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ABSTRACT 

An experimental spectrometer, capable of measuring differ- 

ential cross-sections for production of samma-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 NaI scintillator. 

Time of flight discrimination, using the associated particle 

technique, was used to eliminate background due to scattered 

neutrons. The performance of this system was improved, by 

achieving better time and energy resolution, resulting in an 

increas. 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 Mp2", 

the 1°43 MeV gamma-ray from cr52, and the 0°84 MeV gamma-ray 

from Fe56, in the range of scattering angle 0° to 90°. 

The direct interaction theory, in the form of the coupled 

channels approximation, was used te 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 addition of a subroutine GAMMA, to cal- 

culate the gamma-ray angular distributions. 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 clastic 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 excitation 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 

therefore 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 a) This theory describes 

the reaction 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 (er 102° 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 collisions 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 

to experimental data a) For example, it is able to account 

for the large capture cross-sections 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 quantities 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 Be". 

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



or sec). There is thus no neutron to traverse the nucleus (~ 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 experimental 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 

oe a The fits to the avail- 

(yi) 

scattered medium energy protons 

able neutron data are also good 

As mentioned above, work at lower incident neutron energies 

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 G2) 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 

veaction theory. If successful, this would provide an independent 

confirmation of the nucleon scattering results, which test the 

theoretical description of the reaction mechanism. This is one 

of the aims of the present work. 

In the range of incident nucleon energy 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 two (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 

that the actual mechanism of the interaction is described exactly 

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



fae lice 

cations which concentrate on one aspect of the whole at the expense 

of the rest. In recent years some progress has been made in deriving 

a “unified” theory Gs) in which both compound nucleus formation 

and direct interaction appear as extreme cases although this theory 

has not been used here. 

Some work on the gamma-rays produced by 14 MeV neutron 

reactions has been published. Investigation of the gamma-ray 

spectra has been used to determine nuclear energy levels, and in 

(16) 
some cases, the parity of these levels Experimental measure- 

V— 2 
ments of gamma-ray angular distributions have been made , 7s 24) 

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, te 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 

project. An experimental spectrometer has been reported (7) > and 

was available to measure gamma-ray energy spectra produced at 

various scattering angles by inelastic scattering of 14 MeV neutrons 

preduced 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 

NaI scintillator crystal. Detection of the associated alpha- 

particles gave a measure of the incident neutron flux, so 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 of 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 Martin report 

an accuracy of about 10% tee 

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 > 

report 8 nsec) was caused by the difficulty in obtaining good 

timing information from the NaI scintillator used to detect the 

gamma-rays. Reports have been published Sze) which showed that, 

using a technique known as constant fraction discrimination, the 

time resolution 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~ 

eribed here consisted of introducing them. 

The new system was then used to measure the differential 

eross-sections for gamma-ray production for various elements, 

namely, magnesium, chromium, and iron. The criterion used to 

chose these elements was the lack of correborated published 

measurements. In the case of chromium, there were no published 

vesults on measurements of angular distributions of gamma-rays,



at the beginning of the research project. The differential cross- 

sections of the 1:37 MeV gamma-ray from Ma and the 0+85 MeV 

gamma~ray from Pew have been published by Martin and Stewart eh, 21) 

The relative angular distribution ofthe 1°37 MeV gamma-ray from Mg? 

has been published by Benetskii 0) » but the absolute value of 

the cross-section is not given. Values for the differential cross- 

section at 90° a quantity frequently measured, vange between 26°2 + 

(22) (21) 6°5 mb/str. and 40-1 + 3-9 mb/str. for the 1+37 MeV gamma- 

(22) vay Of Mg-", and between 30-2 + 9+1 mh/str. and 79-2 + 9-4 mb/ 

. > for the 0-85 MeV gamma-ray from me 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 

each case. 

The second phase of the work was then to calculate the angular 

distributions of the gamma-rays produced by inelastic scattering of 

neutrons on these nuclei, using the predictions of direct interaction 

theory. For 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 calculation, 

and of the simplifying 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 deseribed. Only a brief description of the whole system will be 

given, more emphasis being placed on changes that have been made to 

the original system. The spectrometer, which was in operation 

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- 

Q7) 
plete description of the original system has been reported 

2.2. Brief Description of System 

Neutrons of approximately 14 MeV are produced by the T(d,n) 

Het veaction. Alpha-particles emerging at 90° + 6° to the deuteron 

beam are detected, thus defining a cone of associated neutrons at 

83° + 6° 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 nm 

(3" x 3"). Hal crystal scintillator and 58 AVP photomultiplier. The 

gamma-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 horizontal 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 starts the time-converter, which is then stopped by a delayed 

pulse from the alpha-detector, producing an output pulse with 

heicht proportional to the time delay between the ‘start’ and "stop' 

pulses. Since elastically scattered 14 MeV neutrons have a speed of 

about 0-17 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 due to neutrons 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 $.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



  

Figure 2.2 The S.A.M.E.S. Electrostatic Generator.



Soe 

target of tritium adsorbed onto titanium. Because of the length 

of the drift tube, the beam is focussed by two electrostatic 

quadrupole lenses 27) 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 situeted across the end of 

  

the beam tube. This slit replaces a 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 ae but it is now possible to run at about 

10° neutrons sec”. 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 cooling 

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 to 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), 

  

* Societe Anonyme de Machines Electrostatique. 

# Supplied by Multivelt Ltd., Sussex.
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O-5 mm thick. The sheet of scintillator is 30 mm square and 

shielded from the alpha-particles by an aluminium plate, 1 mn 

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 by 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+He +B +) 

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

maximum energy of 18°6 KeV, have a corresponding maximum range in 

co) 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 

(23) 
energy 120 KeV have a range in aluminium of 0-001 mm The 

scintillator is therefore completely shielded from both these



  

Figure 2.3 The Alpha-Particle Detector.
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she 

components of the background by an aluminium foil of thickness 

0-0044 mm. Since the range of 3+5 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 involved are not relativistic, being much 

less than the rest mass of the neutron, 938-55 MeV (30), 

Figure 2.5 shows a schematic representation of the reaction, 

in both the laboratory and centre of mass reference frames. 

Benveniste and Zenger (31) have investigated the kinetics of this 

reaction. They find the relation:- 

mae 
1 + . < 1, + 22 
% sin 2 4, + sin $, 1aye sin’ 
  tan $= veh 24d) 

% 2 J lye 2 Pa - sin * + cos or /y* - sin *., r a 

Vom 
where: ~ y= oo (2.2) 

v? 
n 

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

laboratory frame, Leas is the neutron velocity in the centre of mass 

frame , n and my, are the neutron and alpha-particle masses. Also:- 

pel 2ed) 

  

Ey is the incident deuteron energy in the laboratory frame, Ma and 

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



  

Laboratory Frame; solid angle is dw 

Ma 

Centre of Mass Frame; solid angle is dw'. 

Figure 2.5 The Kinematics of the d-T Reaction.



Sey) 

Q = (m, + mz - m, - m) <2 ae( 2.4) 

hence:- Q = 17-586 MeV 

It can be seen from equations (2.1) and (2.3) that the relation 

between *. and oy depends on the incident deuteron energy ES: The 

tritium target is "thick", that is, its thickness is greater than 

the range of deuterons in it,so the value of ES can vary from the 

maximum bombarding energy used, in this case 120 KeV, to zero. 

Thus ES will be used to denote the energy of deuterons incident on 

the target, equivalent to 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 ee with on for 

a7) from various values of ¢« in the required range, calculated 

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 Gee from 

84° to 96° (that is, eee 90° + 6°), leads to values of 4, 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 (27) 

that this introduces an uncertainty of }° in the results of these 

calculations. In view of the overall angular resolution 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 

oy are produced by different values of
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e, the neutron yield will vary with one This variation is 

described by the neutron beain profile. To calculate this, the 

denendence of the neutron yield on the value of € must be known. 

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). te 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 

solid angle is:- 

  

° 
y (Ge | See eae «.(2.5) 

Here the deuteron energy is treated as a variable in the range E, 

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 2 small fraction of the 

deuterons react with the tritium. 

2.6.2. The Anisotropy Factor 

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

multiplied by the anisotropy factor:- 

  

sin 6 40 (centre of mass frame) 
dw' Teak a 
aun sings doa net2.6) 

nD (laboratory frame) 

The relation between aT and e is (31).



= 21 -- 

cos 6 = - y sin? $y + cos $6, ¥1- y? sin? 4, wel Zel) 
n 

Thus again dw'/dw depends on ee and e. Figure 2.8 shows this 

dependence, with e as a parameter. It can be seen from this figure 

that over the range of interest of $,, namely 76° to 96°, dwt/dw 

is approximately equal to unity, with an error of at most 15%. 

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 titaniun-tritium 

target also called the stopping power of the target. To deter- 

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

(31) 
target must be known. A reasonable estimate for this factor 

is unity. Then the stopping power is given by:~ 

Gees 48 (a2) 3 dey 
Ao capes e ae toss niCeee) ma 88 ax’ 

Here 3 and 48 are the atomic weights of tritium and titanium res- 

pectively, and (de/dx) ny, represents the rate of energy loss in 

normal titanium, and (de/dx),, in tritium. Benveniste and Zenger 

(31) obtained (de/ax)o, by interpolation of proton data.for varicus 

elements, and by assuming the rate of energy loss is a function 

only of the particle velocity, so that:~ 

dE dE 
2) d 

Cc»). = Cw be «0 (2.9) 

The stopping power for deuterons in tritium has also been found 

(33) 
from Phillip's “ measurements on proton energy losses in
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Figure 2.8 The Neutron Anisotropy Factor as a Function 

of Neutron Scattering Angle g,-



oe 

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:- 

  ¥ @_,c) = 22) a eto) 
n de 

Jax 

Here Y (9 ,€) is the neutron yield per unit solid angle, per 

unit deuteron energy deposited in the target. This has been evalu- 

area Sh!) 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 

o from 76° to 96° inclusive, figure 2.6 shows the range of e 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 «. The areas are then normalized so that the 

maximum relative neutron yield is 1:0. The resultant 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 ¢)> (46°) than the previous work which used $, = 90° + 4°, 

It has thus been necessary to check that the assumptions made are 

still valid for the present case. The increase in the range of 

we 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 distribution of neutrons 

at a given angle. The neutron energy. Eye is a function of the 

angle of emission one and of the incident deuteron energy, €; 

  

      

mome sin? or 
scl mm, e FOC, + i) 20(2.12) 

Ne
t 

Here Ms Mp> Mh) 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 (7) 

at ¢ = 84° for a range of values of e€ from 120 KeV to zero. The 

neutron yield at this value of a and at the various values of ¢. 

has also been evaluated 7) » 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



ue BRS 

120 

100 

80 
Relative 
Neutron 
Yield 
Per 

Ster. 60 

ho 

20 

               
14.06 14.10 14.14 14.18 14.22 

E_ MeV 
n 

Figure 2.12 The Neutron Line Shape at 6 =84°,
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calculation at this value of ae is typical, due to the small range 

of ve 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 

mn 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 

sample to size as magnesium filings are Eaelenpble 

The chromium sample consists of chromium powder, purity 

99-95% compressed into an aluminium can of internal dimensions 

28°4 mm x 85-3 mm x 90*6 mm. The density of the packed chromium 

powder is 2°74 gms/cc, compared with 6°92 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, Z, of possible materials. The 

fraction of neutrons not interacting in a thickness, x, of material 

* : -Ex 
is given by e 5 It is required that as few neutrons as possible 

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

which has the minimum value of 2. This is given by: 

* Supplied by BKL Alloys Ltd., Birmingham. 

