastic scattering is equal in the sammle
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material and in the sodium of the crystal; this is true to

within a factor of 2 (58). Thus, approximately,

do
41?—*1':0' .l(3.33)

Peference to figure 3.4 shows that the efficiency does not change

appreciably over the range 1°27 to 1°63 MeV, so, again approximately,

bme, =€, .. (3.34)
Also. by definition,
= $F
n v s l8,25)

and if r is the separation of the sample and the crystal,

o ~(3:96)

Combining these relations in equations 3.31 and 3.32,

P 2
o S o
--I;-- - --—-—-*-d.o- .-(3«37)
e n
Ne aa-

From section 3.6, a typical value of S is 0:8. The value of r
is 78 em, and a typical value of dc“/dﬂ is 50 mb/str. No is
feund from the crystal density and vclume. Inserting these

figures in equation 3.37 gives the result:

PS L

N

P 10
c

It is thus seen that the contribution to the gamma-ray energy



spectrum from reactions in the Nal crystal is negligible.

3.14%. Treatment cf Data

The gamma-ray yi@ld from the sample into unit solid angle
at the scattering angle 6, is seen from the above considerations
to be given by P(e)/c(EY).S(B), where the terms have been defined

in sections 3.2, 3.7 and 3.6 respectively.

The integrated neutron flux incident cn the scattering
sample, over the period of measurement, is also seen to be
¢(6)F1F2. The differential cross-section per nucleus, for the

production of the gamma-ray of energy EY is thus,

<O

do(8) . P(9) 0,
& e(E ).5(0).6(8).F).F, N .+(3.38)

Here all the terms have been previously defined.. This is the
formula which has been used to determine the differential cross-
section for nroduction of the gamma-ray of energy EY’ from the

raw experimental data.

The differential cross-section measurements are then fitted
by an equaticn of the form;

dof6) _ 4
i e e P, (cos &) + a, P, (cos 8) ..(3.39)

where Pn(cos 8) is the Legendre polynomial of degree n. This
form of expansion is used as it is predicted by the theory
developed in chapter 4. Since the even order Legendre poly-
nomials are functions of cos?6, it is possible to express

equations 3.39 as a power series in cos?6, that is;
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do(€) _ 2 m
-?E¥~- bo - h2 cos<H + bu cos 1o ..(3.40)

The analysis required to find the "b" coefficients is simpler than
that to find the "a"s, but this expansicn, (3.40), has two sericus
disadvantages (80). Firstly., the theoretical expression for do/dQ
is naturally expressed in terms of the Legendre polynomials, so

for strict comparison of experiment with theory, the conversion must
be made to the form of 3.39. Secondly, the "b" coefficients are
subject to strong statistical correlaticns, making correct analysis
of experimental errors difficult. The "a" coefficients are only

slightly correlated, and this is not a serious problem. Expansicn

in the form of equation 3.39 is thus prefercd.

The coefficients are found by the method of least squares,
the analysis being performed by the computer programme LPTSPL.
Data input to the programme are the scattering angles in the centre
of mass frame, the ccrresponding measurements of the differential
cross-section, and the absoclute errvors in these measurements. The
programme finds the best values of the "a" coefficients and the x*
values for the fits to the data. ‘Also calculated is the 3 x 3
covariance matrix of which the diagonzl elements are the variances
of the respective "a" coefficients and the off-diagonal elements

represent the correlations between the coefficients.

8.14.1. The Total Cross Section

The total cross-section, o> for a particular reaction is
defined as the integral over the whole sclid angle of the dif-
ferential cross-secticn

L Ao
U‘[ - JO (aﬁ' C‘:g --(Saul)
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Expregsing do/dQ in the above form, equation 3.39, and assuming
that the differential cross-section is independent of the azimuthal

angle |

[+
n

m
217 J (a0 + &, P2 (ccs 8) + a, P, (cos 8)) 2 (3:H42)

o

thus; ¢g. > 4w a o (3,43)
T o

The total cross-section is thus found from the coefficient as

which is found by the computer fit to the experimental data.
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4, THEORY OF THE INTERACTION

4,1, Introducticn

The calculation of the differential cross-section for gamma-=
ray production in neutron inelastic scattering proceads in two
main stages. The first is to consider the interaction of the
incident neutron with the nucleus cencerned, resulting in the
excitation of the nucleus above the ground state. The most suc-
cessful method of describing the reaction is direct interaction

theory. Previcus work (17)

at 14 MeV based on the theory of the
compound nucleus has not satisfactorakly predicted the experimental
gamma-ray angular distributions, so in this work, only direct
interacticn theory is considered. This is expected to be more

(7

successful as it is widely used t~ describe (n,x) rcactions
in this energy region. This first stage leads to the calculation
of the density matrix elements describing the excitation of the

nucleus after the reaction N(n,n')N¥,

The second step is to consider the decay of the nucleus to
the ground state, which takes place, in the cases considered, by
electromagnetic transitions resulting in gamma-ray emission.
Internal conversicn is not a competing rinde of de-excitation for
the nuclei under consideration, and the energy levels are not
high enough for particle emissicn to be possible. Thus this part
of the calculation depends on only the spin states of the nucleus
and the properties of the electromagnetic interaction. It is thus
independent of considerations of nuclear models and interaction

theory.
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4,2. Interacticn Mzchanisms

The many-body problem of the interaction between the neutron
and the nucleus could not be solved analytically, even if the exact
analytical form of the nucleon-nucleon interacticn were known., The
fact that this interaction is not known exactly adds to the diffi-
culties of dealing with the reaction on a microscopic level, that
is, considering the interactions between the neutron and each nucleon
in the presence of the other nucleons., These problems have lead to
the use of various approximate methods of describing the interaction
between the neutron and the nucleus, and of various models to
represent the target nucleus. Some of the relevant theories will

now be discussed.

4,2,1. Distorted Wave Born Approximation

In this approach, the incident neutron is represented by a
wave distorted from the plane wave form by the nuclear potential
The distorted waves, ¢ (k,r) are given by the solution of

(7)

Schrddinger's equaticn

[(v2 + k2 - 22 y(p)] ¢ (k,p) = O Lo(8,1)
ne T i
where k is the neutron wave-vector, r the ncutron displacement
vector, V(r) the potential due tc nuclear forces, and u the
reduced mass of the system.
21 leaez
For charged particles, a Coulomb term s ; is also
“
present in the Hamiltonian, The asymptotic form of the solutions

of this equation in the incident and exit channels can be expressed

as;



oM (o) = exp (Llkeed + E20 e (1(ka2)) oo (#,22)

f¥(m - 6, 7 + ¢)
7 i

7% (k,p) = exp (i(k.r)) + exp (i(k.r))  ..(4.2b)

that is, ae superpositions of plane and spherical waves. Using

first order perturbation thecry (59)

, the matrix element for
transitions from a state i to a state f caused by a potential V

is given by:
Mg = <JBMB,Sbe;£hlleAMA,Sabfa;l(_a> oo {1h:3)

for a reaction of the form A(a,b)B. Then;

= 3 3 EX 1 s g
Mg ’JJI o J a%r, p0yp Ky o2y p) <TpHg Syl | Va1, 08 1.2

1

x ¢3A( ) oo (o)

KasZan
where JT’Si are the spins of the Ith nucleus or ith particle
respectively and M is the corresponding Z - component:r is the
Jacobean of the transformation to the relative coordinates r_,

and gt

The use of perturbation theory is based on the assumption
that coupling between the various states of the nucleus is so
weak that there is no mutual interaction. However in many
cases the excited states of the nucleus have a collective
nature, and the coupling between states becomes appreciable,

so this approximation is no longer valid,
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4.2,2, Strong Coupling Approximatio.

The strong ccupling approximation (S.C.A.) is more appropriate,
tc the case of collective nuclear excitation, Instead of a nertur-
baticn treatment, the Schrodinger equation for the system is solved

exactly for excitation of the first few nuclear levels.

The nuclear wavefunctions, ¢i(£) are the eigenfunctions of the

nuclear Hamiltonian H(E);
H(E)¢,(5) = €;9.(8) «o(4,5)

where § represents all the relevant internal nuclear coordinates.
The form of H(E) is found by assuming a particular model for the
nucleus, then equation 4.5 is solved to give the ¢i(E). The
Schrodinger equation for the whole system, that is incident neutron

and target nucleus is then:-
[T - V(r,&) + H(E)] ¥(x,E) = E¥(r,E) .o (14.86)

where T = - i2/2m Vr? is the kinetic cnergy operator of the incident
neutron, and V(r,£) is the interaction potential between the nucleus
and the neutron, The total scattering wavefunction ¥(r,£) is ex-

panded in terms of the complete orthoncrmal set of ¢i(E)
¥(r,£) = §¢i(g)¢i(5) o T)

Substituting for ¥(r,£) in equation 4.2 and taking matrix elements
(60),

with respect to ¢j(E) results in the equation



[T + H(E) - E]Y () = §<¢jlv(;_.s)|¢iwi> = i§j<¢jl¢i(s - T - H(E))Y,>
»:0(4.8)

If all reactions other than scattering are explicitly excluded from
the calculation, (in equation 4,5), then the second term on the
right hand side of equation 4,8 is zero., In any case, it will be
small due toc the small overlap between ¢i and ¢j. This term is
thus neglected and the following series of coupled equations ob-

tained: -
[T + H(E) - E]y,(p) = §<¢j<5)|v<_:;,a)l¢i(s)wi(£)> o (4,9)

The approximation in this case arises from the neglect of all
nuclear levels above a certain limit., It is assumed that excitation
of these levels is small compared with that of the levels explicitly
included. In order tc account for these higher levels, the inter-
action potential, V(r,£), is made complex. The imaginary part of
V(r,£), thus leads to absorption of neutrons, that is, to reactions

which are not explicitly included,

4,2,3, Choice of Interaction Mechanism

A measure of the strength of coupling between collective
states of a non-spherical nucleus may be cbtained by consideration

»f the nuclear defoprmation parameter B, defined by the expressicn:
R(0,0) = R _[1 + BY;(6,4)] .+ (1.10)
where R(9,¢) describes points on the nuclear surface, in the

reference frame which has the symmetry axis of the nucleus as the

z - axis and Y2(8,¢) is a second order spherical harmonic. This



SHI00 -~

is a special case of equation 4,17, section 4,4,1, Investigaticn

(61, 62) of the matrix term in equation 4.4, shows that the in

elastic cross-section for scattering from the first excited state
of the nucleus varies as 82 in this approximation (D.W.B.A.).

