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(i) 

  

The thesis is written in two parts. The first part describes 

the experimental measurements on the y-rays emitted following the 

inelastic scattering of 14 MeV neutrons in both small and extended 

samples of the possible fusion reactor materials Iron and LiF. 

The source neutrons were produced by the 3n (ayn) “He reaction at an 

incident deuteron energy of 120 Kev using a S.A.M.E.S. type J 

accelerator. The y-rays were detected using a shielded NaI(T1) 

scintillation counter and the spurious background was reduced by 

suitably gating the y-ray signals by a time of flight system based 

on the detection of the Ore particle associated with the instant 

of neutron production. Differential y-ray production cross— 

sections were measured for the small samples, the results of which 

were analysed using a least squares fit and were used as a control 

with which to compare the differential cross-section measurements 

for the extended samples. In each case the results are compared 

with the predictions of a Monte Carlo type of calculation which 

took into account multiple neutron scattering and Compton degrada- 

tion of the y-ray energy at various angles to the neutron beam 

direction. 

The second part of the thesis is concerned with a detailed 

feasibility study of the possible implementation of a similar 

experiment on the 3 MeV Dynamitron using neutrons from the 

D(d)n) 7He reaction. The detection of the *fe-particles in the 

presence of large numbers of scattered deuterons is considered 

and a design for a suitable magnetic discriminator system is 

presented. The suitability of various deuteriu™targets is con- 

sidered and an experimental investigation into the behaviour of a 

heavy ice target is shown to be promising. A complete design for 

a suitable experimental arrangement is given.
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Chapter 1 

1. General Introduction 

1.1 Introduction 

In fast neutron interactions with light and medium mass 

nuclei, the inelastic scattering events are mostly following by 

y-ray production from the (n,n' y) reaction. 

The (n,y) reaction is energetically possible, but the cross-— 

section of this type of reaction at neutron energies in the MeV 

range is negligible compared to the (n,n' y) reaction. 

The investigation of fast neutron interactions in extended 

assemblies is of interest from the shielding design point of view 

in fission and fusion power reactors and, on the other hand, it 

provides a test of the theoretical description of the reaction 

mechanism and nuclear structure. 

The present study is mostly concerned with extended samples of 

reactor materials and with the effect of multiple scattering on the 

emergent y-ray spectrum. 

At high neutron energies in addition to the (n,n' y) reaction, 

charged particle reactions such as (n,p), (n,a), and (n,2n) 

reactions become possible. The threshold energy for the first two 

reactions for medium mass nuclei (A < 80) is about 5.0 MeV, while 

for the last one it is greater than 10MeV. S 

At incident neutron energies of less than about7MeV, the 

nuclear interactions with nuclei have been described by the 

compound nucleus theory @) 

tal datas’) 

which gives a good fit to the experimen- 

The direct interaction theory accounts for neutron interac- 

tions with nuclei at energies > 10 MeV. This theory shows 

2 4 
acceptable fits to the experimental es erereniats 1528)



In the range of to 20 Mev incident neutron the reaction mechan- 

ism could be expressed as a mixture of compound and direct 

reactions. 

The gamma-ray angular distribution measurements for the 

investigation of nuclear reaction mechanisms, and nuclear energy 

levels have been reported by many authors. ae 

The present work is concerned with neutron energies of 14 MeV 

and 2-5 Mev. 

In work of this type it is necessary to reduce the spurious 

gamma-ray background in order to observe the gamma-rays associated 

with the inelastic neutron scattering. This is usually done by 

using a gating system based on taking the detection of the particle 

associated with neutron production as a zero time signal. 

The first part of the thesis is devoted to the experimental 

results using the T(d,n) fue reaction with 120 Kev deuterons from 

the S.A.M.E.S. accelerator and the theoretical interpretation of 

these results. 

The second part of the thesis describes a feasibility study 

concerned with the possibility of using gating system for 2-5 Mev 

neutrons produced by the p(a,n) "He reaction with using the 

Dynamitron facility at the Radiation Centre, University of 

Birmingham. 

The gamma-ray spectra following the inelastic scattering of | 

14 Mev neutrons at different angles in the range of zero to 90° 

in both extended and small samples of iron and lithium fluoride 

were measured, and the experimental results from the extended 

samples were compared with the theoretical prediction of multiple 

scattering calculations. 

The angular distribution results obtained from small samples 

were compared with the previous measurements where available.



1.2 Survey of the theory of inelastic scattering 
  

The investigation of inelastic scattering of particles 

by nuclei is a special case of the reaction B(x,y)C, where the 

incident and outgoing particles, x, and y are of the same type, 

but have different energies. C represents an excited state of the 

target nucleus B; the excitation energy is found from the aiffer= 

ence in the energies of the x and y particles. In most cases of 

neutron inelastic scattering a nucleus that is raised to an excited 

state will decay to its ground state with the emission of y-radia- 

tion. In the following sections the different types of reaction 

mechanism are described. 

1.2.1 Compound Nucleus (C.N.) formation 

The idea of the Compound Nucleus is that the incident 

particle, x, entering the nucleus B, combines with B to form a 

compound nucleus C, in which the excitation energy is shared 

among many nucleons. The lifetime of C is approximately ot sec.) 

and it is long compared to the transit time of the particle x, 

through the nucleus which is about NOt nee The expression for 

the cross-section of a nuclear reaction in compound nucleus theory 

is in the form of: 

SC yyy = 9, (x) Pe(y) ee eeee - (1.1) 

  

where o,@) is the cross-section for the formation of compound 

system from the incident particle x, and the target nucleus B, and 

PLY) is the probability that the compound system, once formed will 

decay by emission of particle y. In the compound nucleus reaction 

the model describing these properties consists in replacing the 

nucleus by a one-body potential which acts upon the incident 

nucleon. 

This potential Vv = ve + iv, is complex, and the real part



represents the average potential in the nucleus, and the imaginary 

part causes an absorption which describes the formation of the 

compound nucleus. It can be understood that the nuclear matter is 

Partly transparent for the incoming particles, and by its analogy 

to the description of light in matter this is called “optical 

model". 

1.2.2 Statistical Theory 

In the relation o(x,y) = oP), the g(x) is most 

readily calculated from the "optical model" by: 

Ss) AE (28 AY) TEs es certinn wien! (162) 
€ i 

where A is the reduced de Broglie wavelength of the incident 

particles, and Ti the transmission coefficient for particles 

entering the nucleus, and 2 is the orbital angular momentum 

quantum number of the particles. 

The value of Ti can be found by matching the wave functions 

and their first derivatives which describe the particles inside 

and outside the nucleus at the edge of the nucleus. 

The second part, i.e. Pw) is less straightforward. Deriva- 

tion of the Pe (y) is based on the principle of Fermi-Dirac 

statistics. Oey 

1.2.3 Direct interaction 

The Compound nucleus theory considers that the bombard- 

ing particle interacts with the nucleus as a whole, but in direct 

interaction the bombarding particles interact with a single 

nucleon or small complex of nucleons. In the Compound nucleus 

theory the nucleus excites uniformly and evaporation of low-energy 

nucleons follows. 

As the kinetic energy of the bombarding particle increases,



the Compound nucleus model fails to explain some of the observed 

phenomena, and one such observation is the occurrence of high 

energy neutrons and protons in the emitted particles. In direct 

interactions the incident particles interact during a time of the 

order of the time it takes the particle to traverse a nuclear 

diameter. 