*#% Suplied by New Metals and Chemicals Ltd., London.
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where Ny is Avagadros number, p is the density, A is the atomic 

weight, and oe is the total cross-section for 14 MeV neutron 

interactions. Table 1 shows values of 2 for various possible 

materials. 

Material Cr) x10 °° ane 

Aluminium 0-175 

Steel 0-+358 

Tin 0:273 

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 

9°15 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 neutron
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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 

wagnesium and iron the figure is 70%, for chromium 80%, resulting 

from the low density of the powdered sample). It is thought 

Goh, 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" 

Nal(T2) crystal scintillator, optically coupled by a 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 NaI scintillator 

are given in Section 2.9.1. 

The resistance chain used to supply voltage to 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 

Vv, 1 and V. 1 for accurate focussing of electrons from the 
k-g. k-d.
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Figure 2.13 The Tritium Target and Sample Stand



  

Figure 2.14 Gamma-Ray Photomultiplier
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photocathode 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 @ 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. 

4A mu-metal cylinder is used to shield the photocathode, 

focussing grids, and first few dynodes, from the earth’ 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 a com- 

bination of lead, borax, and paraffin wax cylinders 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 so as to prevent neutrons straight from the 

tritium target impinging on the detector and creating a high 

background signal. 

2.9. Time Resolution 

The problem of obtaining good time resolution has been 

widely discussed ils ay 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 » So 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 decay of these 

states and consequent emission of light, and the collection of this 

light onto the photocathode of the photomultiplier. 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, to 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 considerably. Careful consideration of 

(42) 
the design of the photocathode - first dynode geometry, with 

the addition of focussing grids, and adjustment of the accelerating 

voltage, combined with good design of the rest of the tube can reduce 

the timing error considerably. For example, the 58 AVP photo~ 

(43) 
multiplier has a quoted transit time spread of 1:0 nsec, and 

a phetocathode 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 

(37) place a time t afterwards, where; 

maC2ede)) 
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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 

iiat n << R. Also the variance of t is:- 

v attr omaha =s(20245) 
R2 

x eee] 
  

Taking into account the effect of the spread in transit times 

through the photomultiplier, (is, 45) the following result is 

obtained: 

2 2 
voy & pe eeko) 

Re? 

where o gives a measure of the transit time spread of the photo- 

multiplier tube. This expression for v has a minimum of 20T/R 

at n = oR/t. 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 collection of a fraction 

"7R 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 Cone) 

and has previously been predicted theoretically oo 

  

2.9.1. Choice of Scintillator 

Since the time resolution obtainable from a scintillator



Ge 

is proportional to VUYR, it is necessary to choose a scintillator 

with a low value of t and a high value of R. From this point of 

view it is best to use a plastic scintillator such as NELO2 which 

has t = 2°51 nsec and R equal to 65% of that of anthracene (ou 

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 mist 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 

detection of all of the incident gamma-ray energy is the photo- 

electric effect. However, the cross-section for this process is 

proportional to Z" where n is between 4 and 5 (50) | Plastic 

scintillators are composed of carbon and hydrogen with some 

nitrogen and oxygen (52) | so an average value of Z is about 6, 

while for NaI the value of Z is the average of 11 and 53, that 

is 32. Thus clearly NaI is more efficient by a factor of (32/6)" 

% 103 at detecting the total energy of an incident gamma-ray than 

is a plastic scintillator. Thus energy analysis requirements 

dictate that a NaI 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 so high that the 

useful life of the detector would be only 20 hrs. For this 

reason a GeLi 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 timins cireuitry is shown in figure 2.18. The "start" pulse 

of the time converter was obtained from the gamma-ray detector. 

The pulse from the 14th 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 40 m 

length of cable before connecting with the "start" input of the 

time converter. 

The anode pulse from the alpha-particle detector was matched 

into a 35 m long coaxial cable by means of an emitter-follower 

which connected with a discriminator and pulse shaping circuit. 

The anode pulse from the gamma-datector was similarly treated, and 

if these two pulses were in slow coincidence, the alpha-pulse was 

used to "stop" the time converter. The gating 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 gamma-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



ey ED 

  

    

  

  

  

            

  

  

      

  

  

              
  

    

      

  

  
      

Fast 
Amplifier SHTTST™ 

Gamma-Ray! | 220 nsec 
Detector delay 

|_| Emitter 
Follower 

f 33 nsec 
F delay 

x l 
Discriminator 

& 
Shaper 

Slow 
Coincidence 

Gate 

'Stop' 'Start' 

1 ; roe 1 
piece nates Time 

Seto Converter 
Shaper 

Pulse 
Height 

ee g Analyser 

Alpha- Emitter 
Particle 
Hetactor Follower 

        

Figure 2.18 Original Timing System.
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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 636) that although this method gives good time 

resolution for a narrow dynamic range, that is, range of incident 

gamma energies, the resolution drops considerably as the energy 

range increases. This is because the triggering level cannot 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. 

To 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 14 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 

Jevel and a constant fraction discriminator circuit. This triggers, 

as its name suggests, at a constant fraction, f, of the input pulse 

petahes (46 - 48) where f 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 to pulse height converter, (ORTEC 447), 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 ori; 

  

6250 unit, (3 x 108 "start" and 3 x 107 "stop" counts eee com- 

pared with 25 x 103 counts peel )5 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- 

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

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

The time resolution obtainable with this new system is shown 

in figure 2.22, which is a time spectrum obtained 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 detection form several peaks which are not 

resolved. The main peak is due to elastically scattered neutrons 

of 14 MeV, 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
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particularly important as this determines the width of the “window" 

set over the gamma-ray peak on the time spectrum. This is the 

portion 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 

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

data analysis, thet 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 counted in the energy spectrum, 

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

discriminator level. 

2.9.3. Sample-Detector Separation 

This improvement in time resolution enabled the gamma-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 

satisfactoradly resolved with this reduced flight-path and the 

increased solid angle subtended by the crystal means the count~ 

vate in the gamma-ray detector has increased by (139/78)? or 

3°17.
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2.10. Setting Discri: z ‘tor Levels 

The alpha-particle pulses are 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 2.26). This level is set at a value 

appropriate to the gamma-ray energies bein; investigated, that is, 

below the gamma-ray peak at the relevant energy, yet sufficiently 

high to remove the many 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 dynede, 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~ 

grating 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 

zero, 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 

calibration takes account of these effects. 

Isotope Gamma-Ray Energy (MeV) 

C3137 0+662 

Mn54 0°835 

Na22 0-511, 1-28 

C060 1+173, 1°332 

Ag28 1°78 

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 Ag28 

isotope is produced by the reaction: 

$i2® (n,p) ae2®
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The Ag28 decays by 87 emission to $i28, with a half life of 2:3 

mins. The Si2® decays to its ground state with the emission of 

the 1°78 MeV gamma-ray. Similary, the Na?" isotope is produced 

by neutron bombardment of Mg?":- 

Mg24 (n,p) Na24 & M24 

The Na24 half life is 15+0 hrs. The decay of Mg2% to its ground 

state produces the 2+75 MeV gamma-ray. 

2.12. Energy Resolution 

The energy resolution of a NaI scintillation detector is 

conveniently measured by the peak to valley ratio obtained in 

the energy spectrum of Co®9 (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 

Co®° peaks, giving a peak to valley ratio 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 ratio 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
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central region of the photocathode is now used, which generally 

has a higher photoemission efficiency than the edges oe 

2,13, The Energy Spectrum 

The complete electronic system used to accumulate the gamma- 

vay 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 to 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 following; 

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

4 nsec, 

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

from 1°39 m to 0-78 m. 

(c) The slit replaced the pinhole in defining the deuteron beam 

onto the target, allowing rreater neutron yield while maintaining 

the beam stability. 

(a) Energy resolution has been improved by a factor of 3. 

Points (b) and (c) together can be seen toinerease the rate 

of data accumulation 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- 

tical accuracy, This has been reduced from 20 hrs a1) tone =" 5 

hrs. 

It is also to be expected that due to point (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 » so they are not 

directly comparable. However as an approximate estimate, com- 

parison of the 1+27 MeV peak in the gamma-ray spectrum of 332 Ge
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with the 1-37 MeV peak of Mg24 (present work) indicates an 

increase in the signal to background ratio 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 he 

exact, however, both gamma-ray detection efficiency and background 

intensity decrease 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 production 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:- 

o, = ea (Sed) 

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

-28 
measured in barns (1 barn = 10 m*). 

The differential cross-section per unit solid angle at a 

scattering angle 9 is given by:- 

do,(@) 
ee ea (Gee) 

a on 

where g(6) is the number of gamma-rays produced per sec. into



Eee lee 

unit solid angle, centred on the direction 6 to the neutron beam. 
  

(All measurements are taken in the horizontal plane). From 

equation 3.2 it can be seen that do/d@ has units of area / (solid 

aogle), usually mbarns/steradian, Examination of the gamma-ray 

energy spectra permits the determination of the number of gamma-rays 

of energy a 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 $(9). 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; 

do(6) 
bab ) (3.3) 

an eSCO)CG7AYEN 2 

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 tc a discussion of the problems particular to each 

element, which will be considered separately. 

3.3. Gamma-Ray Energy Spectra 

fn 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 

clearly resolved. Other gamma-ray energies are alsc detected, 

a peak being resolved at 1*81 MeV. The 1*37 MeV photopeak is 

situated on the Compton distributions due to the partial detection 

of these higher energy gamma-rays. To obtain P(@), 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, a 

process 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 greater than 3+0 MeV for which the 

photopeaks are above the high energy 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" procedure increase as each



= GU 

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), 

Thi 

  

involves measuring a known fraction of the full peak count, 

As shown in figure 3.2, a line is drawn 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 

appropriate energy fully resolved, and with all background sub- 

tracted from the spectrum. Then the fraction of the total count 

which is above the corresponding line can be determined. 

The sources of error involved in this procedure include the 

statistical uncertainties in the experimental and reference spectra, 

and the possibility of misplacing the base-line. 

In the present case, Covell's method of measuring a calibrated 

fraction of the peak total is likely to yield a more accurate result 

for the photopeak total (P(@)), than the procedure of spectral 

stripping, and for this reason is preferga. This method is thus 

used to determine P(@), from each spectrum, 

3.4, The Neutron Flux 

As mentioned above, the total count 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 activation of the target 

and surrounding assembly, caused princifity 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 troduced by the target has previcusly been investigated 

aD: 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, to zero at 3 MeV. The O°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: 

Fe®§ (n,p) mnd® & peSéx 

The (n,p) reaction has a cross-section of 110 mb, and the mmS6 

decays with a mean half~life of 2-6 hrs, The decay of the excited 

states of Fe5® to the ground state then results in the emission of 

the gamma-rays of energy 0°85 MeV, 1°81 MeV and 2+11 MeV. 