The strong coupling approximation (S.C.A.), or the other hand,
predicts a more complicated dependence om B8, giving closely simi-
lar results to those of DWBA only for £ X 0+2, For higher values
of B, the S.C.A. cross-section falls below that of DWBA for the

same nuclear potential, and varies approximately as B for 8 2 0+3.

(83)

(figure 4.,1). Although it has been possible to obtain agree-

ment between the two approaches by using different values of the

(62)

»otential V(r,£), it has been shown that in general the twc

approximations are not equivalent, and the S.C.A., is preferable

when B > 0+2, The nuclei considered here, namely Mg 2t Siza, s32,

Ti“a, Cr52 and Fe®® have values of B ranging from 0-21 (12) for

(11)

Cr52 to 0462 for Mg2%, so the strong counling approximation
] = g &k

is used.

4.3. Coupled Channels Eguation

To solve the series of coupled equations 4,9 it is necessary
tc expand ¥(r,£) in a suitable representation. Since the coupling

1
potential V(r.£) is normally not scalar $6%)

in r or £ separately
neither the nuclear spin I nor the crbital angular momentum £ are
geod quantum numbers. Hence the ordinary partial wave expansion

for wi(E), that is,

Ua(r)

: i

v (p) =]

Yy (8,0) vo(4.11)
fm

fails to give separation of variables. However, since V(r,£) is
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Figure 4.1 Comparison of DWBA and SCA predictions

of the inelastic scattering crossgfection for the
L

reaction Tiha(p,p ) at 14.5 MeV,
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scalar in r and % jointly, J, which is equal to I + £ and the
parity are pood guantum numbers, Then it is cnnvenient(s’) to
expand in terms of eigenfunctions of the total momentum of the

incident channel:

¥(r,5) = ) ¥. (p,E) oo (l,12)
= T
v (r,E) = 200 eliE,e) + 2 T ul el G0
z‘#z,k ’
oo (H,13)

where z labels the channel co~ordinates, When the target nucleus
is in the ground state, the radial function Uig(r) contains both
incoming and outgoing waves, but in an excited state, Ui,g,(r)
contains -nly outgoing waves, Using this representation in
equation 4.9 and taking matrix elements with respect to ¢ig, the

following equaticn is obtained:-

2 T
[9___ + k2 = M}U‘ii(r) - -2-1-1-2 VJ& (r)u”, .(r)
. z

dr? " r? M2 z8 BL,mt A" i
oo (B,11)
where the coupling potential is given by:-
VJ ( - Jl’! -~
r) = <60 (5,6 |V, ) 4]y, (£:6)> oo (1,15)

zh ,2'2"

Jimilarly, by taking matrix elements with respect to ¢i¥2,:

42 0 2'(R' +1)
D;;E : kz r? ]UJ‘z' ZuQHVJ"E" 'Q'(r)UJ"R"

oo (H:16)

which describes multiple excitation of the state (z"2"JM) through
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the state (z'2'J¥). Besides providinz a means of accurately
calculating the excitation of the higher state (z”4"JM), this
process also affects the wavefunction in the (z*2'JM) channel

through the coupling to the higher state.

e
L

Thus the coupled channels formalism provides a set of coupled
cquations 4.14% for the wavefunctions in the elastic and inelastic
channels of the reaction being considered. If the forms of the
interaction potential V(r,E) and the nuclear Hamiltonian H(E) are
known or assumed, these equations can be solved by numerical
integration. Application of the appropriate boundary conditions
¢nables the wavefunction in each channel to be calculated. Al-
though the sum in equation 4.7 is, in pré%iple, finite, in
practise the calculation becomes too time consuming if more than
a small number of channels are considered, For this reason, the
"Tamm-Dancoff' approximation is made, whereby only the first few
terms of the sum are considered explicitly, the effect of the
others being accounted for Ly the imaginary part of V(r,£), which

is now complex.

4.4, Nuclear Models

In order to solve the coupled equations of section 4.3, or
indeed to use any of the other approximate methods of dealing with
+he neutron-nucleus interaction, a model of the nucleus must be
used to obtain an analytic form for the nuclear Hamiltonian. One
of these very simplified forms which is derived from one of the
models, which is useful in this context, will now be described
and details given of the two types of excitation spectra this

model predicts.
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All the nuclei under consideration have comparatively large
permanent deformation parameters, 8, in the range 021 to 0+62

£
measured by Coulomb excitation techniques (6%)

, this implies that
a suitable model for the description of low energy excitations of
these nuclei may be that of rotations or vibrations of a liquid

drop, since these states seem to have a strong cocllective nature.

44,1, E;bratinE; Excitations

7)

(
Points on the nuclear surface R may be described by:-
5 ; U
R=R [1+ Jaa ) oy, Ty (850)]... .+ (14.17)
Here YE are spherical harmonics and (@,) are polar angles with

respect to some arbitrarily chosen fized space axes. Any ceollective

motion of the nucleus is described by variation of the coefficients

alp with time. To first order in uAu the volume of the drop is (67)
A 1 +3 a/ Jum ..(4.18)

Thus A = 0 vibrations are associated with fluctuations in volume
which are nezlected as it is assumed that the liquid drop is in-

compressible.

Considering a spherical drop which is first centred at the

opigin, so that R = R_, then moved a distance a‘RO along the axis

@ = 0, the surface becomes (5?):-

o
cos 6 + I a

R=R [l+a
2 A=Q

A (cos 8)] <. (4.19)

1 2\ Pz

where the a,, are all functions of o, . Thus clearly A = 1



= 108 =

vibrations correspond to a centre of mass motion, which in this

context is unintergsting.

The case X = 2 represents quadrupole vibrations of a nucleus
which is spherically symmetric in the ground state. Assuming these
vibrations are quantized, the collective states have eneriies

given by:-
E = § n, B w, . (4.20)

where n, is the number of phonons of crder A in the excited state.

A
The state with n (68)

y C 1 is (2\ + 1) dezenerate, and represents

a A phonen with angular momentum A, z- component M, and parity
A g - : : :

(-1)". The excitation spectrum predicted by this model is shown

in figure 4.2,

4.4,2 Rotational Excitations

Since A = 0 and A = 1 vibrations are not relevant, and A = 3
and higher represent higher energy vibrations, only the case of
A = 2 will now be considered. This is in accord with the use of
the Tamm-Dancoff approximation (section 4.3), which omits explicit

consideration of higher excited states.
Considering then nuclei which are permanantly deformed,

-king into account only A = 2 deformaticns, then:

2
=R H
R=R [1+ uE-Q oy, ¥y (8.9)] oo (4.21)

The angles (8,4) are measured relative to axes fixed in the

laboratory, so if the nucleus is rotating, the % will be
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functions of time. However in the case of a nucleus of constant
shape, it is more appropriate to choose axes fized in the nucleus
which reflect this invariance of shape, ie. the principdt axes

p - .
of the nucleus. Refen€d to these axes, R is ziven by:-
2

2
R=K [1+ )} a, Y (6",4")] Lo (14.22)
o q 2

(67)

The relaticn hetween the angles (8.¢) and the angles (8°,¢')
is given by the rotation matrices Diu, (0,0,¥), where 0, ¢ and ¥
are the Euler angles of the body fixed axes relative to the space-

fixed axes, through the equation:-
u ~ A kGBS
Y, (0,4) = E' D (6,8,¥) Y; (8',4") .. (4.23)
thus ;

Dﬁu1 o o (B.24)

e
2u " 2y

]
If the body fixed axes are the principdk axes of the nucleus,
then the five coefficients o reduce to two independent variables

These, topether with the three Euler angles, pive a

a and a2

22 0°

complete description of the system. Rather than a,, and a,, two

new independent variables are introduced defined by:

B cos ¥ .. (#,25a)

vl
1]

20

09 = 3 B osiny ..(4.25b)

The gonstaemt density surface of the drop cuts its body

centred axes k (k = 1, 2, 3) at:
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R =R [1+ /&2 8 cos v - Z10].... .. (4.26)

If k = 3 labels the axis of symmetry, then the moment of
inertia about this axis is zero. It is found that the moment of

inertia about the other two axes is (6}):-

45

Iedes I g2 . (4.27)
« 5% 58 (4.28)
s welH

IR is the moment of inertia of a rigid sphere of radius Ro and
constant density p. Since the measured values of 8 are much

less than unity, it is concluded that only a small proportion of
the nuclear "fluid" takes part in the effective rotation - in
(69)

fact the rotation can be thought of as simply a 'tidal wave"

moving across the surface of ths drop.

Since there is an axis of symmetry, there are three constants
of the motion: the total angular momentum J, its z - component M

and its component along the symmetry axis, k. Assuming now that the

rotations are quantized, sc the energy levels are (67):
+B
E;=37d (0 +1) .o (4.29)
(70) ¢ :
where J takes even values only , for symmetry considerations.

This predicts a series of energy levels as shown in figure 4.3.

4.4,3, Choice of Nuclear Models

Whether a particular nucleus has a rotational or vibrational
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spectrum is decided by inspection of the known energy levels. No
nucleuz shows a pure rotational or vibrational spectrum, because
other factors alter the level positions, or introduce entirely
different levels from those expected. TIigure 4.4 shows possible
rotational and vibraticnal bands, which have been extracted from

the total spectra. The classification of these bands as vibrational
or rotational is uncertain to some extent, as the spins of some of
the variocus levels are not known accurately. These values era shewn

(75)

in brackets. For example the 67 level at 3-386 MeV for FeS6

(76)

was not found by Armitage et al , but they report that this may

be due to experimental difficulties in detecting levels of high spin.

(77)

shell mcdel calculations by McGrory predict such a level, and

he quotes further experimental evidence for it.