The cross-sections for the direct reaction and compound 

nucleus process are different. The angular distribution of the 

emitted particles, and angular correlation between these particles, 

and subsequent y-radiation can differ markedly for the two reaction 

mechanisms. In direct interaction the angular distribution is 

more forward peaked than the Compound nucleus reaction. 

1.3 Multiple scattering 

A fraction of the incident neutrons are scattered only 

once. Because of the decrease of the neutron flux in the scatter— 

ing material, the spatial distribution of the singly scattered 

neutrons can be given by an exponential form, but the rest of the 

neutrons are scattered for a second or more times. The spatial 

distributions of these multiple scattered neutrons cannot be 

described by a simple exponential expression. 

The effect of the multiple scattering in y-ray production 

cross-section measurements is to cause an increase in the y-ray 

yield, due to effective increase in the neutron flux, and eoneest 

quently the cross-section a6 artificially high. 

The probability of the multiple scattering effect depends on 

the dimension of the sample and on the scattering cross-section. 

A simple Monte Carlo type computer programme to account for the 

effect of multiple scattering of fast neutrons in extended samples 

in order to take care of the finite size of the neutron beam 

incident on to the extended sample, has been developed in this work.



1.4 Survey of experimental methods 

The possible experimental methods for the measurement of 

the angular distribution in fast neutron interactions with scatter- 

ing material are surveyed and discussed below. 

1.4.1 "Open" geometry (Minimum shielding) 

The open geometry as in the case of ring geometry 

described below must be carried out in a large experimental room 

so that by keeping the apparatus as far as possible from the neu- 

tron source the scattered background in the gamma-ray detector is 

(15,16) 

reduced. The open geometry has been used by many experimenters. 

In the case of ring geometry, a ring shaped scatterer is used. 

The axis of this ring passes through the neutron source and y-ray 

detector. Because of the symmetry around the ring axis, the y-rays 

from different sectors of the ring entering the detector make the 

Same angles with the incident neutrons. For angular distribution 

measurements the scattering angle can be varied by changing the 

relative position of the detector compared to the scatterer. In 

this case the energy and the intensity of the neutrons striking 

the scatterer remain constant. The ring geometry has been applied 

by Hosoe and enue They achieved background reduction by 

surrowmding the neutron source by a block of paraffin wax with 

boric oxide. A plan view of a ring geometry arrangement is shown 

in Figure 1.1. 

1.4.2 "Closed" geometry (Massive shielding) 

This geometry is intended to reduce the background as 

much as possible by shielding the y-ray detector from the neutron 

source, scattered neutrons and unwanted y-radiation. If a limited 

space only is available for the experimental arrangement, then 

a closed geometry has to be used. The most common geometry used



 



(17,18) 

by several authors is a closed geometry with massive shield 

around the gamma-ray detector. 

A plan view of such a closed geometry can be seen in 

Figure 1.2. 

1.5 Time-of-flight technique 

= fhe background reduction in neutron scattering experi- 

ments using either 'Open' geometry or 'Closed' geometry can be 

achieved by using a time-of-flight technique. In this method the 

moment of production of a neutron at the target is fixed by a 

start signal. ‘There are two methods for obtaining the start 

signal for the time-of-flight technique. These are, the "pulsed 

source method' and the ‘associated particle method'. 

A survey of recent literature indicates that nanosecond beam 

pulsing and associated particle methods have been used on several 

Van de Graaff accelerators, cyclotrons, and linear accelerators. 

In all of these experiments it is necessary to use a system with 

’ E. 
good energy resolution \ "2 / which depends on the time resolution 

n 
= . The energy resolution can be increased either by increas- 

n 
ing to i.e. increasing the flight path, or by decreasing ate but 

since the neutron flux varies inversely with the square of the 

flight path, it becomes clear that it is advantageous to decrease 

ator rather than to increase flight path. 

1.5.1 Pulsed source method es 

In this technique short duration pulses of neutrons can 

be obtained by using Klystron Eeachingy anos this usually gives 

poor energy resolution, because the bunching process produces an 

appreciably larger energy spread in the incident ion beam, but the 

Mobley magnet compression method has proved to be a reliable 

method for achieving sharp ion pulses with Van de Graaff accelera- 

tors. The actual performance of a Mobley system has been described
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Figure 1.2 A typical closed geometry arrangement.



1o 

20 
by Cranberg et aa a ) 

An xf ion source and a beam chopper, located in the high vol- 

tage terminal, produce pulses of about lons.width, and 1.0 psec. 

spacing, and after acceleration the Mobley magnet system com— 

presses the pulses to about 1.0ns.width. The peak current is 

about several mA, and the accelerator delivers the beam to the 

target in bunches of about 1.0ns duration, and 1.0 sec. apart. 

The time resolution of such a device is of the order of 2.0ns, 

this means that because of the duration of the beam pulse and 

the time uncertainties in the electronic system, the flight time 

for a neutron of a given energy is uncertain to about 2.0n sec. 

1.5.2 Accociated particle method 

This method, which is described in detail in Chapter 8 

for establishing the starting time of the neutron production, 

requires the detection of an associated charged-particle with the 

emission of each neutron. The technique is used for both the 2-5 

MeV and 14 MeV work. 

~ he difficulty in developing an associated particle method 

for D(d,n) Pas reaction is the detection of 4ye-particles from the 

reaction well resolved from the deuteron elastically scattered, and 

also from protons and tritons which are produced by the competing 

D(d,p) 3H reaction. 

In order to discriminate between aje-particles and elastically 

scattered deuterons at low bombarding deuteron energies of a few 

(21,22) 

hundred KeV in some experiments thin metal foils have been used. 

At higher deuteron energies Shapiro et a ee used a magnetic 

analyser to separate the Precparticles and elastically scattered 

deuteron from the target. The electrostatic deflection method has 

(85) 
been used by Put et al. 

Experiments based on the associated particle method at



incident deuteron energies in the MeV region can be done for the 

‘D-d reaction without using a magnetic analyser, or electrostatic 

deflector. Schuster 28) has developed an associated particle 

ip system, and the high count rate of elastically scattered deuterons 

in the 7He-detector have been successfully minimized by using a 
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Chapter 2 

2. Introduction to Part I 

The study of 14 Mev neutron interactions and the consequent 

gamma-rays are of interest from several points of view. It is 

relevant to the energy deposited in the neutron absorption in the 

blanket and the surrounding materials of a fusion reactor, and to 

the breeding of new tritium fuel in a deuterium-tritium fusion 

reactor. 

Fusion Reactors 

A fusion reactor is an assembly in which a nuclear fusion 

reaction is maintained and controlled for the production of energy. 

Nuclear fusion is a nuclear reaction between light atomic nuclei as 

a result of which a heavier nucleus is formed and a quantity of 

nuclear energy is released. In a fission reaction practically all 

the energy remains with the fission products, and the neutrons 

sustain the reaction. In contrast in the fusion reaction it is the 

neutrons that carry the energy away and the reaction is supported 

by the remainder of the reaction products. High energy neutron 

absorption is therefore an inherent necessity of the D-T fusion 

reactor blanket in order to extract the energy. The 14 Mev 

neutrons of the fusion reaction are usually above the threshold for 

(n,n'), (n,2n), (n,a) and (n,p) reactions, in contrast to the 

situation of the about 2.0 Mev fission neutrons. It is therefore 

necessary to consider the cross-section data for these reactions 

when considering both breeding and shielding materials. Fig.2.1 

shows a diagram of a possible fusion reactor. 