Activation of copper and zinc takes place mainly by the 

(n,2n) reaction, for example; 

Cu®3 (n,2n) cue? $e nie2 

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 gemma-ray,99% of the 

beta decay events go to the ground state of ni82, so few gamma-
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rays are produced Thedecay modes of the unstable zJre isotopes 

produced by the (n,2n) reactions are similar, also producing few 

gamma-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- 

particle monitor, allowing it to count for 10 seconds. The back- 

ground count-rate thus determined, usually in the range 1,700 = 

100 ccunts/sec., is used to correct the alpha total just measured 

  

Since the alpha-particle count rate in the range 80 to 90 Ke/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 error introduced by this correction is that due to statis- 

tical fluctuations, which are of the order of Ji700/80,,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 deuteron 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 <ue to direct reactions, 

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 component 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 is 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 without an aperture. The plate thickness is 

10 mm, sufficient to stop 3°5 MeV alpha-particles, (range in 

aluminium 0°017 mm ea) but having a negligible effect on 14 MeV 

neutrons. Only 1*6% of the neutrons interact im 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 Pr which is 0945 + 0-005, 

3.5. Neutron Absorption 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 Ge 

Iron o = 2*316b 

Oxygen g = 1*523b 

Hydrogen o= O°646
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The faction cf neutrons escaping the target assembly, F,, 

thus given by:- 

Py = exp (- xp, Pag 7 %y (hy +25) + (3.4) 

where Xp, = 2°50 mm + 0-03 mm, a 1+30 mm + 0°03 mm. Here the 

ay 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: 

Fy = 0-939 + 0-048 

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

sections, 

3.6. Absorption of Gamma-Rays in Sample 

Gamma-rays produced by neutron reactions in the sample may 

be absorbed before leaving the sample, The calculation of the 

ae but correction for self absorstion 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 also on the semple 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 beem which is produced 

in the elemental strip is 6x/b. Assuming furiher that the 

emerging gamma-rays which enter the detector form a parallel 

beam, it is not necessary te consider any chance in the Scattering 

angle, 6, over the length of the shaded strip. The fraction 

of gamma-rays produced in the strip and escaping the sample, 

through the face AB is thus; 

S(8) = exp (un. oes) 20(8.5) 

Here u is the absorption coefficient, excluding coherent scat- 

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

It is a function of the gamma-ray energy, and the sample 2 

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

sample leads to; 

b i 

s(@) = i op (ue oe) & ..(3.6) 
° 

— cos(@ - 45°) - - ub 
s(@) = rt CARL {1 - exp (a =e eokSey)) 

Thus £(8) gives the fraction of the total gamma-ray yield produced 

in the semple which escapes from the sample at the scattering angle 

6. 

Consideration 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 §(@) 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
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perpendicular to the neutron beam direction, gamma-rays escaping 

at low scattering angles would traverse a comparntively 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 ould escape through face AB 

and part through BC of the sample making calculation of $(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, 9, for which experimental measurements have been taken. 

The value of up is taken from the tables of Grodstein and Hubble 

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

from the report of Storm and Israel (Sh), In each case, inter- 

polation is necessary to find the value of yu at the relevant 

gamma-ray energy. Table 3,1 shows the relevant values of y and 

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

Sample Biney seta? a7 s(50°) 
9 

Magnesium 1°37 5-552 0+8627 

Chromium 1-43 4-95 2. 0-8154 

Tron 0-85 64S 0+7984 

TABLE 3.1 

Absorption Coefficients and Typical Correction 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 EY) is 

defined as that fraction of the total number of gamma-rays 

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 ce, 

defined as that fraction of the total nurber of incident gamma- 

vays which deposit the whole of their energy in the crystal, 

and are thus recorded as counts in the photopeak of the gemma- 

vay 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 NaI crystal, and on the sample-detector geometry. Rather 

than attemmt the extremely complicated calculation of the peak 

efficiency, which should be done 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 

emits int» unit solid angle 2 — ) gatma-rays per second of 

energy Be where x (E) is the fraction of disintegrations which 

produce the gamma-ray concerned, If the spectrum of this source
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is accumulated by the gamma-ray detection system for a time t 

seconds, and the spectrum then is found to havc P(E.) counts 

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

P(E.) yar ; 
e(E.) = —- . Sey Bek ae 8) 

Certified reference sources of known strengths, as supplied 

by the Radicchemical Centre, Amersham are used in the determina- 

tion of e. 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 

fisure 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 E MeV Half Life Activity wei % Accuracy of Activity 

Cs!37 0-662 30-0 yrs 10-29 367 

finS4 0-835 303. days 12°32 3+7 

Na22 1275 2*6 yrs 10-88 367 

C060 1173 5-26 yrs Udell 19 

CoO 1°332 5+26 yrs 1Lel 1+9 

88 1+836 108 days 10-62 50 

TABLE 3.2 

Reference Sources



These values for the activites, the source strength in microcuries, 

(1 per= 3*700 x 104 disintegrations per second), were measured on 

ist January 1974, 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 Cryo 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 to the half-life “y by: 

je
t 

2+(3.9) 

~ o OI
 

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:- 

cgi37 BY og. 337 
55 56 

6°5% of the transitions go to the ground state of Ba!37 so that no 

gamma-ray is emitted. The remaining 93°5% decay to the 1y,- state, 

0°6616 MeV above the ground state, which then decays to the ground 

state by emissionof the 0-6616 MeV gamma-ray. No other decay modes 

of this level are known Co) 

The time taken for accumulation of the spectrum, t, is measured 

on a calibrated stop watch with an estimated error of 0-2%. The 

number of counts in the peak Bee 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 error 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 ratio; 

ee Total of counts in photopeak «2 (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. Isotopic 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; 

Net 
se N ro wetavkl?
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Figure 3.4 Efficiency of Gamma-Ray Detector. 

( Curve drawn by eye through experimental points dis
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Here Ny is Avogadro's number, p is the density of the sample, 

Aw is the atomic weight of the relevant isotope, and Tis a 

correction factor which accounts for the isotopic abundance of 

that isotepe. These fractional abundances, which have been 

(88) 
obtained from the Handbook ef Chemistry and Physics > are 

shown in table 3.3. 

Isotope Fractional Abundance (I) 

Mg? 0+7860 

cr52 0-8376 

Fess 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 isotope 

concerned, not the averaged value of the natural sample. Since 

these abundance factors have been quoted to four significant figures, 

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 neutron 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 0: The neutron beam profile (section 2.6.4) shows that the 

relative intensity of the neutron beam also varies with neutron 

angle. It is thus necessary to calculate the weighted sample 

thickness x, defined by,



oo (3.42) 

  

where i labels the values of the neutron scattering angle, Oy» 

running from 77° to 93° in 1° steps. The weighting fraction, 

fy, 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, Xs also depends on oy» the geometrical depen- 

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

a desk calculator, the result being; 

x = (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 profile, of 

5%, and possible errors in positicning the sample. An error of 

1° in sample position results in a 2% error in the Rye In practise, 

the sample could be positioned with an estimated accuracy of }°, 

(based on an error of 0+5 mm over half the sample width, 60 mm). 

3.10. Multiple Scattering and Beam Attenuation 

If the neutron flux incident on the sample is Bos then this 

flux may be expected to decrease in intensity with increasing 

penetration, x, of the sample, according to the exponential form; 

o(x) = 6, exp (- @) ++(3.13) 

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

  A= + (3.14)
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Figure 3.5 Calculation of the weighted sample 

thickness, Xs
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As before, N' is the number of ruclei per unit volume of the sample, 

and on is the total cross-section for neutron interactions, 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 neutrons are still present in the sample 

and available for further reactions. Equation 3.13, thus under- 

estimates the neutron flux present in the sample, leading to an 

overestimate of the cross-section for samma-ray production, There 

is however, some attenuation of the neutron flux due to abserntion 

of neutrons in reactions of the type; (np), (n,a), (n,y) and so 

on. 

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 another 

nucleus. The calculation of the first factor is straight forward, 

depending on the cross-sections for the various 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



experimentally eae) on varicus occasions, and has been found 

to introduce less error than that due to experimental uncertain- 

ties. For this reason, this assumption is made here, The neutron 

flux throughout the sample is assumed constant at the value incident 

on the sample face. 

3.11. Reference Frames 

To compare the experimental results with the theoretical 

predictions, it is necessary to convert the scattering angle, 0, 

which has been measured in the laboratory frame, to the centre of 

mass frame, All theoretical 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, 

v''sin @ = v' sin 0. «9(3.15) 
cm L 

v'' cos 6 + v_ = v' cos 6 +0 (3.16) 
cm com L 

sin 8 a 

hence; tan 8, ea Ol ool 3317) 
cm cm 

as before; y= a eolOete) 

sin on 

so that; tan 06. = + os (S519) 
L cos ae ty,



eeeges 

(i) Laboratory reference frame 

    

  

Figure 3.6 The scattering event in two reference 

frames.
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From the definition cf y, it follows that (56). 

2 
m 

yet (ety? ~~(3,20)   

Here a, and My are defined in figure 3.6, E is the incident 

neutron energy, end Q is the difference between the initi.l and 

final values of the kinetic energy of the system; 

Qs (KE) = (KEL), sSa2h) 

For elastic scattering, Q = 0 and y = m/my but for in- 

elastic scattering, Q is negative and equal to the value of the 

energy of the nuclear level which is excited. The value of Q 

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 tranformation 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 following illustrative 

example. Consider the case of scattering from Mg24, for @ cm 

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

gives the results; 

Qe 0g y= @. = 43° 23" u 24 L 

fa e 44 
Q = -13 MeV ; YS ay 6, = 42° 1 

The difference between these two extreme cases is thus seen to 

be 1° 22' much less than the angular resolution of the system.
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For calculation of the transformation to the centre of mass frame, 

Qis thus set to zero. 

It should be pointed out that although the transformaticn 

(3.19) is derived by application to the scattering angle of the 

neutron, it is generally applicable to any angle measured in the 

laboratory and centre of mass reference frames. It can thus be 

applied to the gamma-ray angle of emission, which is also measured 

relative to the neutron incident direction. 

  

3.12. Activation of the Sample 

Several alternative reactions can take nlace between the 

neutron and the target nucleus, apart from scattering. These 

reactions may lead to the emission of gamma-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) 

Mg24 187 Na2¥ 15-0 hr. 2-754 .,.1°368 

Cpe 116 wise 3°76 min. 1°4336 

Fed6 160 mné 2°576 hr.  2+110,1'811,0-847 

TABLE 3.4, 

(n,p) Reaction



Each preduct nucleus is unstable, decaying by 8 emission 

to an excited state of the target nucleus, with the half-life 

indicated. The target nucleus then decays to its ground 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 cof error in the analysis of the spectra. The size of 

this contribution will now be estimated. 

Considering the generai reaction; 

8 
x (ayp) Y > x* 

where the B- decay ccecurs with time constant t then the number 

of nuclei of ¥ produced per second, per unit volume of the sample 

is ono, where ¢ is the incident neutron flux, ny is the density 

of nuclei of X, and o is the cross-section for the (n,p) reaction. 

This assumes that ny remains effectively constant. It will be 

shown later that this is the case. If n is the density of nuclei 

of Y, then the rate of decay of Y is given by nen so that i), 

= = apes 0 = 3,22)) 

Intesration of this equation with the boundary condition . =0 

at t = 0, leads to 

ny cs Ton,o (1 - exp (- t/t)) we3.29) 

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

sample, at a time t, after the start of the neutron bombardment
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of the sample. However, the quantity required is Ny> the number 

of disintesrations ef Y whichmmve occured in unit volume of the 

sample during the time interval, t. This is given by; 
3 " gnot - gn ot (1 - exp (- t/t)) 203.20) 

iB a ony (t - t+ 7 exp (- t/t)) «e€36 25) 

For the case t << t, the exponential term may he expanded, 

+2 
a = ALT oF 323.26) os

 a 

and if t >> t, then, 

n, = $n ot ol as27) 

If t is interpreted as the total duration of an experimental run, 

g the nuclei of     then an average value of t is 45 mins. Consideri: 

table 3.4, the condition t << 1 is seen to he valid for Mp2" and 

Fe5S, while for crS2, t >> t. 