Table 4.1 compares the ratios of excitation energies of these
rotaticnal levels, with those predicted by the model. Fair agree-
ment is obtained, but as higher values of J are reached, the énergies
fall below the predicted values. This may be due to centrifugal
stretching: as the nucleus rotates, centrifugal forces cause the
nucleons to move further spart, increasing the size of the nucleus
and hence its moment of inertia I, and correspondingly reducing

E This effect is observed in many rotational spectra, and was

(58).

J°

first considered by Bohr

k.5. The Optical Potential

The expression forthe interaction potential V(r.f) is that

of the optical model potential, which has the general form (7):—

Vo Tsg) = V () -V £ (r) - IW £ (r) - iW g (r) - V_n(r)L.S

..(4.30)
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Vc(r) ie a Coulomb term, which is zero for neutron interactions.

Vo is ths depth of the real part of the attractive nuclear
potential, while W, and WS represent the volume and surface
cbsorptive parts of the potential. V__ is the depth of the spin-

orbit term. The form factor £(r) is taken to have the Saxon-Woods

form:
£(r) = [1+exp (v -1 Ay /aol-l .. (4.31)
- o
and, gs(r) = i a8, =T () ioe 2o (l.232)

The factor - 4 ag normalizes the form factor g(r) to a maximum
value of unity. The form of the spin-orbit potential is also
related to the Saxon-Woods derivative:

B(p) &= (a2 &8 flp).. . .. (14.33)
m r

c
m

These forms for the various terms of the potential are widely used
as they have been found to provide good agreement with experimental
results, and are also fairly convenient to deal with theoretically.
The values of the parameters V., W , W ,V_, r , a etc., which

g “gt Tgt Tan? "o "o
are dependent cn A and E (target nucleus mass number, and incident
neutron energy) have been found by fitting the predicted eleastic

a
(7“)u The systematic

cross-section to the experimental values
adjustment of the parameters necessary to optimize the fit to the

data, has bzen done by computer. When values fcr these parameters
have been found the differential cross-section for inelastic scat-

tering to the first excited state is then fitted, using in addition

the nuclear deformation 8. Generally the cross-section cannot be
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fitted by variation of B only, so the other parameters are again
varied systematicully to obtain the best fit te both elastic and
inel:stic scattering data.

4.6. Density Matrix (422

If all the identical, non-interacting components of an
assembly are described by the same wavefunction ¥, then the whole

assembly is described by % a, ¢r3 where -

) |-a. Faa .. (4.34)
n
n
The assembly is then said to be in a "pure" state. The density
matrix p for such an assembly is defined by

= ¥ T L B
mm - on %m (4.55)

and tr(p) = 1 «- (1, 36)

Generally such complete information will not be available, and
the assembly will be in a "mixed" state. However this can be
described as a weiphted mixture of the pure states. and the

density matrix elements are then;

Do =R a: o llE.37)

The expectation value of any operator 0 in the assembly is
ziven by:
<0> = = tr (Q_, 9) 2o (1,38)

I 0
nm mn
nm
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The density matrix after the scattering event is thus defined by:

Pi5r = Yoy (r.8) ¥4,,, (r.8) o (4,39)

4,7. Gamma-ray Angular Distribution

For the second major part of the calculation of the gamma-ray
angular distributions it is convenient to use the notation of

Ferguson (80)’ based on that of Dirac (81).

The density matrix
element between the states with angular momentum a and a’', and 2z -

component a and a' is written

<an | o) | afa'>

which is equivalent to equation 4.39 with J = a and M = o.

The density matrix is then used to define the statistical
tensor o (a,a') which contains, in a useful form, the angular

momentum information of the system,

Tyl
Py (@:2') = T -1 7% (am,a’ - a’|ke) <aalplata’> ..(4.40)
oo
here (ac,a' - a'|kk) is a Clebsch - Gordan coefficient describing

the vector sum;

‘]i=_a_-' a= ic(“n"*l)

which defines k, with z - component k.

The efficiency of the gamma-ray detector is then expressed,

in the same angular momentum representation, as a tensor EkK(L’L')
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where L is the multipolarity of the gamma-radiation being detected.
The advantage of this notation is that the use of equation 4.38
leads immediately to an expression for the angular correlation

function W, of the form.
W = tr (pe) o(4.82)

if p is the statistical tensor and € the efficiency tensor. The
correlation functicn W, which represents the probability of
detecting both the inelastically scattered neutron at a given
angle. and also the gamma-ray emitted by the target nucleus at
another piven scattering angle. Averaging cver all possible
neutron scattering angles leads to the gamma-ray angular dis-

tribution.

The efficiency tensor may be expressed in terms of the co-
ordinates of the detector, and includes effects due to the finite
size of the crystal. For the particular case of this experiment,
the detector is a cylindrical Nal crystal, with axial symmetry,

for which the efficiency tensor is (80)\

LEY L'-1 27Jo
e. (LL') = = (-1) (L1,L' - 1]k0)Q === Y&* (8,4) ..(4.u3)
ki i %{ 0 k

where |
A x
X = (2% + 1)° o (04 )

and Qk is an attenuation factor which corrects for the finite
size of the crystal and 2mJo is the total efficiency of the

detector.
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Thc reacztion considered is then a nuclear state of spin ¢
decaying to a state of spin b by emitting a gamma-ray of multi-

pelarity L
a=b+L .. (4.45)
then the correlation functicn is;

w-—

= (LL') ..(4.,486)
bb‘LL'kahk

0 (bb')p (LL')e®  (bb')ek
* N Es% S kpkp,

by analogy with equation 4.38. The tensors for the final state

can be related to those of the initial state by the relation;

1 ] 1 = i ,\.:.‘A ~
P . (Bb ) (LL') Z P, (a2 )(kbxbkLKL|km)aa k ko x
b"b L'L aa'kk
b L a
x4 b' L' a'( <b|L||a><b'|Lt]|ar>* .. (14.47)

b B
Substitution of equation 4.47 in equation 4.46 gives the result;

= Jo, (aa')ef  (bbhef (LL')(kx Kk 1 )aa 1k, K, x

b*b 2 Tl
b L a
x4 b' L' a' ¥ <b|L||a><b'|L?|]|a’>* ..(4.48)
kb kL k
where the sum is over aa'bb'LL’kxkbxbkLKL. This expression gives
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the gamma-ray angular distribution. Since the reccil nucleus can-

not be detected, the efficiency tensor is simply;

e . (b)) =B, & 8., .. (4.49)
kab kbO xbO hb
This factor must be included, because the efficiency matrix must

be expressed in the same representation as the density matrix,

and this includes the nuclear co-ordinates.

4,8, Seattering from the First Excited State

Considerable simplification of equation 4.48 can be achieved
if scattering from only the first excited state of the nucleus is
included. All the nuclei treated here are even - even, with O+
sround state and 2" first excited statc. The justification for

this simplification will bz considered later, in section 5.5.

In the above notation, then, a = 2, b =0 and L = 2. Then

substitution in equation 4.48 gives;

QR 22
: * k L .
W Z’ Pr ERt . (00K K [kk)Sk 4 02 2 (4.50)
erLKL L'L
0 kL k
because e s Nd b g atay . (4.51)
kab khO KbO bk

This implies kb =Ky = 0. The reduced matrix elements are both
unity. Then the Clebsch - Gordan coefficient (OO,kaL|kK) is

unity when kL =k and k; = K and zerc otherwise. Hence;

02 2

= &
Ws5) p ef k{022 ..(4.52)
kk
0kk
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Considering the 9 ~ j coefficient, interchanging the first and

third cclumns gives,

220
220
k k0
which can be expressed (80);
k
§ 8. . (-1)
el W(2222:0k)
k

where W is a Racah coefficient. The symmetry properties of Racah

coefficients means that;
W(2222:0k) = W(2222:k0)

and this has the value,

Since k takes even values only,
w(2222:0k) = 1/5

Thus the 9 - j coefficient has the value 1/5k, so the angular

distribution further simplifies to:

= F
W z P S ..(4.53)
ki

The angular dependence of W is contained in the factor €rex ¥

s %

= - -2 X (ang0)(21,2 - 1[k0) ¥<* (8,0 .. (4.54)

o /i k
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from @quation 4.43, Thus;

%

5 K
Wzem = (21Jp) ] — (21,2 - 1|k0) ¢, ¥, (0,8) ..(4.55)
Vi ke k& Jew' "k

The spherical harmonics Y; (6,4) can be expressed in the form (82);

2k +1 (k - |k|)!
gn - (k + k)i

¢ (0,8) = (-1)* ( 2 25 (cos 0) ¢ .. (4.56)

i
k

The a3ymutha1 angle, ¢, of the gamma-pay emission is not detected,

for « 2 0, where P. (cos 8) is an associated Legendre function.

so W is averaged over ¢;

L T
f;-J e dé =0 (when g# 0) ..(4.57a)
£
=1 {when k= 0) «o(4.57b)
The associated Legendre functions P: (cos 6) are related to the
Legendre polynomials by the expression (82)$
3
K By L ¥ gJ
Pk (x) = (1 - x%) r1;—[;-]--?}( (%) ..(4.58)

Thue since x = O from equation 4.57, the Legendre polynomials

may be used:

W

5
- = (2mJ0) E Q (21,2 - 1|k0) p, B, (cos 6) ..(4.59)

The values of Qk have been tabulated (83)

, but for the
experimental situation relevant herc, they are effectively
unity. For k = 0, this is exactly true, while for k = 2 and

4 the error is of the order of 0:5% and 1% respectively. The
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fact that k has even values only, follows from the symmetry
(84)

properties of thz system. Litherland and Ferguson have
shown that if the final state, formed as a result of a nuclear
reaction in which a particle is incident along the z - axis, has
a definite parity, and if the incident heam and the target are
unpolarized, then only tensor parameters having even values of

k are non-zero. This follows from the symmetry of the system for

reflection in the origin,

4.9, I.N.C.H. - A Coupled-Channcls Programme

The coupled-channels calculation, based on the strong coupling
approximation and equation 4.9, are performed by the programme NCH,
written by A. D. Hill of Oxford. This sclves the coupled equations
by numerical integration, and hence finds the wavafunctions in the
exit channels. In the original version of INCH, these were then
used to compute differential inelastic scattering cross-sections

and polarizations.