In a D-T fusion reaction, 17.6 MeV of energy is released in 

the form of 14.1 Mev neutrons and 3.5 MeV a-particles. The 

neutrons escape from the plasma zone with little interaction and 

they are captured in a zone surrounding the plasma, called the
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Figure 2.1. The schematic of blanket and shield 

regions of a fusion reactor design.
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blanket, where the kinetic energy is converted to heat The blanket 

is expected to incorporate lithium in one form or another to breed 

new tritium. The plasma is confined by superconducting magnets 

eryogenically cooled to about 4a°x. Thus, an additional region, 

called the magnet shield is required to further protect the magnet 

from radiation damage. Therefore the performance of blankets and 

shields is important for future fusion reactor design. 

Among the important neutronic and photonic properties of these 

systems are the total energy deposition per fusion event, the 

spatial distribution of the nuclear heating, and the tritium breed- 

ing ratio. Determination of the total energy production per fusion 

reaction is very important in the economic prediction of these 

systems. The spatial distribution of the heating rate is needed 

for the heat transfer design. Most recent fusion reactor designs 

operate on the deuterium-tritium cycle, and in this case the new 

fuel can be bred by surrounding the fusion reactor with a neutron 

moderator (blanket). Because tritium is not available in sufficient 

abundance, this type of fusion reactor would have to rely on the 

breeding of tritium through capture of neutrons by lithium, which 

is 

es 4 
diet er Pet 

and Sa an ee v + “He 

As it is shown in the above relations the material used for the 

blanket can be natural lithium, i.e. 7.56% oe and 92.44% ae 

The lithium can be used in the form of solid lithium alloy or 

compound lithium. 

If the reactor is to operate on the deuterium-tritium cycle, 

then tritium production in the blanket must be at a rate larger 

than the consumption of tritium in the plasma, i.e. the breeding



1S 

ratio which is defined as the number of the tritium atoms produced 

in the blanket per fusion reaction must be greater than unity. 

The gamma-rays produced by neutron interactions in the 

reactor surrounding deposit energy in various parts of the 

reactor; therefore the study of y-ray production in the investi- 

gation of fusion reactors is important. 

The study requires a measurement of changes in y-ray energy 

spectra and gamma-ray angular distributions as the scattering 

samples change from small samples to large samples. 

The energy spectra and angular distribution measurements of 

the gamma-rays from the interaction of 14 MeV neutrons with small 

and large samples of iron and lithium fluoride are discussed in 

Chapter 6.



Chapter 3 

3. Gamma-ray Attenuation 

3.1 Interaction of gamma-rays with matter 

The subject of gamma-ray interaction processes has been 

treated extensively by many authors. A broadly descriptive refer- 

ence is the discussion by Beth@€and ashkin (94 din view of the many 

references in existence, only enough of an outline will be given 

here to provide the orientation needed for the y-ray attenuation 

problem, especially in the case of nanan the y-ray absorption 

coefficient of the medium. 

The three main processes by which y-rays are attenuated in a 

medium are: 

(i) the photoelectric effect, (ii) pair production, 

(iii) Compton scattering. 

Photoelectric effect In the photoelectric effect an incident 

photon transfers all its energy to one of the atomic electrons, 

ejecting it from the atom. The kinetic energy of the emitted 

electron is equal to the incident photon energy less the ioniza- 

tion energy of the electron. Hence the photoelectric process can 

occur with a given atomic electron only if the energy of the photon 

is greater than the electron binding energy. In principle, some of 

the excess photon energy goes into the kinetic energy of the 

recoiling atom, but this is always a negligible fraction. On the 

other hand, the excess momentum carried by the recoil atom plays 

an important role. The momentum cannot be conserved in the photo- 

electric effect on a free electron, therefore the binding of the 

electron to the atom is very important for photoelectric effect. 

For photon energies very large compared with the ionization energy, 

the electron appears to be only lightly bound and the photoelectric 

effect becomes relatively improbable. Hence as the photon energy
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increases, the cross-section for the photoelectric emission 

decreases. 

Pair production In pair production all the energy of the 

incident photon is transformed into creating an electron pair, 

i.e. an electron and a positron. The kinetic energy of the pair 

is equal to the incident photon energy less twice the rest mass 

of the electron, therefore pair production has a threshold at 

1.02 Mev below which it cannot take place. As in the case of 

photoelectric effect, the pair production cannot take Place in 

free space; to conserve momentum it can occur only in the electric 

field of the particle which can carry away some of the momentum in 

the recoil. The cross-section is rapidly rising as a function of 

.energy above the threshold, in the region below 10 Mev.
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3.2 Compton Scattering 

In addition to the two purely absorptive processes in the 

interaction of y-rays mentioned there are several other ways in which 

Y-rays can be scattered. The most important of these is Compton 

scattering. If a gamma-ray photon, which according to the quantum 

theory has energy hv and momentum hv/c where h is the Planck's 

constant, v is its frequency fter’c is the velocity of light) collides 

with an electron assumed to be free, then some of the momentum will 

be transferred from the photon to the electron. Since the momentum 

and energy conservation laws apply to the collision, the photon must 

have lost energy, that is (hv)¢ is less than (hv)i where the subscripts 

f£ and i refer to final and initial respectively. The frequency of 

the radiation has been lowered by the collision. Compton scattering 

provides a method of lowering the energy of photons by successive 

collisions, until they have been sufficiently degraded to be absorbed 

photoelectrically. 

The equation describing the change of photon energy during a 

Compton collision can be easily shown from conservation. of energy 

and momentum that 

where Ey is the initial photon energy, E is the photon energy after 

being scattered, and 9 is the deflection angle of photon. Glancing 

collisions, i.e. © = O will transfer very little energy. Equation 

(3.1) gives the energy of the scattered photon in terms of the 

initial energy and the scattering angle. The recoiling electron has 

a kinetic energy given by: 

  

   
SS CosvST Go ue-caces eee ce G2) 

ten? 
‘0.51. 

  

  (1 - Cos 8)
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The kinétic energy of the electron has its maximum value when 

Cos 6 =-l or 6 = 1g0°, and the photon is scattered directly backward. 

The electron energy, in this case, is 

max G51 

The electron receives the minimum energy in the case that the photon 

continues with its initial frequency in the forward direction, and the 

electron is ejected with very nearly zero velocity in a direction 

perpendicular to that of the photon path. 

A photon must be deflected through a large angle for its energy 

to be appreciably degraded in a single collision. The high energy 

photons scattered through a right angle will have energies of about 

0.51 Mev, and those back-scattered through 180° will have energies of 

about 0.25 MeV. A short and simple: computer programme in Algol is 

written from which the values of scattered photon energies and 

electron recoil energies can be obtained for various incident photon 

energies and angles of deflection.. The layout of this computer 

programme and its output data for several incident photon energies is 

shown in Appendix B. 