Thus to determine the magnitude of the correction due to this 

activation of the sample, equation 3.26 is evaluated for Mg24 and 

FedSé, while for crs? , equation 3.27 is used. The neutron flux, ¢, 

has the average value 8+5 x 10% neutrons om sect. The number 

of 8 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 associated particia 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 

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

are detected in the gamma-ray energy spectrum is; 

Dee Bote CE) ++ (3,28) 

assuming that every decay produces the eamma-ray of energy ae 

The alpha~particle count rate, o> is 8°5 x 10+ feces and the 

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

gamma-ray "window" on the time spectrum, 10 nsec. The values 

obtained for ny are 0-2, 0°8 and 1:0 respectively for Mg2*, cr5?, 

and Fedé | 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 inthe photopeaks of the respective energy spectra, v 

2000. This shows that although the (n,p) cross-sections are 

comparable with those for scattering, the contributions due to 

(n,p) reactions in the gamma-ray energy spectra are negligible. 

Similar reasoning shows that other reactions which produce gamma- 

rays by activation of the sample are also negligible. 

Referring to the earlier assumption that the density of 

target nuclei, nyo remains effectively constant during activation, 

this can be justified by the following consideration. The maximum 

value of n occurs at saturation when; 

ny = gn ot 

Considering the case of ensae using values given previously,
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n % 1015 n 
y «x 

Since ny is so much less than ny» obviously ny is effectively con- 

stant. 

3.13. Reactions In The Detector 

Gamma-rays, which have been produced by neutron interactions 

in the Nal crystal used 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 resolving 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. “nelastic 

scattering in iodine, specifically 7127, results in gamma-rays 

of comparatively low energy (less than 0-7 MeV), which are below 

the discriminator level for all of the elements considered, and 

hence may be neglected. Inelastic scattering in Na*> 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 NaI 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; 

i do, 
4, = oN GO ..(3,30) 

where n and N have previcusly been defined and do /an 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 secticn 3.7, apart from the geometrical 

factor 41, then the number of gamma-vays detected per second, 

which arise from neutron inelestic scattering in the NaI crystal, 

PY +85 

Pie 
Con) IK 

ce 

ON 7 €, +0(3s32) 

Here 4a, is the area of the crystal, @ is the solid angle subtended 

by the crystal at the sample, Ny is the number of scdium nuclei 

in the crystal, oe is the total cross-section for Na23 for the 

production of the relevant gamma-ray, ané gy is the efficiency of 

  

detection of this gamma-ray in the crystal. 

From equation 3.3, the number of detected gamma-rays per 

second which arise from neutron inelastic scattering in the 

sample, Ps? ass, 

a io 
aos = EN am *s Ss +» (3,32) Pos 

s > 

where t is the period of measurement. Te compare Be and ea 

it is assumed that the cross-section for gamma-ray production 

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

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

+ (3.39) 

  

Reference to figure 3.4 shows that the efficiency does not change 

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

lon e, = &, «o€3. 34) 

Also. by definition, 

= Toe +.(3.35) 

Qs— «9 (3.36) 

  

P 2 8 S x 
oo #203287) 

Cc n 

Xo 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 ag, /an is 50 mb/str. Ny is 

found from the crystal density and vclume. Inserting these 

figures in equation 3.37 gives the result: 

2 

== ¥ 10" 
= 

S 

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



spectrum from reactions in the NaI crystal is negligible. 

3.14. Treatment of Data _ 

The gamma-ray yield from the sample into unit solid angle 

at the scattering angle 6, is seen from the above considerations 

to be given by P(@)/e(E,).8(@), where the terms have been defined 

in sections 3.2, 3.7 and 3.6 respectively. 

The integrated neutron flux incident on the scattering 

sample, over the period of measurement, is also seen to he 

$(8)F,F,. The differential cross-section per nucleus, for the 

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

ao(3) . P(8) 
HI eC Y-SC6Y.508).F. = (338) il

 

  

Here all the terms have been previously dcefined.. This is the 

formula which has been used to determine the differential cross~ 

section for production of the gamma-ray of energy ee » from the 

raw experimental data. 

The differential cross-section measurements are then fitted 

by an equation of the form; 

date) =a, + ay Ps (cos 6) + a, P, (cos 8) - (8.39) 

where P (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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dole) cS by + by cos?6 + by cos't9 + (3.40) 

The analysis required to find the "b'' coefficients is simpler than 

that to find the ‘as, but this expansion, (3.40), has two serious 

disadvantages co) 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 correlations, making correct analysis 

of experimental errors difficult. The "a" coefficients are only 

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

in the form of equation 3.39 is thus prefered. 

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 corresponding measurements of the differential 

cross-section, and the absolute errors 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 diagonal elements are the variances 

  

of the respective "a" coefficients and the off-diagonal elements 

represent the correlations between the coefficients. 

3.14.1. The Total Cross Section 

The total cross-section, oes for a particular reaction is 

defined as the integral over the whole solid angle of the dif- 

ferential cross-section 

Ae as 

a= [. (Zq) <a ++ (3.42)
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Expressing do/dQ in the above form, equation 3.39, and assuming 

that the differential cross-section is independent of the azimuthal 

angle, 

Q " 

7 

Qn | (a, +a, P, (ccs 6) + a, P, (cos 9)) ++ (3,42) 
° 

thus ; on ta. 93( 3383) 

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

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

4,1. Introduction 

The calculation of the differential cross-section for gamma- 

vay production in neutron inelastic scattering proceeds in two 

main stages. The first is to consider the interaction of the 

incident neutron with the nucleus concerned, resulting in the 

excitation of the nucleus above the ground state. The most suc- 

cessful method of describing the reaction is direct interaction 

theory. Previous work ay at 14 MeV based on the theory of the 

compound nucleus hes not satisfactorakly predicted the experimental 

gamma-ray angular distributions, so in this work, only direct 

interaction theory is considered. This is expected to be more 

successful as it is widely used 7? te describe (n,x) reactions 

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 conversion is not a competing mde 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. Interaction Mechanisms 

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 interaction 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 hy a 

wave distorted from the plane wave form by the nuclear potential 

The distorted waves, ¢ (k,r) are given by the solution of 

(7) Schrédinger's equaticn 

[v2 +k? - Biv] ¢ (ew) = 0 oC.) z 2 

where k is the neutron wave-vector, r the neutron displacement 

vector, V(r) the potential due to nuclear forces, and u the 

reduced mass of the system. 

' ou Z,Zye% 
For charged particles, a Coulomb cen —— 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;
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£(0 6) o" Gee) = exp G(r) + Se om (0.2) . (4.28) 

o™ Oye) = exp (iGer)) + PGES FAS oxy (iced) «6 (4.20) 

that is, as superpositions of plane and spherical waves. Usinz 

first order perturbation theory (59) » the matrix element for 

transitions from a state i to a state f caused by a potential V 

is given by: 

Mes = <TpMty oS, sky [WIT QM, 9S.6 sk > ales) 

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

i 3. 3. EX). 5 
Mes <3, wEaA | 23x, 99 spp) lly ply |Vanpy | UatasSaa? 

x¢ aKa Faq) oo (4o4) 

where Jy oSs are the spins of the Ith nucleus or ith particle 

respectively and M is the corresponding Z - component J is: the 

Jacobean of the transformation to the relative coordinates r 

and Eye 

The use of perturbation theory is based on the assumption 

thet 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 coupling approximation (S.C.A.) is more appropriate, 

to the case of collective nuclear excitation, Instead of a pertur- 

bation treatment, the Schrédinger equation for the system is solved 

exactly for excitation of the first few nuclear levels. 

The nuclear wavefunctions, $,€E) are the eigenfunctions of the 

nuclear Hamiltonian H(&); 

H(E)$,(E) = €,0,(E) +2 (4,5) 

where € represents all the relevant internal nuclear coordinates. 

The form of H(€) is found by assuming a particular model for the 

nucleus, then equation 4.5 is solved to give the $,(). The 

Schrodinger equation for the whole system, that is incident neutron 

and target nucleus is then:- 

[T - V(x,€) + H(E)] ¥(r,&) = E¥(x,€) (4.6) 

where T = - i2/2m Vr? is the kinetic energy 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 orthonormal set of $8) 

¥(p,6) = 4¥, (20, (6) soon) 

Substituting for ¥(r,&) in equation 4,2 and taking matrix elements 

(60), with respect to $5(6) results in the equation
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(T + H(Z) = EY; 

  

ij 
feojlvCe.e 16,027 = J <ojleate - T~ H(E))Y,> 

oe (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 to the small overlap between os and a5 This term is 

thus neglected and the following series of coupled equations ob- 

tained:- 

[T + H(E) - Elv,(x) = Joy (5) [VC 6) 16, (6D, Cede we (459) 

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 te 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 obtained by consideration 

of the nuclear deformation parameter 8, defined by the expression: 

R(0,9) = Rif + BY5(0,0)] + +(4.10) 

where R(0,¢) describes points on the nuclear surface, in the 

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

z- axis and ¥5 (0,9) is a second order spherical harmonic, This
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is a special case of equation 4.17, section 4.4.1. Investigation 

(61,562) 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 8? in this approximation (D.W.B.A.). 

The strong coupling approximation (S.C.A.), om the other hand, 

predicts a more complicated dependence on 8, giving closely simi- 

lar results to those of DWBA only for 8 < 0°2. For higher values 

of 8, the S.C.A. cross-section falls below that of DWBA for the 

same nuclear potential, end varies approximately as 8 for 8 2 0°38. 

(63) 
(figure 4.1). Although it has been possible to obtain agree- 

ment between the two approaches by using different values of the 

(62) votential V(r,&), it has been shown that in general the two 

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

when B 2 02, The nuclei considered here, namely Mg24, si28 s32, 

are Cr52 and Fe5® have values of 8 vanging from 0-21 (12) for 

(11) 
cr52 to 0-62 for Mg?4, so the strong coupling approximation 

is used. 

4.3, Coupled Channels Equation 

To solve the series of coupled equations 4.9 it is necessary 

to expand ¥(r,€) in a suitable representation. Since the coupling 

L 
potential V(r,€) is normally not scalar (oH) in r or — separately 

neither the nuclear spin I nor the orbital angular momentum 2 are 

geod quantum numbers, Hence the ordinary partial wave expansion 

for ¥,@2), that is, 

(r) u 
v2) =) — vf (0,9) (4.11) 

am 
  

fails to give separation of variables. However, since V(r,&) is
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pe Hae 

scalar in p and § jointly, J, which is equal to I + 2 and the 

(65) re 
parity are good quantum numbers, Then it is convenient 

expand in terms of eigenfunctions of the total momentum of the 

incident channel: 

¥(r,6) = ) ¥.2,8) wottsie) 
a I ere 

JM « JM a (2,6) = iu! grog (Bsb) + + ee . Wy gr (r)85 ret sb) 

+o (4,13) 

where z labels the channel co~ordinates, When the target nucleus 

is in the ground state, the radial function we) contains both 

incoming and outgoing waves, but in an excited state, Wy grr) 

contains only outgoing waves. Using this representation in 

equation 4.9 and taking matrix elements with respect to oe the 

following equation is obtained:~- 

a2 2 _ MUS +1)5,9 eu J J 
ary tke ae JU, 9 (r) 8 4 aa jater Pzrge) 

oo (4,14) 

where the coupling potential is given by:- 

ye (m) = <6! r) = <0), (8,8) |V(r, e)le2 By (se)> + (4.15) 
Zh,z"2" 

Similarly, by taking matrix elements with respect to amet 

a? 2 . ae! +2) _ 2 
we tk ge 7 =e gular j2tnr Wzngn(®) 

oo (4.16) 

which describes multiple excitation of the state (z"2"JM) through
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the state (z'%'JM). Besides providing a means of accurately 

calculating the excitation of the higher state (z"2"UM), this 

process also affects the wavefunction in the (z'%'JM) channel 

through the coupling to the hi. 