An additional subroutine GAMMA has been written to calculate
the gamma-ray differential cross-section using equation 4.59. As
stated in a previous section, only ccoupling between the ground
state . O+¢ and the first excited state, 2+, of the nucleus is con-

sidered, to simplify the treatment of the angula mcmenta. The

listing of GAMMA is given in appendix 1.

The complex wavefunctions in the varicus exit channels are
held in INCH in the arrays AMPRE (real parts) and AMPIM (imaginary
parts). The original version of INCH performed this calculation
only for Si = + } (where S is the z - component of the incident

neutron spin). However the direction of S affects the spin of
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the residual nucleus after neutron scattering, so both directions
of S must be considered for the samma-ray distributicn. This

(85)

change was made by a few simple alterations in other sub-

routines.

The complex density matrix DENSRE and DENSIM is calculated
from the wavefunctions in AMP by usc of equation 4.37. The
elements are averaged over Si = + 1 and summed over Sf =+ 1,
since the incident neutron beam is unpolarized and the scattered
neutren spin is not detected. The matrix elements are also aver-
ared over THETA, the neutron scattering angle. (The range of
THETA is set in the data input, in this case 10° to 180° in 2°

sters).

The statistical tensor, TRE and TIM (real and imaginary parts),
is then calculated from equation 4.40. The index of T(K) labels
the values of k and k in the followinz sequence k = 0, k = 03
k=2,kKk=22)levee=2; k=U, kK =4,,,.~4, Finally equation 4.59

is used to calculate the gamma-ray angular distribution. Tt is

convenient to express this in the form:-

W= aOP0 (cos 8) + a, P2 {cos B) + 2, Ph (cos 8) ..(4.60)

and the values of ajs 2 and a, are printed out by GAMMA.

#.10. <Checks On The Use Of The AMP Arrays

To ensure that the AMP arrays have been correctly understood
and derived from the rest of the programme, checks were made in
GAMMA. The trace of the demsity matrix, and the neutron asymmetry

given by:i-



R

L dn/dQ(4) - dr/aQ{4)
T an/da(4) + dre/da(y)

..(4.61)

(where the arrows define the final neutron spin direction relative
tc the neutron scattering direction), have been compared with the
difreprential cross-section and asymmetry for neutron elastic
scattering as calculated in the original version of INCH. This
has shown that the calculations in GAMMA are reliable - the only
differcuce is a factor of 10 between the trace in GAMMA and the
differential cross-secticn, which arises because the trace is in
units of fermi? (10 3% m2) and the cross-section is in mbarns/str
(20731 n2). These routines have now hbeen removed for econemy in

computing time.

4,11. Input to INCH

The programme INCH requires as data input, the matrix elements
of the nuclear potential between the various states, that is the
e¢lements, <¢j|V(§}E)l¢i>, with the notation of section 4.2.2. Since
coupling betwesn the ground state and the first excited state only is

being investigated, the matrix elements are:-

<ot|v|ot>, <c"v|2>, <2T|v|2">

(61) for the particular cases considered

These have been calculated
here, namely rctaticnal and vibrational mcdels of the nucleus and a

Gmxon - Woods form of the terms of the potential V(r.£).

In both cases, the term <0+]V|O+> is simply the original

optical model potential, as described in secticn #.5, that is:

= = Y -1 W elr) - o« s LM,
V- Vofo(r) PV F (r) -4 ﬂsgs(r) Vsoh(r)gfg- (4.62)



= 122 0=

The potential is attractive, so Vn’ Wv, WS and Vso are positive
numbers measuring the depths of the vari-us terms of the potential

(61)

The second term, <O+]V|2+>, has heen found tc be given by

___g___ ] 5 B i =
= (cho(r) i vav(f) v ngs(r) 1 Vsoh'(r)é,g)

The third term <2'|v]2"> is;

5 s ’
sy g B (Vo El(r) e B Bk 4 W gl () & Vb (r)L.E)

~ (V£ () + W £ (r) + W g (r) + ¥V h(r)L.S)

for the rotational model, while the first bracket is missing for
the vibrational model. This factorization of the terms of the
potential is used in the input to INCH, where the various terms are
listed as the product of a positive well - depth, in MeV, and a
form factor of a standard type. Tor prolate deformaticn of the
nucleus, B is positive, while for oblate deformations, 8 is
negative. The signs of the various matrix clements thus depend

on the nature of the nuclear deformation.

The derivative forms are taken to have the same parameter
values of » and a, as the original form factors. Thus the list

of parameters required is:

As described in section 4.5, these parameters are found by fitting

(11, 86, 87)

the experimental data of several wcrker on the elastic

and inelastic differential cross-sections for neutron scattering.
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They depend on A (atomic weight of the scattering nucleus), and
E (energy of the incident neutron). Terms describing isotopic
spin devendence, varying as (N - Z)/a arc sometimes also included.

(86)

Bechetti and Greenlees have found a group of "glcbal' para-
meters, which fit nucleon scattering over a range of nuclei and
incident enercy. These parameters have been used for the three
heavier nuclei under consideration; Ti%*8, Cr52 and Fe%%, since
they are expected to be reliable for A>4O, and E<50 MeV. These

parameters are given by the relations (35):

Vh = 56+3 = 0*32E - 24
W. = 0:228 =~ 16
v A )
or zero, whichever is zZreater.
Ws = X3 = 0=2585 = 12E
V.. =262
80
s o - 5
(8]
a = 075
(&)
r = 126
VLS
a = 0-58
V,S
= 1.01
so
a = 075
g0

E = (N - 2)/A

The energy B is measured in MeV, petential depths are in Mev, and

distances in fermis (10 15 m).

For the lighter nuclei; Mz2%, si28, §32, fluctuations in
the parameters as functions of A and E are tco marked to permit
the use of a “global” set to fit all nuclei. For this reason
parameters are used which have been obtained by fitting the

scattering data of cach element separately, Work on these
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(12)

elements has been published by Stelson et al and Clarke and

(11)

Cross Using D.W.B.A. Clarke and Crecss report that almost

as cood agreement with experiment is obtained using only a surface
abscrption term, or only a volume absorpticn term, as both together.
However, they expect that if the S.C.A. were used, the resulting
potential parameters would be significantly different from their
values. Stelson reports the results of fitting the Mgzu data
(elastic and inelastic neutron differential cross-sections) with

both D.W.B.A. and S.C.A. The resulting pctential parameters are

quite similar:-

=
o
o=
<
i

449 MeV, W = 98 MeV. v
C 8 S0

7:0 MeV

S.C.A. V_ = U43.3 MeV, W 6-3 MeV, Y 7-0 MeV
These are the values which give the "best" fits, but it is not
reported how strongly the goodness of fit depends on the parameter
values, so it is not known how much the fit would be affected if,
for example, the D.W.B.A. set of parameters were used in the S,C.A.
The above values for the S.C.A. theory were thus used for Mgzu.

For Si%® and $32, no report is given of S.C.A. fits to the data,
Thus the same parameters were used as for Mg2%.. The justification
for this lies in the fact that the D.W.B.A. parameters specifically
fitted to the Mg2% data differ very little from those obtained from
a best fit to the data for several elements. It is thus expected
that the S.C.A. parameters will vary little over this range. The
values cbtained in this way are significantly different from those

(86)

predicted by the expressions of Bechetti and Greenlees fer

example



ref (86) r fm a fm ref (11) . p fm a fm

V: = 51-89 R 7 0-75 43-3 125 0+65
Wy = 1-u48 1.26 0-58 0-0 = =

Ws = 8.5 126 0-58 6-3 1-25 0-47
VSO= 6.2 1-01 0+7% 70 1+25 0+65

The parameters which were used are listed in table 4.2,

v r a W r a W r a v r a
o) 5) o v v v s s s sS¢ 80 30
M=2% 433 1.25 065 6+*3 1°+25 047 7-0 1+25 065
5128 43+3 125 0:65 6+3 1+25 0O-47 7.0 1°25 0+65
§32 43+3 1:25 065 6+-3 1°25 0+47 7°0 1°25 0O-+65

Ti*8 49.75 1.17 0+75 1524 1.26 0.58 8+45 1+26 0:58 6-2 1+01 0:75
Cr52 49.91 1-17 0+75 1+524 1:26 058 8.53 126 0-58 62 1+01 0:75

Fe36 50.04 117 0+75 1+524 1:26 0+58 8+59 1+26 0+58 62 1-01 0+75

TABLE 4.2

Potentials in MeV, Lengths in Fermi

The values of 8 listed in table II have been found from variocus

(12) and Clarke and Cross (11)

socurces. Stelson arree cn the value
of B for Mg2%, sc this value is used. For$i2® and $32, there are
slight differences, which appear to be within the range of experi-
mental error. A value between these two is thus taken in each
case. For Cr°2, the only value based on neutron data is that of
Stelson, sc this is used. No values for @ based on neutron data
have been published for Ti%8 and Fe®6, sc the values found by

(61)

Buck for 14 MeV proton data are used. Comparison of the

0-62

O-41

0'36

0-26

0-21

024
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{BE)Y 12
proton work . with the neutron results )

shows that the
values of B found for several isctopes are comparable, within

the quoted errors.
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5. EXPERIMENTAL AND THEQORET ICAL RESULTS

5.1. Magnesium

5.1.1. Interpretation of Energy Spectrum

A typical energy spectrunm of the gamma-rays produced by
neutren bembardment of magnesium is shown in figure 5.1. Back-
eround has been subtracted from this and all following spectra.
The error bars show statistical uncertainties only. The spectra
are recorded in the energy rance 0°'95 MeV to 3-2 MeV for marmesium.
There is an energy interval of.ul KeV/channel. Peaks are resolved
at 1°37 MeV and 1°+82 MeV and there is evidence of peaks of higher

energy. in the approximate range 2°6 MeV tc 3-:2 MeV,

Figure 5+2 shows the level scheme of Mg24

(73)

Endt and Van der Leun . This enables the peak at 1°37 MeV

s as reported by

te be identified as that due to the transition from the first
excited state, (2+), tc the ground state. This transition gives
rise to a gamma-ray of energy 1'36859 MeV. M=2?" has an isotopic

abundance of 78:6% (88).