The probability that an unpolarized photon of initial energy 

BY9 79.51 shovld be scattered through an angle @ into a solid angle 

aQ, which called the Compton differential cross-section per electron, 

se). is given by the Klein-nishina 42) formula: 

di 2 1 Io(O) x2 an 1+Cos“6 sp Pie 
an ° 2 Frybvo He 9) |2 

| (e521 aS | 

hvo : = 2 (m9, (1-Cos 8) 

(14Cos26) [2 ab 0.51 (1-Cos 6) 

1] scene ey 

The differential cross-section per electron predicted by this formula
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as a function of 9 is shown in Fig. (3.1). The total Compton 

scattering cross-section per electron G. which is obtained by inte- 

grating the equation 3.4 over all angles givesthe relation: 

1a 2 Bo ( A us ) ey 

oy 2 O. Oo. 251 ‘o 
e. = anf me | _ 5 2G = 20 ( +2 =I + 

0.51 Pa SSt) 

  

  

  

    

1432 
ee ee |S oe . (3.5) 
5 Bo 0.51 Ta Be 

0-51 0-51. 
13, 

where X ds the classical radius of the electron, 2.82 x 10 cm. 

Fig. 3.2 shows the total smttering and absorption cross-sections 

per electron as a function of photon energy for light and heavy 

elements given by wit From this figure it is realised that over a 

considerable range of gamma-ray energies, which includes much of the 

radiation emitted by a nuclear reactor, the Compton cross-section 

predominates over the photoelectric and pair-production cross~ 

sections, and since equal masses of all materials except hydrogen 

contain roughly the same number of electrons; approximately 3 x 1073 

electrons per gram, it follows that in this energy region equal 

masses of all materials will be about equally effective as gamma-ray 

attenuators. 

3.3 The attenuation of y-rays in matter © 

The rate at which gamma-rays are attenuated is determined 

primarily by the atomic number and density of the shielding material, 

and to a lesser extent by the geometrical configuration. The 

illumination of a large area of an extended thick shield by an 

uncollimated beam of photons is very difficult to treat theoretically, 

but it is simpler to take a collimated narrow beam. 

In the case of a perfect geometry the attenuation is found to 

be exponential and is given by: 

o(x) = 2 GRD UOIHAUX) Ninn ce ar entinsicns heen ee (3.6)
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Figure 3.1 Compton differential cross-section per electron 

as a function of energy and scattering angle.
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Figure 3.2 Scattering and absorption cross-sections 

per electron for light and heavy elements as 

a function of y-ray energy.



where 9 is the incident intensity, $(x) is the intensity observed 

through an absorber of thickness x, and p is the linear absorption 

coefficient. 

The total absorption coefficient, which appears in equation 

(3.6) is the sum of the absorption coefficients for the three 

different processes. In addition, the absorption coefficient depends 

on the nature of the incident y-rays as well as the nature of the 

absorbing material. Consequently , the absorption coefficient of 

y-rays cannot be described by a single formula. Each partial cross- 

section or absorption coefficient must be evaluated as a function of 

energy for a given material. Values of mass absorption coefficient 

fe where p is the density of absorber, are plotted in figures (3.3) 

and (3.4) from tabulated data by white {9) 

In the y-ray energy ranges from 0.01 to 100 MeV. as it can be 

seen from the Figures 3.3 and 3.4 at low energies, the removal of 

photons from the beam is mainly due to the photoelectric effect, 

which becomes more important as the atomic number Z of the absorber 

is increased, and as the photon energy decreased. 

At high photon energies, and for high Z, the pair production 

predominates. : 

In between there. is a region in which the Compton scattering 

process is the most important, and in which equal masses of all 

materials are therefore about equally effective. This region ** : 

(0.5 to 10 Mev), happens to be the one which is most important in 

reactor technology. 

Over most of the energy range covered in figures 3.3-and 3.4 

the variation of the mass absorption coefficients with atomic number 

is smooth, and values for elements not shown in the figures can be 

obtained by interpolation, but this is not the case for high atomic 

number and low y-ray energy.
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An extensive tabulation for the mass absorption coefficients for 

(27) (26) 
different materials is given by Latysheve and Victoreen. The mass 

absorption coefficients is proportional to the total photon inter- 

action cross-section per atom OL i.e. to the sum of the cross-sections 

for all the elementary scattering and absorption processes, and it is 

given by: 

uy N 
~~ = Caweeins wei -aie wel tisleie cero meielee ier Cael) 0 Cee (3.7) 

where N, is Avogadro's number, and M is the atomic weight of the 

absorber material. 

When the absorber is a chemical compound or a mixture, its mass 

absorption coefficient = can be approximately evaluated from the 

coefficients ue for the constituent elements according to the 

weighted average by the formula shown below: 

  

al beh eee : : 

where wi is the proportion by weight of the ith constituent. 

As an example, for lithium fluoride compound (LiF), Moy = 1D 

and Mop = 19.0; therefore, 

Meer) ele} eee p SUiF) = ay coals ar o 

where E (Li) and > (F) are the mass absorption coefficients for - 

lithium and fluorine respectively. 

Since the absorption coefficient is a function of gamma-ray 

energy and depends on the Z number of the sample material, therefore 

in the correction for self-absorption of y-rays by the scattering 

sample in differential cross-section measurements, and also in the 

calculation of the y-ray yield following the multiple scattering of 

neutrons in extended samples the values of ) were found from the 

above discussion.
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Chapter 4 

4. Experimental arrangement for d-T reaction 
  

The gamma-rays associated with the scattering of 14.0 MeV 

neutrons produced by a S.A.M.E.S. type J accelerator were studied 

using the associated time-of-flight system to gate the y-ray signals 

in order to reduce the background. 

The emergent gamma-ray spectra from both the extended and small 

samples of possible fusion reactor materials were studied, and in the 

case of extended samples the results were compared to the prediction 

of the theoretical model. Fig. (4.1) shows a schematic diagram of 

the geometry and the following sections discuss the arrangement in 

detail. 

4.1 Neutron Source 

The 14.0 MeV neutrons were produced using the T(d,n) “ae 

reaction with a deuteron beam of energy up to 120 Kev from 

the accelerator incident on to a titanium-tritide target. 

4.2 The S.A.M.E.S. accelerator 

The S.A.M.E.S. Type J accelerator shown in Fig. 4.2 . The 

accelerating voltage, produced by an electrostatic generator hermeti- 

cally sealed in a hydrogen atmosphere can be varied from zero to 160kV. 

Deuterium gas, from a reservoir, is admitted to the ion source through 

a thermally activated palladium leak. The ion source is excited by a 

100 MHz oscillator and can produce currents on target of 200pA. 

under favourable conditions of steady running. Extraction into the 

acceleration system is effected by applying a zero to 6kV repelling 

voltage to the electrode. The ions are concentrated at the entrance 

of the extraction canal by the magnetic field located at the base of 

the ion source bottle. An oil immersed Cockcroft-Walton multiplier 

circuit supplies the zero to 45kV required for beam focussing. These 

units, which are situated inside the high voltage terminal, are
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Figure 4.1 A schematic diagram of the experimental 

arrangement.
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controlled through a system of isolation transformers that are fed 

from variable transformers. 

4.3 The beam tube 

A long beam tube was used to bypass other experimental’ 

equipment in the experimental room. The beam tube was evacuated to a 

pressure of about 2 x 10 © torr. The main pumping stage was part of 

the S.A.M.E.S. accelerator, but because of the length of the drift 

tube, an auxiliary pumping stage was provided at the other end of the 

beam tube. A liquid nitrogen cold finger was positioned above the 

auxiliary pumping stage for providing a good vacuum in the target 

assembly, and to prevent oil, carbon, etc. depositing on the target. 