  

Thus the coupled channels formalism provides a set of coupled 

equations 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,£) and the nuclear Hamiltonian H(E) are 

known or assumed, these equations can be solved by numerical 

integration. Application of the appropriate boundary conditions 

enables the wavefunction in each channel to be calculated. Ai- 

though the sum in equation 4.7 is, in DEieinies finite, in 

practise the calculation becomes too time consuming if more than 

a small number of channels ere considered. For this reason, the 

“Tamm-Dancof£" approximation is made, whereby only the first few 

terms of the sum are considered explicitky, the effect of the 

others being accounted for by 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 ofthe other approximate methods of dealing with 

the 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 0+21 to 0+62 

measured by Coulomb excitation techniques Wee » 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 collective nature. 

4.4.1, Vibrational Excitations 

67) ¢ 
Points on the nuclear surface ~ may be described by:- 

2 4 
WSR flee) ame wenmeey (046) )...05 . (4.17) 

° NEO YEA Au od 

Here x are spherical harmonics and (@,$) are polar angles with 

respect to some arbitrarily chosen fixed space axes. Any collective 
  

motion of the nucleus is described by variation of the coefficients 

  

ah with time. To first order in On the volume of the drop is (cD) 

Wael {1 +3 a/ Yun j a e(4,28) 

Thus A = 0 vibrations are associated with fluctuations in volume 

which are neglected as it is assumed thet the liquid drop is in- 

compressible. 

Considering a spherical drop which is first centred at the 

origin, so that R = R_, then moved a distance ajR, along the axis 

6 = 0, the surface becomes (67.5 

Res R, {1 + a, cos 6 + Q ay ey (cos @)] «0 (4.19) 

where the M. are all functions of O,. Thus clearly 4 = 1
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vibrations correspond to a centre of mass motion, which in this 

context is uninteresting. 

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 enerzies 

given by:- 

  

a} ny fi wy) eo (20) 
A 

where ny is the number of phonons of order A in the excited state. 

The state with n, = 1 is (2) + 1) degenerate, and represents (68) 

a Au phonen with angular momentum i, z- component u, and parity 

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

in figure 4.2. 

4.4.2 Rotational Exciteti 

    

Since \ = 0 and A = 1 vibrations are not relevant, and A = 3 

and higher represent higher energy vibrations, only the case of 

dX = 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, 

  

cking into account only 2 deformations, ‘then: 

2 
ox u R=R, (1+ wo 5% (8,9)] + (4.21) 

The angles (@,¢) are measured relative to axes fixed in the 

laboratory, so if the nucleus is rotating, the Gn will be
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2.03 

1.825 

TASK 

1.645 

TABLE 4.1 Comparison of Energy Ratios.
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functions of time. However in the case of a nucleus of constant 

shape, it is more appropriate to choose axes fixed in the nucleus 

which reflect this invariance of shape, ie. the principat axes 

of the nucleus. Referéd to these axes, R is given by:- 

@ 
- Mog: R=, (1+ wo ay, Yo (e*,6')] (4,22) 

(87) between the angles (0,¢) and the angles (6',$') The relation 

is given by the rotation matrices ome (90,9,¥), where ©, ¢ and ¥ 

are the Euler angles of the body fixed axes relative to the space- 

fixed axes, through the equation:- 

u e r 5 - ut ; 
¥, (8,9) = q, Dir (O.85¥) YY (8",0") + (4,23) 

thus 5 

: 2 ay, r Deut Oy 2 (4.24) 

If the body fixed axes are the principde axes of the nucleus, 

then the five coefficients aay reduce to two independent variables 

a,, and a These, together with the three Euler angles, give a 
22 20° 

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

new independent variables are introduced defined by: 

= B cos ¥ +. (4,25a) 2 1 

20 

ayo = 2 A sin y + (4.25b) 

The gonstant density surface of the drop cuts its body 

centred axes k (k = 1, 2, 3) at:
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R= R, [1 + J/g B cos (y - Bw]... « (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 (67) = 

4S 
ee ae Hee a) 

= 80 95 (4.28) Ris 6 sac 

h is the moment of inertia of a rigid sphere of radius R, and 

constant density p. Since the measured values of ® 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 the 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 Sey), 

2h 
Ey = 3yd WJ +1) ++ (4.29) 

(70) n ‘ 
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 

nucleus shows a pure rotational or vibrational spectrum, because 

ether factors alter the level positions, or introduce entirely 

different levels from those expected. Figure 4.4 shows possible 

rotational and vibrational 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 various levels are not known accurately. These values era shawn 

(75) in brackets. For example the 6 level at 3-386 MeV for Fe 

(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 model 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 

rotational levels, with those predicted by the model. Fair agree- 

ment is obtained, but as higher values of J are reached, the aeraica 

fall below the predicted values. This may be due to centrifugal 

stretching: as the nucleus rotates, centrifugal forces cause the 

nucleons to move furthergpart, 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 

(68) | 

x 

first considered by Bohr 

4.5. The Optical Potential 

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

of the optical model potential, which has the general form ye 

VomOP2E) = V(r) - Vofj(r) - IN f(r) ~ iW.e(r) - Vopr )b.s 

++ (4.30)
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Vor) is a Coulomb term, which is zero for neutron interactions. 

Ve is the depth of the real part of the attractive nuclear 

potential, while w and Wy represent the volume and surface 

absorptive parts of the potential. Nee is the depth of the spin- 

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

form: 

£,(r) = {i + exp @ =r a%) fal oe (4.82) 

and g(r) 24a Le (r) (4.32) : Bs ea wees wath 

The factor - 4 a, 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 

h n(p) = - (=)? mC’ 
nT 

i
=
 

at
a.

 
8 

f(r)... + (4.33) 

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_, Wo, Wis Viis Poo ay etc., which 
o> y* B® so 

are dependent on A and E (target nucleus mass number, and incident 

neutron energy) have been found by fitting the predicted eleastic 

8 
cross-section to the experimental values G 2 The systematic 

adjustment of the parameters necessary to optimize the fit to the 

data, has been done by computer. When values for these parameters 

have been found the differential cross-section for inelastic scat- 

tering tothe 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 6 only, so the other parameters are again 

varied systematically tu cbtain the best fit te both elastic and 

inelastic scattering data. 

4.6. Density Matrix 7g) 

If all the identical, non-interacting components of an 

assembly are described by the same wavefunction », then the whole 

assembly is described by z a, Vy? where ; 

vl aie a + (4,34) 
n 

The assembly is then said to be in a "pure state. The density 

  

f = He 2 AG, 
Pon ay oa S 83) 

and tr(p) = 1 +2 (4.36) 

Generally such complete information will not be available, and 

the assembly will be in a "mixed" state. However this can be 

described as a weighted mixture of the pure states, and the 

density matrix elements are then; 

  

= bid «a6 37 Pata oe (4.37) 

The expectation value of any operator 0 in the assembly is 

given by: 

<O> = 
= t Prom Onn 

= tr (p 0) ++ (4.38)
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The density matrix after the scattering event is thus defined by; 

° (p8) ¥4,4, Gok) + (4.39) at =’ SiMe! 

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 

(80) (81) Perguson , based on that of Dirac The density matrix 

element between the states with angular momentum a and a’, and z - 

component a and a! is written 

<aq | ° | ata'> 

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

The density matrix is then used to define the statistical 

tensor p,,. (a,a') which contains, in a useful form, the angular 

momentum information of the system, 

tegt 

Pyelara") = JP c1?  (aa,at - at|ke) <aalpfata'> — ..(4.40) 
aa! 

here (ao,a' - a? [ke) is a Clebsch - Gordan coefficient describing 

the vector sum; 

kea-a! oo (4.4L) 

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 e (bob!)
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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) «6 (4.42) 

if p is the statistical tensor and « the efficiency tensor. The 

correlation function 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 given scattering angle. Averaging over 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 NaI crystal, with axial symmetry, 

for which the efficiency tensor is (30), 

¢caunn) = HY cy 
vin 

Bl rapt - ifkoy@, 2272 vie (0,9). (44.43) 
g 

where | 

* i 
x = (2414 1)° «(4 un) 

and Q is an attenuation factor which corrects for the finite 

size of the crystal and 2nJo is the total efficiency of the 

detector.
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The reaction considered is then a nuclear state of spin 

decaying to a state of spin b by emitting a gamma-ray of multi-~ 

polarity L; 

mo bik + (4.45) 

then the correlation function i a 

we = 0. (bb ' Dp. (LL')e# | (bb! e* (LT) .. (4.46) 
bb'LL"k,«,k kK, k, kK. kK. K 

rk, P > LL bb LL 

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

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

p (bb " )p. (uLb') = Yop, (aa) (kK, k, ic, [ke aa, kx 
kK, Tee eigen NS bSb ESL bw L 

boLa 

x4 bint at\ <blzlfar<b'|n'|[a'>* = (4.47) 

ou 

Substitution of equation 4.47 in equation 4.46 gives the result; 

we Tyee (08! Def ig OP Def ic, (Eg, [kc aa Ke x kK. 
tty bLL 

b Lb a 

x4 bi Lt at } <b[L|[a><b"{L"| |at>* (4.48) 

k, ky k 

where the sum is over aa'bb' LL" kkk, «) ky ky This expression gives
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the gamma-ray angular distribution. Since the recoil nucleus can- 

not be detected, the efficiency tensor is simply; 

idle 
(bb") = PB, oe, 0onb! = (4.49) é, 

bass 

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 cf 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 OF 

ground state and 2* first excited state. The justification for 

this simplification will be 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; 

Oo we 

we | Pree (00 ,k 1 1k Sk, 02 2 (4.50) ie kek, ky, ae 
Ox, k 

ee: = = acs because he, 8, 10%, 0bb! 1 (4.51) 

Tais implies k, Bk, 50. The reduced matrix elements are both 

unity. Then the Clebsch - Gordan coefficient (00, pk yk) is 

unity when ky, = k and Ky ek and zero ctherwise. Hence; 

022 

= He wes he Putt Keo 212 o (4.52) 

Okk
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   Considering the 9 - j coefficient, interchanging the first and 

third cclumns gives, 

220 

220 

kko 

which can be expressed ne 

Cc ee 
SooPit 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; 

= rf wey Pree fe (4.53) 
k« 

The angular dependence of W is contained in the factor fg? 

pets te Se = a (ado) (21,2 = 1]ko) x (8,6) 2. (4.54) 
vin Kk
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from @quation 4.43, Thus; 

& Wem (2ndo) J = (21,2 - 1]kO) oy, Me (8,8) -- (4.55) 

  

vig kk k 

The spherical harmonics i (6,6) can be expressed in the form oor 

« = (-2)" (eth ey ak ixd ¥y. (8,8) = ¢ 2) at Gti yi P). (cos 8) e » (4.56) 

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

The agynuthal angle, $, of the gamma-ray emission is not detected, 

so W is averaged over $3; 

tee ety 
x | e dd = 0 (when «# 0) + (4.57a) 

° 

u" 1 (when «= 0) « (4,575) 

The associated Legendre functions ine (cos 6) are related to the 

Legendre polynomials by the expression (82) ° 

l«| 
(x) = - x2ylel/2 siet Pe (x) » (4.58) 

Thus since « = 0 from equation 4.57, the Legendre polynomials 

may be used; 

W ~ qe (2nd0) } Q, (21,2 - 1]k0) 9, P, (cos 8) + (4.59) 

Gay but for the The values of Q. have been tabulated 

experimental situation relevant here, 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 

properties of the system. Litherland and Ferguson ey) have 

shown that if the final state, formed as a result of a nuclear 

reaction in which a particle is incident along the z - exis, 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. 