The 1:82 MeV peak cannot be easily identified from the Mg2"
level scheme; a possible transition is that from the 6:01 MeV, (4+),
lovel to the 2% level at 424 MeV, which gives rise to a 1+77 MeV
gamma-ray. However, this transition forms only 7% of the gamma-ray
transitions from the level, and in view of the energy discrepancy,
is unlikely to explain the presence of this line. This gamma-ray
peak is most probably due to the presence of the isotope Mgz26
which has an abundance of 11:29%, in natural magnesium. Transitions

in this nucleus from the first excited state, (2), to the ground
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state, (O+J, yield pamma-rays oF energy 1-80873 MeV (73). This
level scheme is not shown, as no other gamma-rays which could be

attributed to transitions in Mg2® have been identified.

No evidence is found for gamma-rays =ssulting f»m transitions

in Mg25, which has an isotopic abundance of 10-11%.

The higher energy peaks are less clearly identifiable, as
there anpear to be several peaks which are not resolved from each
other. At these gamma-ray energies (v 3 MeV), pair prcduction
is an important process in the interaction of the gamma-rays with
the crystal. This process, leading to the production of the two
0+511 MeV annihilation gamma-rays, may result in the apnearance
of first and second escape peaks, in addition to the photopeak,
as either one or both of these quanta escape detection in the
crystal. This complicates the spectra, both by the appearance of

extra peaks, and by reducing the intensity of the full energy peaks.

From the level scheme, figure 5.2, the gamma-ray energies which
may be expected in this region, resulting from transitions in Mgzu,
are 2.75 MeV and 2:86 MeV. The doubles escape peaks due to higher
energy gamma-rays, 3-87 MeV and 4-24 MeV, could give rise to peaks
at 2.85 MeV and 3.22 MeV., In this spectrum (figure 5.1), the 2:75
MeV peak due to the 4% to 2% transiticn is resolved, but there is
no conclusive evidence for the escape peaks due to partial detection
of this pgamma-ray energy. While there is cvidence for this peak in
the spectra at other scattering angles, it is not as well resolved
as shown here. The other gamma-rays may be present but are not

well resolved.

The gamma-ray energy spectrum resulting from (n,xy) reactions

in magnesium has been reported by Engesser and Thompson (23).
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They find the same gamma-ray en=rgics as reported here, and also
evilence for inelastic scattering in Mg25 which yields a 1-61 MeV

(89) have also measured the

gamma-ray. Nyberg - Ponnert et al
pamma-ray spectrum produced by 14 MeV neutron bombardment of

mai 2sium with a Geli detector. They also report the same gamma-
ray energies as found here, but find no evidence of scattering in
Mc25, in apreement with the present work. Contributions due to

other reactions; (n,a), (n,p) and (n,d) are also detected, but

are below the discriminator level of the present work.

5.1.2. The (n,a) Reaction

The 1.37 MeV gamma-ray peak has Lbeen attributed to transiticns
in Mgzu procduced by neutron inelastic scattering. However there may
be a contribution to this peak from the reaction Mg2% (n,a) Ne2ld,
see figure 5.3. Transitions in Ne?! from the second excited state,
(7/2+), to the first (5/27) excited state result in gamma-rays of
energy 1+3951 MeV (73). The difference between the pcsitions of
these two photcopeaks being less than 1 channel, they will not be
resolved. To find the fraction of gamma-rays in this peak which are
due to the (n,a) reaction, the cross-section for the emission of the
1+3951 MeV gamma-ray must be compared with that for inelastic scattering
from Mg2"%, as an examination of the decay scheme, figure 5.2, shows
that almost all of the excited states of Mg?" decay to the first excited
state, resulting in the emission of the 1:37 MeV gamma-ray. The (n,a)
cross-section for natural marmesium or the isotope Mp2* does not
appear to have been measured. However, the cross-secticn for the
production of the 0°352 MeV gamma-ray from Na?! produced in the
(n,a) reaction on Mg?* has been measured as 7:8 + 1-3 mb/str. at a

o (89)

scattering angle of 80 This implies an upper limit to the
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cross-section for production of the 1-3951 MeV pamma-ray of the
same value, if all of the 0-352 lMeV gamma-rays result from a
cascade process from the 1°7456 MeV level. It seems unlikely,
however, that the cross-section for excitation of this 7/2+ level
is higher than that of the lower, 5/2+ level, so the true cross-
section for the production of the 1:3951 MeV gamma-ray is probably
much léss than this fipure. In fact, the work of Nykberg -~ Ponnert
(89) shows nc pamma-ray of this energy., although their resclution
is high enough to distinguish this from the 1:367 MeV gamma-ray.
The value of the differential cross-section at 80° for the 1-367

(89)

MeV peak was reported as 41:7 = 6:2 mb/str. The (n,a) re-

action is thus neglected in the analysis of this peak.

Gamma-rays from activation of the sample, for example from
the (n,p) reaction, have been shown to produce a negligible
contribution to the energy spectrum (section 3.12). The gamma-
ray energy spectra are thus assumed to result entirely from in-

elastic scattering in magnesium.

5.1.3. The Angular Distributicn

Analysis of the gamma-ray spectra, as described in the previous
chapter, yields the differential cross-section for the production of
the 1-37 MeV gamma-ray. The result of this calculation is shown
in figure 5.4. The error bars represent the experimental uncertain-
ties described later. The solid line represents a least squares

fit to the experimental data points, of an expression of the form;

do

w8t P, (cos @) + a, B (cos 6) e« (3,39)

The least squares fit was performed by computer, as described in
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section 3.14, the valune of x2 per point being 1+10.

Alsc shown in fipure 5.4 are the differential cross-sections

of the 1-37 MeV gamma-ray as reported by Martin and Stewart (&4

and Abbondano et al (58). The angular distribution of this

gamma-ray has also been reported by Benetskii (19,20) but the
shape cf the curve only is given, with arbitrary units. For this
reason, this result is not included in ficure 5.4. However, the
general shape of the curve, measured from 45° to 130° is similar
to those shown, and is symmetric about 90°. The previously pub-
lished curves, in figure 5.4, show approximately the same shape

as the present vesult, although both report higher values at low
angles and lower values at higher angles than the present work.
However, nc errors in the ccefficients of the curves are quoted,
sc is difficult to determine if these differences are significant.

The coefficients of the expansions of the various curves in Legendre

polynomials are shown in table 5.1.

ao mb/sCoe. a, mb st a2 mb fstr Reference

L
4g-18 -2.32 ~-12.54 Present Work
49.3 8+9 -12+7 ref, (21)
49.970 10-040 204040 veg, (58)
TABLE 5.1.

Coefficients of Legendre Polynomials.

5.1.4. Experimental Errors

The differential cross-section measurements shown in figure

5.4, are calculated, as previocusly described, from the formula;
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do(8) _ P(9)

= . ..(3.38)
aqa e(Ey).S(B§.¢(9).F1.Pz.n.ﬁ

The experimental uncertainties in most of these factors have al-
ready been mentioned. For completeness, they are listed in table
5.2, The error in the peak count, P(6), includes cnly statistical
uncertainties. The exact value of these are different at each
value of 6, the figure shown is an averare. The errors are added
quadratically, and the total is nlotted in fipure 5.4 as the error

bars on the experimental peoints.

Factor Percentage
Error
P(6) 3:5
e(E ) 5.0
¥
S(e) 3.0
$(9) <0-1
Fi 0+5
F 0.5
2
N’ 1.0
X 3.0
TOTAL 725
TABLE 5.2.

Experimental Errors.

5.1.5. Total Cross-Section

Table 5.3 shows the variocus values of the total cross-section,

and the differential cross-section at 90°, for production of the
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1+37 MeV gamma-ray by Mg2*, which have been published. The values
of the total cross-section range from 500 # 100 mb to 628 * 66 mb.
In view of the experimentsl errors, these results are compatible
The values of the differential cross-sections at 90° are more
widely varying, ranging from 26.2 £ 6:5 mb to 44:6 * 3-3 mh. These
differences are greater than the experimental errors, although the

(21, 58)

two latest measurements are in good agreement with the

present work, and with each other.

%%—(90°) mb [ske, g mb Reference Remarks
446 £ 3.3 608 t (5 Present
work
590 % 95 (20) Nal detector, annular
geometry, no T. of F. disc.
40.2 618 + 60 (21) NaI det., T. of F., dis-
crimination.
26.2 + 6.5 (22) Nal detector, no other de-
tails given.
A0 *9 3«3 (23) NaI det., no T. of F. disc.
550 + 100 (25) NaIl det., T of F. disc.,
with pulsed bean.
384 4+ 4.0 628 + 66 (58) Nal det., T. of F. disc.
28 500 + 100 (90) Stilbene detector, pulse-

shape disc., poor resolution.

TABLE 5.3

Values of Cross-section for Production of the

1-37 MeV Gamma-ray from Mg,
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5.2, Chromium

5.2.1. Interpretation of Energy Spectrum

A typical energy spectrum of gammz-rays from 14 MeV neutron
interactions in chromium is shown in figure 5.5. This was accumu-
lated at a scattering angle of 40°, (laboratory frame). Background
has been subtracted from the spectrum. The spectrum is bounded at
the lower end by the discriminator level, set at 1:-00 MeV. Only

cne peak is clearly resolved in the spectrum at 1-43 MeV.

Figure 5.6 shows the level scheme of Cr°2 as reported by
Rapaport (71). From this the peak at 1-43 MeV is identified as due
to transitions from the first excited state (2+}, to the ground

state, which result in gamma-rays of energy 1:4342 MeV. Cr°2 has

an isotopic abundance of 83:76%.

Several of the gamma-rays which might he expected from an
examination of the level scheme, for example 0-9356 MeV from the
4t to 2% transition and 0-7440 MeV from the 6t to 4t transition are
not detected as they are below the discriminator level. Other pos-
sible gamma-ray energies are 1:214 MeV, 1.332 MeV, and 1:531 MeV.
There is no evidence for the presence of any of these peaks, although

this may be due to the much stronger intensity of the 1-43 MeV peak.