Because of Seren of the beam tube a pair of electrostatic quadru- 

(53) 
pole lenses described by Baynham was used to focus the deuteron 

beam onto the target. i 

4.4 The tritium target assembly 

The tritium titanium target consisted of a disc of titanium 

loaded with tritium, and is contained in a circular stainless steel 

case with a water cooling system supplied by Multivolt Ltd. The 

target could be rotated by a small electriemotor, and the area of the 

target used was restricted by an aperture plate in the shape of a 

vertical slit lOmm x lmm placed in the end of the beam tube. The 

target assembly is shown in Fig. 4.3. 

4.5 The alpha-particle detector 

It was possible to detect the a-particles either by a 

scintillation or a semiconductor detector. The organic plastic 

scintillator NE102A has a fast response time for nanosecond time-of- 

flight measurements, and has a low y-ray detection efficiency, and 

low neutron detection efficiency if thin enough. The silicon surface 

barrier semiconductor detector has been widely used for a-particle
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Figure 4.3. A schematic view of the tritium target 

assembly.
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detection, because it has a relatively low response to the neutrons 

and y-rays and in addition has a fast response time. It is, however, 

very susceptible to neutron radiation damage. Hence in the present 

experiment NE102qa scintillator was used. In order to mount the 

photomultiplier tube inside the evacuated target assembly, a similar 

system to that reported by ONeill <" was used. The scintillator 

sheet was attached to a perspex light pipe which formed the vacuum 

sealing flange. The photomultiplier could be viewed through the 

side of the perspex flange outside the vacuum system. Alpha- 

particles emitted at 90° to the deuteron beam have an energy of 3.5 

Mev, and the range of these in NE102A plastic scintillator accord- 

ing to the manufacturer's data sheet is 0.025mm. Figure 4.4 shows 

the range of a-particles in NE102A plastic scintillator. The scin- 

tillator used was a 0.5mm thick, so that the a-particle detection 

would be 100% efficient. The pointiilater was shielded against 

B-particles emitted by the tritium target and also deuterons 

scattered by the target. The ®$-particles are produced in the decay 

of tritium with a half-life of 12.3 years, and with a maximum : 

energy of 18.6 Kev, have a maximum range of 0.0022mm in fea 

The maximum deuteron energy scattered from the target at 90° is 

120 Kev, and has a range of 0.001mm in Siuminiua so Therefore, an 

aluminium foil of 0.0044mm thick was used to shield the scintillator 

from both sources of radiations. Since the range of 3.5 Mev alpha- 

particles in aluminium is 0.017mm 2°) this foil has a negligible 

effect on the a-particles. 

An aluminium plate having an aperture of 10.9mm x 18.9mm was 

placed in front of the 3 x 3cm sheet of scintillator which limited 

the angle of acceptance of the a-particles to a cone with half 

angle 6° in the horizontal plane, and 3.5° in the vertical plane.



33 

  

  

  

        
  

pO are Tpit lata one Tetris 

OLE = 

é [ 
z| 

S 

+ 

Do 
g 
og 
m 

0.01 F 
| 

| 
=| 

0.001 eee Loge eid (eee ety 

OGL 1 10 100 

Alpha-particle energy (MeV) 

Figure 4.4, The range of a-particles in NE102A 

plastic scintillator.



34 

The alpha-detector scintillator light pipe, aperture plate, 

and photomultiplier are shown in figure 4.5. The dynode chain 

of the Philips 56 AVP Photomultiplier tube used for the a-detector 

is illustrated in figure 4.6. the base flange of the a-detector 

was insulated from the main body of the detector and target 

assembly by using insulating spacers and nylon bolts. The 

a-particle detector system as a whole can be seen in figure 4.7.
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Figure 4.6. The dynode chain circuit of the 56 A.V.P. 

photomultiplier tu   
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Figure 4.7 The alpha-particle detéctor arrangement.
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4.6 Electronic System 

The electronic system used for the present work is 

similar to that described by aienby 2") tmprovements, however, have 

been made to the sensitivity and timing resolution. The fast timing 

pulses from the gamma-detector were taken from the anode of the 58 

A.V.P. photomultiplier tube and fed to the input of a Constant 

Fraction Discriminator, (C.F.D.) (ORTEC Unit 463). The timing 

system is shown in Fig.4.8. The C.F.D. triggers at a constant 

fraction of the input pulse height 32°33) which can be set at various 

values in order to eliminate the "time walk" effect. This is the 

shift in the time of crossing the triggering level of pulses with 

different pulse heights starting at the same time. The "time walk" 

effect is shown in Fig.4.9. The output from the C.F.D. used as a 

"start' pulse for the Time-to-pulse-Height Convertor (T.P.H.C.) 

(ORTEC Unit 447). The anode pulses from the 56 A.V.P. photomulti- 

plier tube of the o-particle detector were taken through an emitter 

follower to a 100 MHz discriminator (ORTEC Unit 436), and after 

passing through a delay unit, were used as a "stop" pulse for the 

7T.P.H.C. A time spectrum obtained from this system for a a 

sample of iron at a scattering angle of 20° is shown in Fig.410. 

From this figure it can be seen that the time resolution measured 

as the full width at half maximum (F.W.H.M.) is about 2.5n.sec. 

The output from the T.P.H.C. passes through the Single Channel 

Analyser (S.C.A.), (ORTEC Unit 420A) whose window width was set 

from the information obtained from the time spectrum at each 

experiment. 

The full width at 1/10 maximum (F.W.T.M.) in Fig.4.10 about 

8.O0n.sec. and this determines the width of the 'window' set over
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the gamma-ray peak on the time spectrum. This is the portion of 

the time spectrum which is passed by the §.C.A. Pulses from the 

S.C.A. are used to open the linear gate to allow the y-ray energy 

pulses to reach the pulse-Height-Analyser. 

If the width of the 'window' in the S.C.A. is reduced, the 

background radiation in the energy spectrum will be reduced, but 

the reduction of the S.C.A. 'window' must not exceed a certain 

value, because then a portion of the y-ray peak could be lost in 

the energy spectrum. 

The energy line pulses were obtained from the 13th dynode of 

the 58 A.V.P. photomultiplier tube of the y-ray detector, and after 

passing through the preamplifier (ORTEC Unit 113), linear amplifier 

(ORTEC Unit 485), and linear delay (ORTEC Unit 425) finally reach 

the linear gate (ORTEC Unit 426) which the output from this unit 

allows the y-ray energy pulses to be stored as the energy spectrum 

in the 100 channel Pulse-Height-Analyser (P.H.A.). A schematic 

diagram of the electronic gating system is shown in figure 4.11. 

The data accumulated by the 100-channel Pulse-Height-Analyser 

was printed out on paper tape. The rack mounted time-of-flight and 

energy analysis electronic system is shown in figure 4.12. 

4.7 The angular range of neutrons in d-T reaction 
  

The angular ranges of the neutrons corresponding to the 

a-particles emitted at 90° = 6° to the incident deuteron beam from 

the T(d,n) fue reaction can be calculated from the reaction kinetics. 