    H. - A Coupled-Channels Programme 
  

The coupled-channels calculation, based on the strong coupling 

approximation and equation 4.9, are performed by the programme INCH, 

written by A. D. Hill of Oxford. This sclves the coupled equations 

by numerical integration, and hence finds the wavefunctions 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 coupling between the ground 

state, of, and the first excited state, ot of the nucleus is con~ 

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

listing of GAMMA is given in appendix 1. 

The complex wavefunctions in the various 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 8 = + 3 (where $ 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 distribution. 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 use of equation 4.37. The 

elements are averaged over S; = + 3 and sumed over 5, z+, 

since the incident neutron beam is unpolarized and the scattered 

neutron spin is not detected. The matrix elements are also aver- 

aged over THETA, the neutron scattering angle. (The range of 

THETA is set inthe data input, in this case 10° to 180° in 2° 

steps). 

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 following sequence k = 0, kK = 03 

k = 2, « = 23 1....-2; k 24, « = 4....-4. Finally equation 4.59 

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

convenient to express this in the form:- 

Wr ae. (cos 6) + a, P, ‘ccs 6) + ay a (cos 6)... (4.60) 

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

4.10. 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 density matrix, and the neutron asymmetry 

given by:-
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e = Se /dn(t) = dr/da(y) 
“anJant) + drJanGy) (4.61) 

(where the arrows define the final neutron spin direction relative 

te the neutron scattering direction), have been compared with the 

differential 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 

difference is a factor cf 10 between the trace in GAMMA and the 

differential cross-section, which arises because the trace is in 

units of fermi? (10 30 m2) and the cross-section is in mbarns/str 

(1073! m2), ‘These routines have now been removed for economy 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 

elements , <olv(ns6) 10>, with the notation of section 4.2.2. Since 

coupling between the groundstate and the first excited state only is 

being investigated, the matrix elements are:- 

+ + 
<o|vjo*, — <c*|v|2">, <2" |v|2%> 

These have been calculated C52) for the particular cases considered 

here, namely rotational and vibrational models of the nucleus and a 

Saxon - Woods form of the terms of the potential V(r.&).   

In both cases, the term <o*|vJo*> is simply the original 

optical model potential, as described in section 4.5, that is: 

Mog oo Vath) 7 tReet Wog,(r) - Vo h(@L.S — .. (4.62)
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The potential is attractive, so Vo> Wye Ws and V__ are positive so 

numbers measuring the depths of the varicus terms of the potential 

(61) 
The second term, <o*|vja*>, has heen found to be given by; 

8 ' 1 ENG , ie (Vofh(p) + Wee) + Woel(r) + Vioh'(P)L-8) 

The third term <2*|v|2"> is; 

- yy Tag 8 VEN) + WEN(r) + Wet (e) + Vib IL.8) 1 

~ (WE (re) + WE (e) + Woe) + Vine )L.8) 

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, anda 

form factor of a standard type. For prolate deformation of the 

nucleus, B is positive, while for oblate deformations, 8 is 

negative. The signs of the various matrix elements thus depend 

on the nature of the nuclear deformation, 

The derivative forms are taken to have the same parameter 

values of p and a, as the original form factors. Thus the list 

ef parameters required is; 

Vij3 Loe 85> Nye Pye Bye Wee Moe B53 ¥, of 4 a. 5B: 

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

(11, 86, 87) 
the experimental data of several worker 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 dependence, varying as (N - Z)/a are sometimes also inciuded. 

Bechetti and Greenlees (25) have found a group of "global" para- 

meters, which fit nucleon scattering over a range of nuclei and 

incident energy. These parameters have been used for the three 

heavier nuclei under consideration; Ti#8 cp52 and Fe5®, since 

they are expected to be reliable for A>40, and E<50 MeV. These 

parameters are given by the relations (86), 

V_ = 56°3 - 0°32E - Que 

W, = 0-22F - 1°6 

or zero, whichever is creater. 

Wy = 19 ~.0*25E -— 12€ 

Vv = 6:2 
so 

ee 7 
° 

a = 0°75 
° 

rn = 1°26 
v;8 

a, = 0°58 
v58 

= 1-01 
sO 

a, = 0+75 
‘so 

— = (N- Z)/A 

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

distances in fermis (10 !5 m). 

For the lighter nuclei; M724, si2®, 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 each element separately, Work on these
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G2) 
elements has been published by Stelson et al and Clarke and 

(11) Cross Using D.W.B.A.. Clarke and Cross report that almost 

as good agreement with experiment is obtained using only a surface 

absorption term, or only a volume absorption 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 Me24 data 

(elastic and inelastic neutron differential cross-sections) with 

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

quite similar:- 

0 wo > < " 9°8 MeV Vv 7:0 MeV 4+ MeV, Ww 
s 

S.C.A. Vv 4343 MeV, W_ = 6-3 MeV, V, 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 he 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 Mg? 

For si2® and $32, no report is given of S.C.A. fits to the data. 

Thus the same parameters were used as for Mg24., The justification 

for this lies in the fact that the D.W.B.A. parameters specifically 

fitted to the Me?" 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 chtained in this way are significantly different from these 

(86) 
predicted by the expressions of Bechetti and Greenlees for 

example ;



ref (86) r fn a fn ref (11). yr fm a fm 

V, = 51-89 1°17 0-75 43°3 1°25 0-65 

Wy = 1°48 1-26 0-58 0-0 = e 

W, = 9-5 1°26 0-58 63 1°25 0-47 

ae 62 eOe. 0-75 76 1+25 0°65 

Vv r a W r a wW r a. Vie a 
° oO ° 7" Vv vo s s s so so so 

Me24 43-3 1-25 0°65 6*3 1°25 O47 7-0 1-25 0-65 

$i28 43-3 1-25 0-65 6°3 1°25 O-47 7-0 1°25 0-65 

$32 43*3 1-25 0-65 6+3 1°25 O-47 7°0 1°25 0-65 

Ti48 yQ-75 1-17 0°75 1-524 1-26 0-58 8°45 1°26 0-58 6+2 1-01 0-75 

Cr5* 49-91 1-17 0°75 1:524 1°26 0+58 8-53 1°26 0-58 6-2 1:01 0-75 

Fe5® 50.04 1-17 0+75 1°524 1°26 0-58 8+59 1+26 0-58 6+2 1-01 0-75 

TABLE 4.2 

Potentials in MeV, Lengths in Fermi 

The values of 8 listed in table II have heen found from various 

G2) and Clarke and Cross 02) sources. Stelson agpree on the value 

of 8 for Mp2", sc this value is used ForSi28 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 cr52. the only value based on neutron data is that of 

Stelson, sc this is used. No values for 8 based on neutron data 

have been published for Ti4® and Fe5®, so the values found by 

(61) 
Buck for 14 MeV proton data are used. Comparison of the 

0-62 

Orel 

0+36 

0°26 

Or21 

0-24



a2) 
a 

proton work sc) with the neutron results shows that the 

values of 6 found for several i 

  

opes are comparable, within 

the quoted errors.
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5.1. Magnesium 

5.1.1. Interpretation of Energy Spectrum 

A typical energy spectrum of the gamma-rays produced by 

neutron bombardment of magnesium is shown in figure 5.1. Back- 

ground has been subtracted from this and all following spectra. 

The error bars show statistical uncertainties only. The spectra 

are recorded in the energy ranze 9°95 MeV to 3-2 MeV for marnesium. 

There is an energy interval of 41 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, as reported by 

Endt and Van der Leun C2) This enables the peak at 1°37 MeV 

to be identified as that due to the transition from the first 

excited state, @*), to the ground state. This transition gives 

rise to a gamma-ray of energy 1°36859 MeV. Mc2* has an isotopic 

ebucdance erecce (oo). 

The 1:82 MeV peak cannot be easily identified from the Mg24 

level scheme; a possible transition is that from the 6-01 MeV, at), 

level to the at level at 4-24 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 Mg?6 , 

which has an abundance of 11°29%, in natural magnesium. Transitions 

in this nucleus from the first excited state, (an to the ground
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Magnesium.
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state, (ot), yield gamma-rays of energy 1+80873 MeV a) This 

level scheme is not shown, as no other gamma-rays which could be 

attributed to transitions in Mg2® have heen identified. 

No evidence is found for gamma-rays sasulting f--m transitions 

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

The higher energy peaks are less clearly identifiable, as 

there appear to he several peaks which are not resolved from each 

other. At these gamma-ray energies (% 3 MeV), pair production 

is an important process in the interaction of the gamma-rays with 

the crystal. This process, leading to the production of the two 

0511 MeV annihilation gamma-rays, may result in the appearance 

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 Me24, 

are 2.75 MeV and 2+86 MeV. The double 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+ transition is resolved, but there is 

no conclusive evidence for the escape peaks due to partial detection 

of this gamma-ray energy. While there is evidence 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 ay
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They find the same gamma-ray ene S aS reported here, and also 

evidence for inelastic scattering in Mg25 which yields 4 1-61 MeV 

gamma-ray. Nyberg - Ponnert et al (89) have also measured the 

gamma-ray spectrum produced by 14 MeV neutron bombardment of 

mariesium with a GeLi detector. They also report the same gamma- 

ray energies as found here, but find no evidence of scattering in 

Me25, in agreement 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 been attributed to transitions 

in Me24 produced by neutron inelastic scattering. However there may 

be a contribution to this peak from the reaction Mg24 (n,a) Ne?}*, 

see figure 5.3. Transitions in Ne?! from the second excited state, 

(1/2"), to the first (5/2*) excited state resuit in gamma-rays of 

energy 1+3951 MeV 3) The difference between the positions of 

these two photopeaks 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 Mg24, as an examination of the decay scheme, figure 5.2, shows 

that almost all of the excited states of Mg?4 decay to the first excited 

state, resulting in the emission of the 1:37 MeV gamma-ray. The (n,a) 

cross-section for natural marnesium or the isotope Mg2* does not 

appear to have been measured. However, the cross-section for the 

production of the 0°352 MeV gamma-ray from Na?! produced in the 

(n,a) reaction on Mg2# 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 gamma-ray of the 

Same value, if all of the 0-352 MeV gamma-rays result from a 

cascade process From the 1°7456 MeY level. It seems unlikely, 

however, that the cross-section for excitation of this qa 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 less than this figure. In fact, the work of Nyberg ~ Ponnert 

(89) shows no gamma-ray of this energy, although their resolution 

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 

(83) 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 Distribution 

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 ai = 2% + 82 Pe (cos 6) + a, P, (cos 6) «.(8.99) 

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

Also shown in figure 5.4 are the differential cross-sections 

of the 1+37 MeV gamma-ray as reported by Martin and Stewart (23) 

and Abbondano et al (084) 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 result, although both report higher values at low 

angles and lower values at higher angles than the present work. 

However, no errors in the coefficients of the curves are quoted, 

so 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. 

ay mb/ste. a, mb faster. a, mb Iste. Reference 

48-18 -2+32 -12-S4 Present Work 

49-3 89 12-7 eee 

49.970 10-040 -20+040 ree, 028) 

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 previously described, from the formula;



eed a ae 

daCO)e es BS 
ie cE, 78(6).0(0 
  

) 
ya -.(3.38) FOP Nhe PLP Ie 

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(@), includes cnly statistical 

uncertainties. The exact value of these are different at each 

value of 9, the figure shown is an averare. The errors are added 

quadratically, and the total is plotted in figure 5.4 as the error 

bars on the experimental points. 