There is some evidence for the detection of gamma-rays at 27
MeV to 3.0 MeV, although no peaks are resolved in this region. The
level scheme of Cr®2 offers no explanation of the possible origin of
gamma-rays of these energies. Other isotopes of chromium, Cr°%, Cr53
and Cr°"% are also present in the sample of the natural element, with

)

abundances of 4-41%, 9-54% and 2:61% (88 respectively. Examination
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of the energy levels of these isotopes shows no transitions which
would give rise to gamma-rays of energy greater than 2 MeV, in the
intensity required tc explain this region of the spectrum. However,
it is noted that very little information is given about branching
ratios, so it is possible that these gamma-rays may result from
transitions between higher levels in these isctopes, or in Cr32,

for which information is not available at present.

5.2.2, The (n,a) and (n,2n) Reactions

It is possible that the (n,a) and (n,2n) reactions in Cr°2
may result in the emission of gamma-rays which cannot be resolved

by the system from the 1-43 MeV peak:

cr32 (n.a) Ti%?

e.c.
cr52 (n,2n) crSl » yS1

Ti%9 is stable and Cr5! decays by electron capture to V51 with a
half-life of 27+8 days. Thus if Ti%? and Cr3! are produced in an
excited state, they will emit gamma-rays in decaying to the ground
state. Ti%° may emit the gamma-ray energies 131 and 1:378 MeV,

and CrSl, 1:36 and 1:55 MeV.

The (n,ua) cross-section for chromium does not appear to have
been measured at a neutron energy of 14 MeV, although for neutren
energies averaged over a fission-spectrum, the cross-section is

reported as only 0+35 mb (gl). The (n,2n) cross-section is 280 mb

(87), but the excitation of the Cr5! nucleus after the reaction

is not reported.

Both of these reactions are neglected, for the following
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reason. Measusements of the total cross-section for the production
of the 1°+°43 MeV gamma-ray from Cr°2 have been reported by Abbondano

(58) and Breunlich et al (92).

et al The former used a Nal scintil-
lator as the gamma-detector and hence the system was unable to
vesolve the gamma-rays mentioned above from the 1-48 MeV peak., The
latter used a GelLi detector, which was able to resolve this peak
frcm the others. The results they report (table 5.5) are, however,
in good agreement, within the experimental errors. Assuming that
neither result is subject tc systematic error, this suggests that
the (n,a) and (n,2n) reacticns are negligible in their contribution

to the 1-43 MeV gamma-ray peak. This is thus attributed to inelastic

scattering anly.

5.2.3. The Angular Distribution

The differential cruss-section of the 1:43 MeV gamma-ray cal-
culated from equation 3.38 is shown in figure 5.7. Again the sclid
line represents 2 least-squares fit to the experimental data peoints
of the Legencdre polynomial expansion. The differential cross=section

is represented by,

£C = 79.75 4+ 2.47 -(25-57 * 4+80) PZ(COS 6) ~(28:82 * 8:13) Pu(cos )

The value of X% per point is 0-92.

Also shown in figure 5.7 is the differential cross-section for
production of the 1:43 MeV gamma-ray from Crsz, as published by

(58). The shape of the two angular distributions

Abbondano et al
are quite different, and there is no obvicus explanation for this

discrepancy.
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5.2.4. Experimental Errors

The experimental errors in the factors in the formula 3.38,
are shown in table 5.4. They are substantially the same as for

the magnesium results.

Factor Percentage
Error
P(0) 0 §
e(E ) 5+0
Y
s(8) 3.2
&(0) <0+1
F1 0+5
F2 0+5
N? 2.0
x 3.2
TOTAL T72
TABLE 5.4.

Experimental Errors.

5.2.5. Total Creoss-section

Table 5.5 shows the values of the total cross-secticn, and
of the differential cross-section at 90°, which have been published
vy variocus authors. The two previous measurements of the total
cross-section agree within the experimental errors, but are sub-~
stantially smaller than the present result. The values of the

differential cross-sections are spread widely, and again the
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present result is the highest, but in this case the two other

sublished results are significantlv different from each other.

%%-(90°) mb /st o, mb Reference Remarks
817 + 6+3 1002 = 31 Present
work
286 £ 8 (22) HaI detector, nc other
details.
53:5 + 4+0 757 * 56 (58) Nal det. T. of F. disec.
727 + 100 (92) GeLi detector.
TABLE 5.5,

Values of the Cross=-section for Production of the

1-43 MeV Gamma-ray from Cp32

5.3. Tron

5.3.1. Interpretation of Energy Spectrum

Figure 5.8 shows a gamma-ray energy spectrum resulting from
14 MeV neutron reactions in iron. It was accumulated at a labora-
tory scattering angle of 40°, and background has been removed.
The lower boundgry of the spectrum is set by the discriminator level
of 0+7 MeV. Several peaks ars resolved, the most intense being at

0-84 MeV. Other peaks are seen at 1-24, 1°81, 2-13 and 2-78 MeV.

The level scheme of the nucleus FedS6, (isotopic abundance
n
91.52% (88)), is shown in figure 5.9, as reported hy Rao (7“).
From this, several gamma-ray peaks may be identified immediately.

The most intense peak, at 0-84 MeV, is due to transitions from
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the first excited state, (2+), to the ground state, which result
in the emission of gamma-rays of energy 0°:84675 MeV. The peak
second in intensity, at 1-24 MeV, is due to transitions between
the second excited state, (H+), at 2-08505 MeV, and the first

excited state, which yield samma-rays of energy 1:2383 MeV.

There is also clear evidence for the presence of a peak at
1:81 MeV, due tc transitions between the third and first exeited
states, (2+ to 2+). This third level, at 2:6577 MeV decays with
97-8% probability $85) to the first excited state, yielding the
1'8110 MeV gamma-ray, and with 2-2% probability to the ground state,
emitting a gamma-ray of energy 2:6577 MeV. There is no evidence
for the presence of a peak at 2:66 MeV, but in view of the low
yield, this is not surprising. There appears alse to be a peak
at 2+11 MeV, probably due to transitions from the fourth and fifth
levels, at 2-940 and 2:9597 MeV, to the first excited state. The
peak at 2°78 MeV is probably the first escape peak of the gamma-ray

of energy 3-253 MeV produced in transitions from the 4-099 MeV level

to the first excited state.

The other naturally occuring isotopes of iron are Fe* and
Fe57, with abundances 5:84% and 2-17% respectively. The isotope
Fe57 can be expected to yield predominantly gamma-rays cf energy
below 0°*7 MeV. Since these are below the discriminator level, this
isotope is not expected to contribute to the spectrum. The isotope

(55) from the transiticn

FeS" yields gamma-rays of energy 1+-409 MeV
» ; ‘ + +

from the first excited state to the ground state, (2° to 0 ). There
is some evidence for this pamma-ray, but it is not clearly resolved

from the Compton edge of the 1:24 MeV peak, and from the O-84 MeV

peak.
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The gamma-rays mentioned above have also been reported by

Jonsson et al (93)5

whe measured the camma-ray spectrum from
neutrcn bombardment of iron, using a GeLi detector. They also
report several gamma-rays from 1+3 MeV to 1°8 MeV, and at 2+5

MeV, which are not resolved by the present system, due to the

noorer energy recolution of the Nal detector used in this work.

5.3.2. Other Reactions

Although the observed spectrum has been accounted for by
considering only inelastic neutron scattering in Fed%, other
reactions may yield gamma-rays in the range of the spectrum.
The (n,2n) reaction may result in the emission of gamma-rays of

energy 0-805, 0-930, 1+21, and 1-316 MeV (32)

among others, from
the decay of higher states of Fe33, formed in this reaction, to
the ground state. FeS3 decays to Mn®® hy electron capture, with
a half-life of 2:6 years. Thus if, after formation, the Fe3°
nucleus is in an excited state, it will probably decay to the
eround state with the emission of pamma-rays, before it decays
to MnS3. The peaks due to detection of the camma-rays of 0°805
and 0°930 MeV will be one and two channels respectively from the
centre of the 0-84 MeV peak, and hence will not be resclved from

itl

(93) have found evidence of the 0:930 MeV

Jonsson et al
gamma~-ray, but no evidence of the 0-805 and 1+21 MeV pamma=rays.
The other peaks they report due to (n,2n) reactions are at 0-412
MeV, (below the discriminator level of the present work), and at
1-316 MeV, which would not be resolved by the present system

from the 1.24 MeV peak. The number of counts in the 0-84 MeV

peak should thus be corrected for a possible contribution due
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to the 0-930 MeV peak from re35, Jénsson et al report the
differential cross-section at 80° for the production of the

0+930 MeV ramma-ray as 4.4 * O+4 mh compared with 74-4 + 0-7 mb
for the 0+84 MeV gamma-ray. These values are averages of the
¢ifferential cross-section over the ranze 50° to 110° due to the
large angular acceptance of the detector. The angular distribution
of the 0930 MeV pamma-ray is thus not known. The present work
yields a value of the differential cross-section for the 084 MeV
ramma-ray at 80° of 639 * 4.2 mb. The disagreement between this
value and that of Jonmsson is not unexpected in view of the angular
uncertainties cf the latter work. Because of this, and the small
value of the cross-section for the 0:930 MeV samma-ray relative to
that of the 0°84 MeV gamma-ray, no correction was made for the
(n,2n) contribution. This reaction Zoes, however, constitute a
source of systematic error in the differential cross-secticn, of
the same order as the experimental uncertainties. These cross-
sections have also been reported by Engesser and Thompson (23),

who find the differential cross-section at 90° for 0-85 and 0°92
MeV camma-rays as 56:9 *+ 5:8 mb and 11-7 * 3-9 mb respectively.
However, these researchers used a Nal crystal as the gamma-ray
detector, and in their spectrum, the 0:92 MeV peak is not completely
resolved. Since Jonsson et al used a GeLi detector with greatly

superior energy resolution, their values are prefered.