Benveniste and Zenger. 2 have investigated the kinetics of this 

reaction and they have found the following relation, which relate 

the neutron and a-particle angles of emission in the Lab. System:
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Figure 4.12. The rack mounted for time of flight 

and y-ray energy analysis.    
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2) ! Riese Renee 4 
ee ee (4.1) 

cee tg 2 L 2 Mo ~Sin*}, + Cos oe ee = Sin * a ce 

+ Se a as ++ (4.2) 
My mq mg + mp Eq 

where m, and m, are the a-particle and neutron masses respectively, 

Ma and m, are the deuteron and triton masses. E4, is the incident 

deuteron energy in the Lab. System, and Q is the energy released in 

the reaction (Q = 17.6 MeV). 

From the equations (4.1) and (4.2) it can be seen that the 

relation between a and a depends on the incident deuteron energy. 

The tritium target used was a 'thick' target, i.e. its thickness is 

greater than the range of deuteron incident on it, and as a result 

deuterons of all energies from the bombarding energy to zero yield 

neutrons. Figure 4.13 shows the Pv iakion of ee and corresponded 

oe for various deuteron energies were calculated from equations 4.1 

and 4.2. 

Figure 4.33 shows that the a-particles detected in the range of 

ga° to 96° define a neutron beam in the angular range from 76.5° to 

96°. 

Angular straggling of the deuteron and a-particle in the target 

have been neglected in the calculations. This effect gives an 

uncertainty of 0.5° in the results of calculations, and since the 

angular resolution of the system is about +6°, it is therefore 

negligible. 

4.8 The dependence of neutron yield on deuteron energy 

The neutron yield, y($), per incident deuteron energy and 

per unit solid angle ata neutxon emission angle my is given by:
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Neutron emission angle (Lab.) 

Relation between a-particle and neutron 

angles emission in the Lab, for various 

incident deuteron energies. 
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E do 
Omax aq 

= oe = ae soe (403) v9) | mr oe (4.3) 
° ax 

ao ; : ; 
where an is the differential cross-section of neutron production 

from the d-T reaction per unit solid angle at a deuteron energy Eq, 

and neutron emission angle oe N is the number of tritium atoms per 

7 dé. 
unit volume, and = is the energy loss rate of deuteron in the 

x 

tritium-titanium target. 

In the above relation the deuteron energy is treated as a 

variable in the range of E which is about 150 Kev to zero, as 
dmax 

the deuteron energy slows down in the target. 

The differential neutron production cross-section of the d-T 

reaction has been found to be isotropic in the centre of mass 

system for deuteron energy up to about 200 KeV by Bame and Perry 

and up to 570 Kev by Argo et ai (36) Several measurements of the 

variation of the differential cross-section with respect to the 

incident deuteron energy for the energy ranges up to 500 KeV are 

given by Benveniste « vane aeane differential cross-section for 

the T(d,n) eae reaction is shown in Figure 4.14, 

4.8.1 Energy loss of deuteron in tritium titanium target 
  

The factor a in equation 4.3 is the rate of the 
bs 

energy loss of deuteron in tritium-titanium target, and it can be 

calculated as the sum of the energy losses in the constituents, 

i.e. titanium and tritium, and the relation is given by: 

    Ged ee Sea es Cadlgaee es eee (4.4) 
dx 4843 dx/Ti 4843 dx 

where the factors (#2) and (#2) are the rate of energy losses 
ax/Ti ax/T 

in normal titanium and tritium respectively. 

48 is the mass number of titanium, and 3 is the mass number of 

tritium.
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Figure 4,14 The differential cross-section as a function 

of deuteron energy for the d-T reaction.
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The energy loss of deuteron in tritium-titanium target has 

been calculated using equation 4.4. Figure 4.15 shows the result 

of this calculation. 

4.8.2 The Anisotropy factor 

. ant, 
The anisotropy factor, aQ , is needed to convert the 

centre of mass differential cross-section to the Laboratory frame 

of reference, as follows: 

do(8) _ _do(@) x a sees 
an an" an 

sswes (455) 

  

where 2 indicates the solid angle in the Laboratory system, and 

Q" is the solid angle in centre of mass system. 

' 
The anisotropy factor, s is given by: 

dQ" _ Sin®n aon 
an Singn ddn 

- (4.6)     

where the relation between the centre of mass angle oF and the 

Laboratory angle oe for neutron emission is given by the following 

  

relation: 

ae 2 2 2h 
Cos 8, = y sin 4 cos $, (1 - y° sin’ $,) 

Ve.m. 
where y = om ; 

Figure 4.16 shows the Laboratory and centre of mass reference frames 

for an inelastic scattering event. The neutron anisotropy Boe 

against the neutron emission angle, oe is shown in Figure 4.17 for 

deuteron energies of zero. to 200 KeV in steps of 100 Kev. 

Over the range of interest for the ont the anisotropy factor, 

1 
oe , is approximately constant and close to unity within an error 

of 1.0 to 1.5 per cent.



50 

380 | 

340 

260 

aa
 

(x
ev
/m
g/
en
”)
 

2 oO 

dx
 

180 

140 

100 

  

° 100 200 300 400 500 600 

Ea (Kev) 

Figure 4.15. The energy loss rate of deuteron in 

titanium-tritium target.



Bi 

  

  

  

(A) 

” mV 

mv 
my Hn 
eat en Scum. 2 

rs 

hae 
mV 

n , 

™y 5 

(B) 

Figure 4.16 The illustration of an inelastic event 

in Lab. and C.M. frame of references. 

(A) - Laboratory system (Lab.) 

(B) - Centre of mass system (C.M.)



52 

  

0.9 0.94 0.98 1.0 1.02 1.06 1.1 

ant 
Anisotropy factor an, 

(A) - EB, = 0 

(B) - B, = 100 Kev 

(Cc) - BE, = 200 Kev 

Figure 4.17. The neutron anisotropy factor versus 

neutron angles for incident deuteron 

energies of 0.0, 100 and 200KeV.



4.8.3 The Neutron yield 

With the above information the neutron yield as a 

fuction of deuteron energy can be calculated. The neutron yield, 

y, from deuterons in the energy interval Fy to Fy + diy can be 

obtained using equation 4.3 and it gives the following relation: 

(x) (a) day Sao 

ay 
dx 

x (6, &) 

To obtain the relative neutron yield versus deuteron energy, the 

relation 4.8 was evaluated numerically in l0KeV steps, taking at 

io (8 d 
each step mean values of ra and oa from figures 4.14 and 4.15 

dx 

respectively. The result of this evaluation can be seen in figure 

4.18. 

4.9 The Neutron Beam Profile « 

The neutron beam profile is the relative neutron yield at 

each neutron emission angle. As it can be seen from figure 4.14 

the values of the differential cross-sections depend on the incident 

deuteron energy, E- From the kinematics of the d-T reaction it is 

known that the value of or depends on the incident deuteron energy 

for a certain value of bn where eo, and on are the neutron and 

a-particle angles of emission respectively in the Laboratory system; 

therefore, the neutron yield varies with on: 

The neutron beam profile is found using the information given in 

figures 4.13 and 4.18. 