Factor Percentage 

Error 

P(6) 3-5 

e(E) 5-0 
%, 

s(e) 3°0 

9(8) <Orl 

Py 0:5 

Ff 0-5 
2 

Nit 1-0 

x: 3-0 

TOTAL 78 

TABLE 5.2. 

Experimental Errors. 

5.1.5. Total Cross-Section 

Table 5.3 shows the various 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 Mg?*, which have been published. The values 

of the total cross-section range from 500 + 100 mb to 628 + 66 mb. 

™ view of the experimentsl errors, these results are compatible 

jhe 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. 

sg (30°) mb ste, 9, mb Reference Remarks 

4ueG £ 3-3 605 rig Present 

work 

590 +95 (20) Nal detector, annular 
geometry, no T. of F. disc. 

40-2 619 + 60 (21) NaI det., T. of F. dis- 
crimination. 

26-2 + 6-5 (22) Nal detector, no other de~ 
tails given. 

30°94 3+1 (23) NaI det., no T. of F. disc. 

§50 + 100 (25) Nal det., T of F. disc., 

with pulsed beam. 

38-4 + 4-0 628 + 66 (58) NaI 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 Mg24,
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5.2. Chromium 

5.2.1. Interpretation of Energy Spectrum 

A typical energy spectrum of gamma-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 

one peak is clearly resolved in the spectrum at 1:43 MeV. 

Figure 5.6 shows the level scheme of Cr°? as reported by 

Rapaport Cay 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? has 

an isctopic 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 

4+ to 2+ transition and 0+7440 MeV from the ft to 4+ 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 2+7 

MeV to 3-0 MeV, although no peaks are resolved in this region. The 

level scheme of Cr®? offers no explanation of the possible origin of 

gamma-rays of these energies. Other isotopes of chromium, Cr°?, cr53 

and Cr5* are also present in the sample of the natural element, with 

19, (88) 
abundances of 4-41%, 9-54% and 2°6 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 to 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 isotopes, or in crs2, 

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 cr52 

may result in the emission of gamma-rays which cannot be resolved 

by the system from the 1-43 MeV peak; 

cr52 (na) Ti*9 
e.c. 

cr52 (n,2n) crS} + 5 

Ti¥9 is stable and Cr5! decays by electron capture to V9! with a 

half-life of 27°8 days. Thus if Ti49 and Cr®! are produced in an 

excited state, they will emit gamma-rays in decaying to the ground 

state. Ti*? may emit the gamma-ray energies 1-31 and 1+378 MeV, 

and Cr!, 1-36 and 1-55 MeV. 

The (n,a) cross-section for chromium does not appear to have 

been measured at a neutron energy of 14 MeV, although for neutron 

energies averaged over a fission-spectrum, the cross-section is 

reported as only 0-35 mb (92). 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. Measure 

  

ents of the total cross-section for the production 

of the 1°43 MeV gamma-ray from cr52 have been reported by Abbondano 

eta (58) (92) and Breunlich et al The former used a NaI scintil~ 

lator as the gamma-etector and hence the system was unable to 

resolve the gamma-rays mentioned above from the 1:43 MeV peak. The 

latter used a GeLi detector, which was able to resolve this peak 

from the others. The results they report (table 5.5) are, however, 

in good agreement, within the experimental errors. Assuming that 

neither result is subject to systematic error, this suggests that 

the (n,a) and (n,2n) reactions are negligible in their contribution 

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

seattering only. 

  

5.2.3. The Angular Distribution 

The differential cress-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 points 

  

of the Legendre polynomial expansion. The differential cross-section 

is represented by; 

Se = 79°75 + 2-47 -(25-57 + 4-86) P,(cos 6) -(28-82 + 8°13) P, (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 cr52, as published by 

Abbondano et al Ree)e The shape cf the two angular distributions 

are quite different, and there is no obvious explanation for this 

discrepancy.



1002. 
  

  

  
  

      
  

    

    

    
    

  

  

80 
  

      

ie
 

  

  

            

  

  

          
        

  
  

        

  

  

  

        mb/str. 
  

  
  
              

  

    

  

    S
E
A
S
 

    
      

  

        
    

  
  

            
                  

  

  

      
    

  

  

  

          
  

  

      
    60. 
          

  
  

  
      

          
        
        
  
  

              
  

  

    
        

  

  

20                 
  

                              
  50" 60°     

Scattering Angle in Centre of Mass: Frame 

Figure 5.7 Differential Cross-Section for Production 

of the 1.43 MeV Gamma-Ray from Chromium. 

  Present Work. 

earl),



- 143 - 

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(O) 8*L 

e(E ) Sr0 
x 

s(e) 9*2 

o(0) <O°l 

FB 0:5 

Fy Or 

N’ 2-0 

a 3+2 

TOTAL Rede 

TABLE 5.4, 

Experimental Errors. 

5.2.5. Total Cross-section 

Table 5.5 shows the values of the total cross-section, and 

of the differential cross-section at 90°, which have been published 

by various 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 

  

plished results are significantly different from each other. 

ss (90°) mb Ate. g,, mb Reference Remarks 

Bikey 29699 1002 + 31 Present 
work 

23°6 + 8 (22) NaI detector, no other 
details. 

53°5 £ 4:0 757 + 56 (58) NaI det. T. of F. disc. 

727 + 100 (92) GeLi detector. 

TABLE 5.5. 

Values of the Cross-section for Production of the 

1:43 MeV Gamma-ray from Cr52 

5.3. Inon 

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 boundary of the spectrum is set by the discriminator level 

of 0*7 MeV. Several peaks are 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 Fe°®, (isotopic abundance 

2 
91-52% (88), | is shown in figure 5.9, as reported hy Rao (72), 

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, @), to the ground state, which result 

in the emission of gamma-rays of energy 0°84675 MeY. The peak 

second in intensity, at 1°24 MeV, is due to transitions between 

the second excited state, (ey, at 2-08505 MeV, and the first 

excited state, which yield gamma-rays of energy 12393 MeV. 

There is also clear evidence for the presence of a peak at 

1°81 MeV, due te transitions between the third and first excited 

states, (2* to 2*). This third level, at 2°6577 MeV decays with 

97°8% probability >) 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 also 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>4 and 

Fe57, with abundances 5-84% and 2+17% respectively. The isotope 

Fe57 can be expected to yield predominantly gamma-rays of energy 

below 0°7 Me¥. Since these are below the discriminator level, this 

isotope is not expected to contribute to the spectrum. The isotope 

(55) 
Fes yields gamma-rays of energy 1*499 MeV from the transition 

; i + 
from the first excited state to the ground state, (2* to 0"). There 

is some evidence for this gamma-ray, but it is not clearly resolved 

from the Compton edge of the 1+24 MeV peak, and from the 0:84 MeV 

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

Jénsson et al (237) whe measured the gamma-ray spectrum from 

neutron 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 

poorer energy resolution cf the NaI 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 Fe5S, other 

reacticns 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, 9-930, 1*21, and 1+316 MeV Cy among others, from 

the decay of higher states of Fe°5, formed in this reaction, to 

the ground state. Fe®5 decays to Mn°° by electron capture, with 

a half-life of 2-6 years. Thus if, after formation, the Fe55 

nucleus is in an excited state, it will probably decay to the 

ground state with the emission of gamma-rays, before it decays 

to Mn°5, The peaks due to detection of the gamma-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 resolved from 

ate 

dJénsson et al (93) have found evidence of the 0-930 MeV 

gamma-ray, but no evidence of the 0°805 and 1*21 MeV samma-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 he resolved hy 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 Fe55, Jénsson et al report the 

differential cross-section at 80° for the production of the 

0+930 MeV camma-ray as 4-4 + O°4 mb 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 range 50° to 110° due to the 

large angular acceptance of the detector. The angular distribution 

of the 0-930 MeV gamma-ray is thus not known. The present work 

yields a value of the differential cross-section for the 0-84 MeV 

camma-ray at 80° of 63:9 + 4-2 mb. The disagreement between this 

value and that of Jonsson is not unexpected in view of the angular 

uncertainties of the latter work. Because of this, and the small 

value of the cross-section for the 0-930 MeV zamma-ray relative to 

that of the 0°84 MeV gamma-ray, no correction was made for the 

(n,2n) contribution. This reaction 2ces, however, constitute a 

source of systematic error in the differential cross-section, of 

the same order as the experimental uncertainties. These cross- 

sections have also been reported by Engesser and Thompson oo 

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 Nai 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 cetector with greatly 

superior energy resolution, their values are prefered. 

Another reaction which should be considered is, Fe5® (n,d) 

wn58 The stable isotope, mndS may yield gamma-rays of 0-983 MeV 

and 0°857 MeV in transitions from the second excited state, 

(9/2°), to the eround 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, neither of these gamma-ray
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    enerzies are reported by either Jcnsson or Engesser and Thompson. 

The size of the (n,d) cross-section may be estimated by subtracting 

from the total cross-section fer non-elastice reactions in Fe°®, the 

sum of all other non-elastic reactions which have been measured. 

This gives an upper limit to the (n,d) cross-section. The total 

(87) 
non-elastic cross-section is 1+36 + 0-03 barns » while cross- 

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

90 (87) (87) 78 + 49 (82) 60°89) 
are respectively 440 + 112 26 and 620 + 

mb. Thus an upper limit for the (n,d) reaction is 36 + 

190 mb, and this is seen to be nepligible 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? , 

  

The anrular distribution found from analysis of these spectra 

is shown in figure 5.10, for production of the 0°84 MeV gamma-ray 

by Fe®®, The solid line again represents a least-squares fit to 

the experimental data points, which is described by the equation; 

  

= (64-83 + 1+67)-(9-22 + 3-49)P, (cos 0)-(19-10 + 5*75)P, (cos 6) 

The value of x? per point is 0-556. 

Alse shown in figure 5.10 are the angular distributions as 

a) and Abbondano et al ED) measured by Martin and Stewart 

There is reasonable agreement between the present results and 

those of Abbondano, although the present work finds a greater 

amount of scattering at higher angles. The anghlar distribution
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renorted by Martin and Stewart does not agree with either of 

the other measurements, in shape or in absolute value. Haouat 

et al (23) have also measured the angular distribution of the 

0°84 MeV gamma-ray. Although they have fitted a Legendre poly- 

nomial expansion to their eee they report only the graphical 

form of the resulting curve, not the values of the coefficients. 

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 present results. The discrepancies 

between these various measurements cannot he attributed to differ- 

(22, 58) 
ences in technique, as two used substantially the same 

technique as the present work, namely time of flight discrimination 

with the associated particle method, achieving detection of gamma- 

(95) 
rays by means of a Nal crystal. Hacuat et al » however, used 

the pulsed beam method for time of f. 

  

sht discrimination, and a 

GeLi gamma-ray detector with a NaI anticoincidence shield. In 

spite of this difference in techniques, these results show the 

best agreement with the present work. Table 5.6 lists the values 

of the coefficients of the Legendre polynomial expansion, where 

these have been reported. 

a_ mb/str a, mb/str a, mb/str Reference 

64-83 + 1°67 9522 + 3-49 -19-10 + 5-75 Present 

work 

90-6 17-8 - 66 (21) 

57-420 20-750 ~22-040 (58) 

TABLE 5.6.