Another reaction which shruld be considered is, Fe38 (n,d)
n33 The stable isotope, Mn55 may yield pamma-rays of 0-983 MeV
and 0+857 MeV in transitions from the second excited state,
(9/27), to the sround state, (5/2° ), or the first excited state,
(7/2°). Again, these could not be resolved from the 0+84 MeV

peak by the present system. However, reither of these gamma-ray
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enerries are reported by either Jensson or Engesser and Thompson.
The size of the (n,d) cress-section may be estimated by subtracting
from the total cross-section for non-elastic reactions in Fe®®, the
sum of all other non-elastic reactions which have heen meaéured.
This gives an upper limit to the (n,d) cross-section. The total

(87)

nen-elastic cross-section is 136 * 0-03 barns , While cross-

sections for the (n,2n), (n,p), (n,np), (n,a) and (n,n') reactions

g o7 6(87) 95 + 40(62) 60(89) 14 600 +

are resnectively 440 + 9 B 17
mb. Thus an upper limit for the (n,d) reaction is 36 %
190 mb, and this is seen to be neplipgible in comparison with
inelastic scattering. It is thus seen that the gamma-ray spectra

result mainly from neutron inelastic scattering in the most

abundant isotope Fe®,

5.3.3. The Angular Distribution

The anjular distribution found from analysis of these spectra
is shown in figure 5.10, for production of the 0+84 MeV gamma-ray
by Fe3®. The solid line again represents a least-squares fit to
the experimental data points, which is described by the equation;

2000) = (6u-83 £ 1:67)-(9-22 + 3-49)P,(cos 0)-(19:10  5-75)P (cos ©)

The value of X2 per point is 0-556.

Also shown in figure 5.10 are the ancular distributions as

(21) and Abbondano et al (58).

measurad by Martin and Stewart
There is reasonable agreement between the present results and
those of Abbondanc, although the present work finds a greater

amount of scattering at higher angles. The angular distribution
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Figure 5.10 Differential Cross-Section for Production
of the 0,84 MeV. Gamma-Ray from Iron.
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rerortad by Martin and Stewart does not agree with either of
the other measurements, in shape or in absclute value. Haouat

et al (95)

have alsc measured the angular distribution of the

084 MeV gamma-ray. Although they have fitted a Legendre poly-
nomial expansion to their resulté, they report only the graphical
form of the resulting curve, not the values of the ccefficients.
The representation of their results in figure 5.10 is thus subject
to greater error than are the cther curves. There¢ is nevertheless,
quite good agreement with the Dresent results. The discrepancies
between these various measurements cannot be attributed to differ-

! 4 (2 8
ences in technique, as two (22, 38)

used substantially the same
technique as the present work, namely time of flight discrimination
with the asscciated particle method, ochieving detection of gamma-

rays by means of a Nal crystal. Hacuat et al (93

, however, used
the pulsed beam method for time of flight discrimination, and a
Geli pamma-ray detector with a Nal anticoincidence shield. In
spite of this difference in techniques, these results show the
best apreement with the present work. Table 5.6 lists the values

of the coefficients of the Legendre nolynomial expansion, where

these have heen reported.

a_ mh/str a2 mb/str aH mb/str Reference
64:83 £ 1-+67 -8.22 + 3-49 -19.10 + 5.75 Present
work
90.6 17-8 - 6+6 (21)
57420 20+750 -22.040 (58)

TABLE 5.6.
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.3.4. Experimental Errors

The experimental errors in the factcrs of equation 3.38,
which is used to calculate the differential cross-section, are
listed in table 5.7. As before, they are added quadratically
to obtain the total error, which is represented by the error

bars in figure 5.10.

Factor Percentage
Error
P(8) 3~0
e(E ) 5.0
'Y o]
S{6) 22
6(9) <0+1
Fl 0*5
F2 05
N’ 2'2
X 25
TOTAL To1

TABLE 5.7.

Experimental Errors.

5.3.5. Total Cross-section

The total cross-section and the differential cross-section
at 90°, for the production of the 0-84 MeV ramma-ray in Fed6,

nublished by various workers, are shown in table 5.8.



o ml: g%v(gﬂﬂ) mh/str References
Bid = 21 62.-28 £ L-U2 Present
work
1138 # 135 79+2 (21)
30°2 % 9-°1 (22,98)
56°9 * 58 . (23)
52 £ 8 (24)
T4y £ 0.7 (93)
49.0 % 13°0 (94)
660 * 80 (19)
1228 + 150 (96)
1268 * 150 (97)
721 £ 76 45:6 * 5.0 (59)
TABLE 5.8.

Values of the Cross-section for Production of the

0«84 MeV Gamma-ray from Fe3b,

As previously described, the value of o_ for the present work
is Hnac. The values of . in the above table fall into two groups,

those of Abbondanc et al (58) (18)

, Benetskii , and the present werk,
which ave probably compatigble within the experimental uncertainties,
but which differ significantly from the second group, the work of

(21, 97) (96). B 2k nek

Martin and Stewart , and Bezotosnyi et al
clear whether Bezotosnyi measured the angular distribution of the

gamma-~ray, or if the total cross-section was cbtained by measuring
the differential cross-section at one angle, and multiplying by um.

The discrepancy between these two groups does not appear to be due

to differences in technique, as time of flight discrimination,
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using the associated particle method was used by merbers of both

(58, 21, 97) (19)

groups ; : and the present work, Benetegkii

monitored the alpha-particle flux, and sezotosnyi et al (95) do

net repert on the details of the experimental method.

The values of the 90° differential cross-section are spread

(22, 98) .0 79.2 mwb/str

(93)

over a wide range from 30.2 + 9.1 mb/str

(Ql). The most accurate value appears to be 74-4 % 0+7 mb/str

but this value is averaged over the scattering angles 50° - 110°
so it does not represent accurately the value of the differential

: , e i 23, 24
cross-section at 30°. The values published in references LS g es

-
s S8 and the present work are probably compatible within the

experimental errors.

5.4. Comparison of Theory and Experiment

For the comparison of the angular distributions, as predicted
by the coupled channels theory, with the experimental results, all
of the angular distributions have been normalized by setting the
value of a, to unity. This means that the areas under all the
curves are equal, being given by 2w, as only the range 0° to 90°
is shown. Comparison of the shapes of the anpular distributions
is thus separated from the comparison of the absclute values of the

eross-sections.

Figures 5.11 to 5.16 show the normalized anpular distributions
for Mgzq, 8128, 832, Ti“a, Crsz, and Fesa, resulting both from the

theory, as described in chapter 4, and from the experimental

measurements. For the nuclei Mgzq, Cr°2 and Fe®® the experimental
data is that of the present work, while for the nuclei Siza, 532

(17)

and Ti"B, the experimental results of Connell are used. These



Scattering Angle in Centre of Mass Frame

Figure 5.11 Normalised Angular Distribution for the

1.37 MeV gamma-ray from Mgzh

Theoretical Result.

_______ Experimental Result.
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Scattering Angle in Centre of Mass Frame

Figure 5.12 DNormalised Angular Distribution for the

1.78 MeV gamma-ray from 8128.

Theoretical Result.

— = —i— —— | Exparimental Result,



SN

: {
prrtrpeep e e HE

30°

Scattering Angle in Centre of Mass Frame.

Figure 5.13 Normalised Angular Distribution for the
224 MeV gamma-vay from S-2.

Theoretical Result.

_______ Experimental Result.




- 159 -

Scattering Angle in Centre of Mass Frame.

Pigure 5.14 Normalised Angular Distribution for the

0+99 MeV gamma-ray from Tiha.

Theoretical Result.

______ Experimental Result.
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Scattering Angle in Centre of Mass Frame.

Figure 5.15 Normalised Angular Distribution for the

1.43 MeV gamma-ray from Cr52

Theoretical Result.

— — — —— —- Experimental Result.




- 161 =

Scattering Angle in Centre of Mass Frame,

Figure 5.16 Normalised Angular Distribution for the
56

0.84 MeV gamma-ray from Fe

Theoretical Result.

— — — — — — Experimental Result.
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latter results were expressed in the form of a cosine series;

do(9) _ . 26 % B 4
e B bo + L2 ccs®d + b, cos 8 - (340)

a= described in section 3,14. To normalize these results, the cc-

efficient a, is calculated from the equaticn (Bb),
B by, by 2
S e . (5,13

The error bars on these anpular distributions 5.11 to 5.16 are
found from the uncertaintics in the coefficients "a" or "b'.
Following from equations 3.39 and 3.4C , the errors in the
differential cross-section at a scattering angle 6, (8(8)),

are given by either,

1
§(8) = (8a_ + (8a,P,(cos 8))% + (sauPu(cos 9))2)= .. (5.2)
or,

]
§(8) = (Gbé + 5b§cos“9 + 6b§cosaﬁ)é ..(5.3)

there 6x is the error in the coefficient x. The large error

bars at low scattering angles, in figures 5.12 to 5.14, illustrate
the difficulties inherent in the ccs®0 ewpansion, and are due to
the increasing value of cos® as 6 approaches zero. This effect

is also present in the Legendre polynomial expansion, although

it is much less marked. In both cases, the comparatively large
errors in this region of low scattering angle may alsc reflect

the fact that no measurements have been taken below 30°, sc the
curves here are extrapolated from the region where they have

been determined.
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It can be seen that the agreement in the shapes of the angular
distributions is good in some cases, for example, S32 and Ti%8,
while it is less good for the other nuclei. In general, the
thecretical curves show more asymmetry than the experimental
results, if this is defined as the difference between the maximum
and minimum of the curve, divided by their sum. Also, the theoretical
curves predict less scattering at higher angles than is found experi-
mentally. The overall shapes of the experimental curves are, never-
theless, reasonably well represented by the theoretical curves, so
it may be concluded that the coupled channels approach, even in the
first approximation shown here, produces a moderately gocd predicticn

of the experimentally measured angular distributions.

It is not immediately obvious why the agreement between theory
and experiment is better in some nuclei than others, since they all
have the same spin and parity values. Further investigation of the
effect of higher levels in the nuclzi concerned may explain this,
although in view of the uncertainties in the experimental results,

the close agreement in the case of $32 may be fortuitous.