For each value of ¢ from 76° to 96° inclusive, figure 4.19 

shows the range of Ea contributes to the neutron yield. Figure 4.18 

shows that the intensity of the neutron yield is a function of 

deuteron energy and this figure is then used to obtain the relative 

yield that this range of values of Ea can produce. This is found 

from the area under the curve in the relevant range of Eq The
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Figure 4.18 The relative neutron yield as a function 

of incident deuteron energy.
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resultant neutron beam profile is shown in Figure 4.19. It can be 

seen that the full width at half maximum of the beam profile is 12°. 
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4.10 Gamma-ray detectors 

The two major properties considered in the choice of the 

gamma-ray detector were the detector efficiency, the neutron 

response and sensitivity of the detector. Potentially the two most 

useful detectors for gamma-ray detection are the Ge(Li) semiconduc- 

tor detector and the NaI(T%) scintillator detector. The properties 

of each one reviewed below. 

4.10.1 The Ge(Li) semiconductor detector 

As mentioned in Chapter 3, the interaction processes 

producing secondary ionizing electrons are the photoelectric effect, 

Compton scattering and pair production ea 2 1.02 Mev) a allow 

the y-ray to be detected. The probability of these processes 

increases with the atomic number of the detector material. 

Germanium has an atomic number of 32 and consequently the detector 

has a poor efficiency for gamma-ray detection relative to NaI(T2). 

The great advantage of the Ge(Li) detector is its excellent energy 

resolution, however the detector is very sensitive and susceptible 

to damage caused by continued exposure to fast neutrons. Fast 

neutrons produce crystal defects such as the displacement of atoms 

from their equilibrium sites leaving vacancies and interstitial 

atoms in the lattice. Radiation damage mainly affects energy 

resolution of the detector and its timing accuracy. Mann and 

tatena G0 ive a figure of 10-7 Menerone cut as a typical allowable 

integrated fast neutrons exposure for the Ge(Li) detector. ORTEC, 

manufacturers of Ge(Li) detectors state that a rapid deterioration 

is produced by a fast neutron exposure of more than 10° meutroney cm 

The calculated time for the detector to receive an integrated 

2 
exposure of 10°n/em is about 200h.
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4.10.2 The NaI(T2) Scintillator detector 

Iodine has an atomic number of 127. This makes the 

Nal(T2) a very good y-ray absorbing material relative to the Ge(Li). 

For this reason, and as NaI is a very dense material, 3.67 Sy, 

it has a very good intrinsic y-ray detection efficiency. On the 

other hand, the NaI(T2) detector is sensitive to neutrons. Because 

of the variation of neutron reaction cross-section with energy, the 

neutron response is very energy dependent. For slow neutrons the 

major response is from capture in the iodine. This reaction has a 

cross-section of 7.0 bara‘? for neutrons of 2200m/sec. The result- 

ing y-ray energy spectrum corresponding to 128, is almost continuous 

with a maximum at 6.71 MeV which is the binding energy of neutrons 

The predominant neutron detection mechanism in the fast neutron 

energy range (0.5 MeV to 14.5 Mev) is by inelastic cattevings 

In the lower energy range the induced activity is mainly due to the 

radiative capture with the iodine, and at the high energy end of 

the range, the induced activity results mainly from the (n,2n) and 

(n,p) reactions with the iodine. These reactions, which lead to an 

increase in the background, have a cross-section of 1.3 barn and 

(39) (41) 
0.23 barn for neutrons of 14.5 MeV respectively. Shafroth et al. 

have shown that in NaI (T2) fast neutron capture is significant for 

neutron energies up to about 1.0 Mev. 

van Loef and tina *2) have studied the (n,n'y) process in 

NaI(T2) crystal for neutron energies in the range 0.52 to 3.19 

Mev. 

4.10.3 Choice of detector 

The Ge(Li) and NaI(T2) detectors are sensitive to 

neutrons. The two most significant points favouring the use of 

the Ge(Li) detector are its excellent energy resolution and fast



So 

rising output pulses. The high efficiency of the NaI(TL) crystal 

is its most favourable property and in addition it has low sensi- 

tivity to neutron damage. As a result of comparison between the 

detection efficiency and energy resolution, NaI(T2) scintillator 

detector was used. 

4.11 Gamma-ray detection system 

The gamma-ray detector used in present study was a 

3"x 3"NaI(T2) scintillator which is supplied by Nuclear Enterprises. 

It was optically coupled by a plano-concave perspex plate to a 

Phillips 58 A.V.P. photomultiplier tube which has 14-dynodes and 

is shown in figure 4.20. The dynode resistance chain used to 

supply voltage to the 14 stages of photomultiplier can be seen in 

figure 4.21. The construction of the scintillation detector as a 

whole is shown in figure 4.22. The gain obtainable from a photo- 

multiplier tube depends on the voltage applied between the dynodes 

(55) 
according to the following relation: 

where A is the amplification, K is a constant, depends on the 

material of dynodes, Vg is the potential difference between 

successive dynodes, and finally n is the number of dynodes. 

Therefore a variation in the voltage, V,, between dynodes will 
d 

change the amplification, and stabilization of the voltage supply 

to the photomultiplier tube is important especially for the 

spectrometry measurements. 

4.12 Energy resolution 

The energy resolution of a scintillator detector can 

be measured by observing the ratio of the peak-to-valley of the 

e 60 
two gamma-ray energy lines of “Co gamma-ray source. 

The Philips 58 A.V.P. photomultiplier tube has a photo —
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Figure 4.21. The dynode chain circuit of the 58 A.V.P. 

photomultiplier tube for gamma-ray detector.
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cathode diameter of 1lomm, and this photomultiplier has a much 

better energy resolution than the Philips 56 A.V.P. tubes which 

are used in many other experiments. 

A poor energy resolution with a 56 A.V.P. photomultiplier tube 

is reported by Gupta and Nath, (43) Figure 4.23 shows the spectrum 

- 60 Ae Bhs 
of Co with the 58 A.V.P. photomultiplier tube. As can be seen 

the peak to valley ratio as defined in the figure is 3 to l. 

4.13 Detector Shielding 

Adequate detector shielding is needed, because the NaI 

(T2) scintillator as. was mentioned already is sensitive to neutrons. 

A steel shadow bar is placed between the neutron source and 

detector so that it prevents neutrons coming directly from the 

neutron source entering the detector and causing a high background. 

In addition, the NaI (T%) detector is shielded from the scattered 

neutrons by using lead, boric oxide, and paraffin wax in the shape 

of cylinders, and this construction also shields against spurious 

y-rays. The cross-section of the detector shield, and the effect of 

the shielding materials are shown in figures 4.24 and 4.25 

respectively. The mobile gamma-ray detector shielding construction 

can be seen in figure 4.26. 

4,14 Gamma-ray detector efficiency 

The number of counts in the peak which consists of the 

normal total absorption peak and counts due to some y-rays produced 

originally by the photoelectric effect being degraded in energy Bie 

to Compton scattering which emerging from the sample must be 

corrected for the detector efficiency. 

The full energy peak efficiency oe) is defined as the 

ratio of the number of y-ray counts of energy Ey in the full 

absorption peak to the number of counts of y-rays with energy a
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Figure 4.23. Sketch of £205 y-ray spectrum illustrating 

the peak to valley ratio.
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Figure 4.24. Cross-section of the gamma-ray detector 
shielding.
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Figure 4.25. 
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20 40 60 80 100 Ch.No. 

Mev ee) 

The effect of various degrees of 

shielding in y-ray detector. 

(1) Spectrum with no shield. 

(2) Spectrum with shielded detector. 