  

xperimental Errors 

The experimental errors in the factors 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(6) 3°0 

e(E,) 5:0 
ry 

s(6) 2+2 

$(8) <Orl 

Fy OFS 

Fo O'S 

nt aoe 

x 2°5 

TOTAL ToL 

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 camma-ray in Fe%, 

published by various workers, are shown in table 5.8.



0, mb z (30°) mb/str References 

814 5 2i 62-28  4*h2 Present 

work 

2138. £235 719°2 (21) 

30°2 + 9°1 (22,98) 

56°92 6°97 = (23) 

52 £8 (24) 

Thee £ 0-7 (93) 

49-0 + 13:0 (34) 

660 80 (13) 

1228 + 150 (96) 

1268 + 150 (97) 

72. + 76 45-6 £ 5+0 (58) 

TABLE 5.8. 

Values of the Cross-section for Production of the 

0+84 MeV Gamma-ray from Fe5®, 

As previously described, the value of ch for the present work 

is uma. The values of c. in the above table fall into two groups, 

oF Benetskii 3) those of Abbondano et al , and the present work, 

which are probably compatiable within the experimental uncertainties, 

but which differ significantly from the second group, the work of 

CO ea7) (36) It is not 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 obtained hy measuring 

the differential cross-section at one angle, and multiplying by 4n. 

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 members of both 
9 9 

groups 5 eset 2) and the present work. Benetskii Me 

monitored the alpha-particle flux, and sezotosnyi et al (35) do 

not report on the details of the experimental method. 

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

over a wide range from 30-2 + 9-1 mb/str (22, 98) 

(21) 

to 79-2 mb/str 

. The most accurate value appears to be 74-4 + 0°7 mb/str (S20) 

but this value is averaged over the scattering angles 50° - 110° 

so it does not represent accurately the value of the differential 

cross-section at 90°. The values published in references tee pe: 
‘ 

hs SE? and the present work are probably compatible within the 

experimental errors. 

5.4. Comparison of Theory and Exneriment   

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 ay to unity. This means that the areas under all the 

curves are equal, being given by 2m, as only the range 0° to 90° 

is shown. Comparison of the shapes of the angular distributions 

is thus separated from the comparison of the absolute values of the 

cross-sections. 

Figures 5.11 to 5.16 show the normalized angular distributions 

for Mg?", $128, $32, ni*8, cr52, and Fe6, resulting both from the 

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

2h erd2 measurements. For the nuclei Mg’ and Fe5® - the experimental 

data is that of the present work, while for the nuclei $i28, §32 

(17) 
and Tine the experimental results of Connell are used. These
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Figure 5.12 Normalised Angular Distribution for the 
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Theoretical Result.   
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Scattering Angle in Centre of Mass Frame. 

Figure 5.13 Normalised Angular Distribution for the 

2°24.MeV gamma-ray from So.) 

Theoretical Result. 

Se eee ee Experimental Result.



- 159 - 

  

  

    

                

            
                  
      

      
    

  
    

                              
                    

                    
                  
      
  

        
        
  

  

  
  
  

          
                                            
                                                            

BOM 60° 

Scattering Angle in Centre of Mass Frame. 

Figure 5.14 Normalised Angular Distribution for the 
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Figure 5.15 Normalised Angular Distribution for the 

1.43 MeV gamma-ray from Cre, 
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30 60° 90 

Seattering Angle in Centre of Mass Frame, 

Figure 5.16 Normalised Angular Distribution for the 

0.8% MeV gamma-ray from Ber 

Theoretical Result. 

a aes ee am foe i Experimental Result.
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latter pesvlts were expressed in the form of a cosine series; 

2b +b, cos?) +h it wt3e in 2 cos*d +h, cose (3.40) 

as described in section 3.14. To normalize these results, the co- 

efficient a, is calculated from the equation (20) 

eek nt)    
The error bars on these angular distributions 5.11 to 5.16 are 

found from the uncertainties in the coefficients "a" or "b". 

Following from equations 3.39 and 3.40 , the errors in the 

differential cross-section at a scattering angle 9, (8(0)), 

are given by either, 

8(0) = (8a, + (6a,P,(cos 8))? + (4a,P, (cos 9))2)# 6.2) 

or, 

6(@) (sb? + Sb2cos#@ + db2cos8e)? (5e8) 

where 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 cos®@ expansion, and are due to 

the increasing value of cos@ as 8 approaches zero. This effect 

is also present in the Legendre polynomial expansion, although 

it is mich less marked. In both cases, the comparatively large 

errors in this region of low scattering angle may also reflect 

the fact that no measurements have been taken below 30°, so the 

curves here are extrapolated from the repion 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, $32 and Ti#8, 

while it is less good for the other nuclei. In general, the 

theoretical curves show more asymmetry than the experimental 

results, if this is defined as the difference between the maximum 

and minimum ef 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 good prediction 

  

£ 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 nuclei 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 Cross-sections 

The absolute values ef the total cross-sections are shown in 

table 5.9, for production of the gamma-ray of the energy listed, 

by the corresponding nucleus. It can be seen immediately that the 

experimentally 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, also 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 cecays 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 been quoted to three signi~ 

fiecant ficures, 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 (3) exp mb 4a, mb EY MeV 

Mg2 605+ 15 107 1:37° 

$i28 434 + 63 45e1 1-779 

g32 318 + 36 53°1 2-24? 

mae 1039 + 107 31-9 0-990” 

cr 52 1002 + 31 23°2 1-43 

Fe5S els * 21 31-4 0-84 

TABLE 5.9. 

Experimental Values of Total Cross-section 

Compared with Theoretical Predictions. 

(a) = present work 

(b) = Connell (a7) 

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 Mg", 
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calculation for the cases 8 = + 0-62 and BR = 0. This latter case 

corresponds to a vibrational model of the nucleus, that is, it 

assumes the nucleus has no permanent deformation. The two former 

cases correspond to the rotational model with prolate and oblate 

deformations respectively. The results shown here are in general 

agreement with the results of Karban et al (9) » where the predictions 

have been made for proton scattering cn wi58. The curves are not 

greatly different, and, with the present experimental errors, it 

would not be pessible to distinguish 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. Conclusions and Suggestions for Further Work 
  

The first part of the research project, which was to improve 

the performance cf the experimental system, has been completed by 

increasing hoth 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 heen offset by deterioration 

in the performance of the SAMES generator. The new system has then 

been used to measure the differential cross-sections for the pro- 

duction of various gamma-rays, using natural samples of magnesium, 

chromium and iron. 

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 distrihutions are quite well 

predicted, dispite the fact that a significant simplification has 

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



has been neglected. 

This work may be continued in one of two ways. It may be 

possible to redesign the system so that the angular distribution 

measured corresponds toe 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 would 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 energy and the excitation energy of the first level, 

so if it were detected, a time of flight 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 level; as these neutrons may scatter 

into any angle, including backwards into the incident beam, and into 

the gamma-ray detector, it seems impossible, 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 end one gamma-ray detector, might be used to 

measure the correlations between neutrons of the required energy, 

scattered through an angle o> and the corresponding gamma-rays 

scattered through an angle oo These two angles do not necessarily 

have to be in the same plane. This correlation function may easily 

be predicted by the present theoretical technique; it is only
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necessary to omit the averaging over the neutron ancle of scattering, 

and express explicitly the dependence on this angle. The problem 

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 

efficiency of about 10% (oy) in the range of neutron energy of 

interest. If hoth 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, ee is approximately 

1°4 times the count rate in the corresponding peak, Py 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 oe and OMe To estimate the expected count rate for cor- 

related events, assume the samma-ray is emitted randomly with res- 

pect to the scattered neutron direction. Then for every neutron 

detected, the corresponding gamma-ray will be detected with a 

probability Q/4n, where 2 is the solid angle subtended by the 

cetector at the sample. The correlation count rate is then; 

& 
W Oy = an EY a «(5.4) 

A typical value of s in the present work is 0°74 sect, then; 

ee ee W (2,38) =4*5 x 10 ° sec 

Although improvements in the time resolution 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 both ee and Py The SAMES generator cannot be modified 

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 

using the Dynamitron accelerator facility at the Radiation Centre, 

University of Birmingham. 

The other approach to the continuation of this work is to 

seek 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 are identifiable as members of a rotational or 

vibrational band, based on the ground state, or on some higher 

level. But this approach is limited to the lower levels, for as 

higher 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, 

between 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 between neutrons of various energies (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 to the ground state, produced either directly 

or in cascade. Such experimental data would, however, be extremely 

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

It can be seen from the above discussion 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. However, the failure of 

compound nucleus theory CD » and the comparative success of an 

approximate method of predicting the anrular distributions by direct 

interaction theory shown here, indicates that this approach is 

correct and is worth continuing further to chtain a fuller description 

of the inelastic scattering process. 

week kk &
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APP END ft Xx 4 

SUBROUTINE GAMMA (AMPRE,AMPIM, THETA) 
DIMENSTON AMPRE (60) sAMPIM(60) ,DENSRE(5,5) »DENSIM(5,5) 

Ly REORE(5,5) pRHOIM(5 45) yTRE(15) »TIM(15) 
DO 3 J=1,5 
DO 2 JT=1,5 
DENSRE(JyJ1) 
DENSIM( Jy JT) 
DO 1 1214 
Ma J#(1-1)%5 
NeJT+{ [-1) 45 
DENSRE (J, JT) =DENSRE (Jy JE) FAMPRE (M) XAMPRE(N) +AMPIM(M) AMPIM(N) 

L DENSIM( Js JT V=DENSIM( Jy JI) +AMPIM(M) XAMPRE(N) —AMPRE(M) AMD IM(N) 
IF(THETA.GT.11.0) GO TO 6 
RHORE (JoJT)=0.0 
RHGIM(J,JI)=0.0 

6 RHCRE( Jy JT) SRHORE (J yd) HDENSRE( Jy JT) *SIN( THETA®O.0174533) 
RHOIM( Jo JT) SRHOEM(JedT)+DENSIM( Sp JT) *SIN( THETA®O 20174533) 
([PITHETA.LT.17920) GO TO 2 
RHORE (Jy JT) =RHORE(J JT) /36.0 
RHOIM(JyJ1)=RHOIM(JSyJI)/86.0 

2 CONTINUE 
3 CONTINUE 

[F(THETA.LT.179.0) GO TO 23 
00 F2 

TRECK 
TIM(K)=0.0 
TF (K-1) 14,14,15 

14 L=0 
M=C 
GB TO 1l6 

15 CONTINUE 
TF (K-5) 17517,18 

1? Lee 
M=4-K 

GO TO16 
18 L=4 

M=1L-K 
16 00 19 J=1,5 

DO 13 JI=1,5 
TRE(K) =TRE(K)+CLEBGN( 2007 320-Jy 2.0, S1-3.0yL¥*1209M¥1 20) RHORE 

L( Jo ST) (1) ##CST=1) 
13 TIM(K)=TIM(K)+CLEBGN(2.0,3-0-J5y 2.0, JI-3.05L¥*1.09M¥1.0) *RHOIM 

LS SLI (-1) #* (STA) 
19 CQNTINUE 
12 PRINT 21,TRE(K) pTIM(K) 
21 FQORMAT(" TRE=*,£16.5,% TIM=",F16.5) 

AO=TRE(1)*0.177917 
A2=~-TRE(4)*0. 10632608 
A4=-TRE(11)%*0.19020788 
PRINT 24, AO, A2, A 

24 FORMAT(' AO=',E16.5,' A2=',816.5,! Ak=', 216.5) 
23 CONTINUE 

RETURN 
END 

0.0 
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