5.4.1. Absolute Values of the Crcess-sccticns

The absolute values of the total crnss-secticns are shown in
table 5.9, for production of the gamma-ray of the energy listed,
by the correspending nucleus. It can be seen immediately that the
exnerimentally measured values are much higher than those predicted
theoretically, in some cases, by a factor of 40. This is, however,
expected, since the coupled channels calculation took into_account
only scattering from the first excited state. The relevant gamma-

ray is however, alsc produced by cascades; the nucleus may be excited
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to a higher level by the neutron scattering event and it then

decays through various intermediate levels to the first excited
state. This then decays to the ground state producing the gamma-
ray concerned. The resulting measurement of the cross-section is
thus much greater than that predicted by the coupled channels cal-
culation. These theoretical values have bLeen quoted to three signi-
ficant firures, although in fact they are probably reliable only to
within * 50%, due to uncertainties in the parameters of the nuclear
potential which are input to the programme INCH. No attempt was
made to improve this, because, as shown above, these figures are

not directly comparable with the experimental results.

Nucleus (OT) exp mb hma_ mb EY MeV
Mg2h 605 + 15 107 1-37°
5328 434 + 63 45.1 1.779°
g32 318 + 36 53+1 2247
Til8 1039 + 107 31-9 0-990"
cr52 1002 * 31 232 1-43%
FeS6 81y + 21 314 0-842

TABLE 5.9.

Experimental Values of Total Cross-section

Compared with Theoretical Predictions.

(a)
(b)

present work
(17)

Connell

5.4.2. Rotational and Vibrational Models

Figure 5.17 shows the various predictions of the coupled channels
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Figure 5.17 Normalised Angular Distribution for the

1.37 MeV gamma-ray from Mgzh.

Rotational model g=+6.2
—_——— - Rotational model p=-6.2
Be" Il IR Vibrational model ﬂzo
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calculation for the cases B = £ 0:62 and B = 0. This latter case
corresponds to a vibrational model of the nucleus, that is, it
assumes the nucleus has no permanent deformation. The twe former
cases correspond to the rotational model with prolate and oblate
deformations respectively. The results shown here are in general

(9)

agreement with the results of Karban et al ,» where the predictions
have been made for proton scattering con Ni58, The curves are not
creatly Jdifferent, and, with the present experimental errcors, it
would not be pessible to distinpuish them. This is in agreement

with the general finding that inelastic scattering is not very

sensitive to the details of the nuclear models.

5.5. Cecnclusions and Suggestions for Further Work

The first part of the research project, which was to improve
the performance ¢f the experimental system, has been completed by
increasing both the time and energy resolution. The result of
this has been an increase in sensitivity of the system by a factor
of 10, although this has to some extent been offset by deterioration
in the performance of the SAMES generator. The new system has then
been used to measure the differential cross-sectiocns for the pro-
duction of various gamma-rays, using rnatural samples of magnesium,

chromium and ircn.

The second part of the research project was then to use
direct interaction theory, in the form of the coupled channels method, to
predict these angular distributions. These predictions were then
compared with the experimental data. This comparison shows that
the general trends of the angular distributions are quite well
predicted, dispite the fact that a significant simplification has

been made, namely, that the effect of cascade from higher levels
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has been neglected.

This work may be centinued in cone of two ways., It may Dbe
possible to redesipgn the system so that the angular distribution
measured corresponds tc that predicted theoretically. It is
difficult to imagine how the system could be adapted to measure
exactly the differential cross-section which is predicted by the
present form of the theory. This weuld involve the use of many
neutron detectors, surrounding the scattering sample at all angles,
in an attempt to detect the inelastically scattered neutron which
had excited the nucleus to the first excited state. The energy of
this neutron is well defined, being the difference between the in-
cident neutron encrgy and the excitaticn energy of the first level,
so if it were detected, a time of flicht system, with the good time
resolution which is available with the plastic scintillators used
for neutron detection, would enable this neutron energy to be selec-
ted accurately. However, the difficulty arises in detecting every
neutron which excites the first levely as these neutrons may scatter
intc any angle, including backwards into the incident beam, and into
the gamma-ray detector, it seems impcssible, from the geometry of
the situation, to detect all, or even a representative fraction of

them.

A more conventional angular correlation technique using one
neutron detector and one gamma-ray detector, might be used to
measure the correlations between neutrons of the required energy,
scattered through an angle Bn, and the correspending gamma-rays
scattered thrcugh an ancle BY. These two angles do nct necessarily
have to be in the same plane. This correlation functicn may easily

be predicted by the present theoretical technique; it is only
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necessary to onit the averaging over the neutron anrle of scattering,
and express explicitly the dependence on this angle. The prcblem
here is one of low count rate, which would make the exnerimental
measurements extremely tedious, if not impossible. Currently avail-
able neutron detectors of the plastic scintillator type have an

L8 in the range of neutron energy of

efficiency of about 10%
interest. If Loth gamma-ray detector and neutron detector subtend
the same solid angle at the sample, then the count rate in the
relevant photopeak of the gamma-ray spectrum, Py' is approximately
1-4 times the count rate in the corresponding peak, Pos in the
neutron time of flight spectrum. This assumes that the differential
cross-sections for the two processes are equal, which is true when
averaged over all angles, but may not be true at a particular pair
of angles Bn and BY. To estimate the expected count rate for cor-
related events, assume the gamma-ray is emitted randomly with res-
pect to the scattered neutreon direction. Then for every neutron
detected, the corresponding gamma-ray will be detected with a
probability Q/4m, where @ is the solid angle subtended by the
detector at the sample. The correlation count rate is then;

Y

W (Bn,BY) = Pn PY T rn kD bE)

A typical value of PY in the present work is 0°74 sec_l, then;

W (6 _,6) =14-5x 10“LL sec:-2
ny

Althouph imprcvements in the time resclution of the system might
increase this a little, the only way to acheive a significant
improvement in this count rate is to increase the strength of the

neutron source by a factor of about 30. This would increase the
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correlation count rate by about 103 as the source strength is a
factor in Loth PY and Pn' The SAMES pgenerator cannot be medified
to produce this increased output, so this correlaticn technique

is unlikely to be successful with the present facilities. This
type of experiment might, however, he successfully carried out
usinz the Dynamitron accelerator facility at the Radiation Centre,

University of Birmingham.

The other approach to the continuation of this work is to
seck to extend the coupled channels calculation to include a
larger number of the levels of the nucleus which are excited by
neutron inelastic scattering. It should be possible to include
those levels which ave identifiable as members of a rotational or
vibraticonal band. based on the ground state, or on some higher
level. But this apprcach is limited to the lower levels, for as
hisher excitations are reached, the classification of levels into
the various bands becomes very uncertain, and it becomes clear
that the nuclear potential is no longer well represented by these
simplified models. Thus the matrix elements of the interactions,
hetween the various excited states, which are required as input to

INCH. cannot be calculated.

Perhaps the most promising method would be a combination of
the two approaches mentioned above. Extending the coupled channels
calculation to include the next two or three levels of the nucleus
could probably be achieved without distorting interactions posing
a serious problem. This would lead to the prediction of the cor-
relation function Letween neutrons of varicus energzies (scattered
off one of several levels), and gamma-rays, also of various energies,

but always including that corresponding to the transition from the
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first excited state tc the ground state, produced either directly
or in cascade. Such experimental data weuld, however, be extremely

complex, and ambisuities might arise in the analysis of it.

It can be seen from the above discussicn that the application
of direct interaction theory to the production of gamma-rays from
neutron inelastic scattering is an extremely complex problem, due
to the large number of states involved. Hewever, the failure of

compound nucleus theory (37

, and the comparative success of an
appreximate method of predicting the anpular distributions by direct
interaction theory shcown here, indicates that this approach is

correct and is worth continuing further to cbtain a fuller description

of the inelastic scattering process.

% h R & %
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APPENDTEX 1

SUBPNUTINE GAMMA (AMPRE y AMPIM, THETA)
DIMENSTION AMPRE(60) yAMPIM(60) yDENSRF(5,5) ¢DENSIM(5,5)
Ly REORE(5,5) yRHOIM(545) TRE(1S5) ,TIM(15)
DO 3 J=1,:5
D0 2 JI=1,%
DENSRE(JyJI)
DENSIM(J,JdT)
DO 1 I=1l.4
M=J+([=-1)%5
N=JI+{[-1)%5
DENSRE(J,JT)=DENSRE (Jy JI)+AMPRE (M) *AMPRE (N) +AMP IM( M) %AMPIM(N)
L DENSTMUJJI)=DENSIM(Jy JI)+AMP [M (M) EAMDRE (N) —AMPRE (M) *AMDIM(N)
IFI{THETA.GT.11.0) GO TO 6
RHORE(J,J1)=0.0
RHGIM(J,J1)=0,0
RHORE(JLJI)=RHORE(J,JI ) +DENSRE(JyJT I XSIN{THETA%0.0£74533)
RHOIM{JyJT)=RHOIM(J 4 JI ) +DENSIM(J,JI)*SIN(THETA*0.0174533)
[FI(THETA.LT.179.0) GO TO 2
RHORE(J,JI)=RHORE(J,J1)1/86.0
RHQIM(JyJI)=RHOIM(J,J1)/86.0
2 CONTINUE
3 CONTINUE
IF{THETA.LT.179.0) GO TO 23
DD 12 K=1,15
TRE(K)=0.0
TIM(K)=0.0
[F (K=1) 14,14,15
14 L=C
M=(C
Gl 1D 16
15 CONT INUE
IF tk=5) 17,17,18
17 L=2
M=4-K
G0 TOl6
18 L=4
M=11-K
16 DO 19 J=1,5
DO 13 Ji=1+5
TRE(K)=TRE(K)+CLEBGN(2.043.0~J32.0,J1-3.0,L%1.0,M%1.0)*RHORE
LA dT ) R(=1)%%(JI~1)
13 TIMIK)=TIMIK)+CLEBGN(24033.0-J9p2e0,JI-3.05L%1.0,M*1.0)%*RHOIM
LOJpJ) s (=1) %= (JI=1)
19 COMTINUE
12 PRINT 21,TRE(K) ,TIM(K)
2] FORMAT(® TRE=1,E16.5," TIM=',F16.5)
AO=TRE(1)*0.177917
Az=_TRE§h)*o.r0632608
AL=-TRE(11)¥%0.19020188
PRINT 24, A0, A2, AL
2L FORMAT(' A0=',E16,5,' A2=',E16.5,"' Al=' E16.5)
23 CONTINUE
RETURN
END
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