(3) Spectrum with shielded detector and shadow bar.



67  
 

| 
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incident on the scintillator. 

The peak efficiency is measured experimentally rather than 

computed by a Monte Carlo technique. In this work the experimen- 

tal measurements are applied to obtain the y-ray detector 

efficiency by the following formula: 

P(E) 
Ch ee ee 

t -F(E, sf ooey 

where ee is the total count in the photopeak, t is the accumu- 

lation time for the y-ray spectrum from a standard y-ray source, 

S is the number of disintegrations of the source per second, and 

eT. is the fraction of disintegrations producing the gamma-rays 

of interest. The value of ee is unity for all the standard 

y-ray sources used except for 13765 where it is 0.935. 

This is because in the decay of 137 G6 ote ee 

£5) 56 

6.5% of the transitions go straight to the ground state of toa 

when no y-ray is emitted. The standard isotopic y-ray sources 

22. 
coe cane Na 2 Co with y-ray energies of 0.662 Mev, used were 

0.835 Mev, (0.511, 1.28) MeV, and (1.17, 1.33) MeV respectively. 

Energy spectra from the y-ray sources were measured with the 

discriminator level set at its lowest level. The numbercf y-ray 

counts in the full energy peak was found by the method suggested 

by Reatn Here the low energy side of the peak was completed 

to be symmetrical with the high energy side. The accumulation 

time, t, was measured by a calibrated stopwatch. Figure 4.27 

represents the result of the experimental measurement which is 

the peak efficiency of the y-ray detector versus incident y-ray 

energy. 

4.15 Gamma-ray energy calibration 

The long lived isotopic gamma-ray sources can be used
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Figure 4.27 Gamma-ray detector efficiency versus 

gamma-ray energy.
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to calibrate the y-ray energy scale up to about 1.3 Mev. Standard 

sources of 1.0UCi activities were used. The four standard y-ray 

sources used are listed in table 4.1. 

  

  

Isotope y (Mev) Half Life 

130 ce 0.662 30 years 

2a 0.835 303 days 

LA 0.511 2.6 years 

{ 1.28 

co ( 1.173 5.26 years 

1.332         

Table 4.1 Standard y-ray sources. 

The pulses are displayed on a pulse-height analyser and were 

found to be linear with energy to within + 1% for the y-ray 

sources used, provided that the count rate in the detector was 

kept constant for each measurement. For the energy calibration, 

the discriminator level, on the Constant fraction discriminator 

was set to zero. The linear line for the y-ray energy is taken 

from the dynode 13 of the 58 A.V.P. photomultiplier tube, and 

after passing thréugh the preamplifier and main amplifier, the pylses 

were gated, and analysed by the pulse height analyser. 

The linear delay, and the linear gate were included in the 

y-ray energy calibration, because a slight decrease of pulse 

amplitude bypassing through these units was noticed. Figure 4.29 

shows the energy line part of the electronic circuitry which was 

used for energy calibration.
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4.16 Time resolution 

In coincidence measurements the minimum resolving time 

which can be obtained without loss of the coincidences events is 

determined by the spread in the apparent time of arrival of the 

Pulses at the coincidence circuit. The function of the coincidence 

circuit is to build up a spectrum of y-ray detector events which 

arrive in the correct time interval after the production of a 

source neutron from the reaction. The electronics circuitry needed 

to provide this were the timing line and the linear line. The tim- 

ing line, deals with time analysis of the detector events, and the 

linear line, deals with energy analysis of the events, and in fact 

the timing line was used to gate the linear line. The time resolu- 

tion available from a scintillator detector depends mainly on the 

characteristics of the output signal from the photomultiplier. The 

spread in delay between the emission of the light pulse by the 

scintillator, and the beginning of the pulse from the photomulti- 

plier is mainly determined by the spread in the delay in emission 

of the first photoelectron by the photo-cathode. It has been 

reported by Post and Saute ae the mean time delay for the 

emission of the first photoelectron can be shown as: 

c Ex ee EH (LAE) B ceceseeee eens ee ee es (4.11) 

where t is the decay time of the scintillator and R is the 

total number of photoelectrons produced by the photocathode . 

Thus to obtain the best time resolution from a scintillator detector, 

the scintillator should have a short decay time and high light out- 

put, and the photomultiplier transit time should be low and in 

addition a high proportion of the light incident on the photo- 

cathode should result in the emission of electrons.



The flight path is chosen so that y-ray and elastically 

scattered neutron events are completely resolved in time. 

7) and Careful consideration of the design of the photocathode 

the first dynode geometry and with the addition of focussing grids, 

proper voltage in the photomultiplier tube will reduce the timing 

error. The Philips 58 A.V.P. photomultiplier tube used in this 

experiment has transit time spread of 1.0 nsec, and a photocathode 

diameter of 110mm. 

Clearly, the time resolution in the coincidence experiment 

-is very important as the better the time resolution the closer the 

detector can be placed to the sample with a consequent improvement 

in the signal to background ratio. 

4.17 Discriminator setting for the a-particle and 

y-ray detector pulses 
  

The spectra of both the alpha-particle and gamma-ray 

detectors were displayed on the pulse height analyser by suitably 

shaping the pulses with the linear amplifier. To check the 

discriminator setting for both the a and y-detectors the two 

electronic arrangements shown in figures 4.28 and 4.29 respectively 

were used. 

The a-particle pulses were discriminated by a level fixed am 

the 1OOMHz Discriminator (ORTEC 436), to eliminate low energy 

noise, but to pass the pulses due to 3.5 MeV alpha-particles from 

the T(a,n) “He reaction. As it can be seen in figure 4.28, the 

a-detector output is amplified by a linear amplifier (ORTEC 485), 

and the resulting pulses gated by the output of the 1OOMHz discrim- 

inator. As the discriminator level was increased, pulses below this 

level were not passed and therefore were not available to open the 

gate. Thus the lower energy region of the spectrum was removed. 

Figure 4.30 shows a pulse height spectrum of a-particles produced 

in the deuteron bombardm 
  

nt of the tritium target. The discrimina-
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Linear 

Amplifier 

      

      
ORTEC 485           

100 MHz 

Discriminator 

y ORTEC 436           
Linear Gate     

ORTEC 426 

      

    
P.H.A.       

Figure 4.28. Electronic arrangement for setting the 

a-particle detector discriminator level.
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ORTEC 113 
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Amplifier ORTEC 463 

ORTEC 485 
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et 
ORTEC 425 ORTEC 426 

P.H.A. —< 

      

Figure 4.29. Electronic arrangement for setting the 
gamma-ray detector discriminator level.
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Figure 4.30 The pulse height spectrum for the 

a-particle with discriminator setting.
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tor level as determined by the above method is shown in the 

figure. 

The gamma-ray discriminator level was set by the same 

technique used for the a-particle discriminator level. The 

detailed electronic system can be seen in figure 4.29. This level 

was set at those values appropriate to the gamma-ray energies 

being investigated in each experiment for removing the low ampli- 

tude pulses due to scattered neutron background coming to the 

y-ray detector. 

4.18 Gamma-ray energy spectrum 

In figure 4.31 an example of the y-ray energy spectrum 

from a small sample of iron at a scattering angle of 45° is shown. 

The intense y-ray peak is that of 0.847 MeV which can be seen 

clearly. Other y-ray energies are also detected, a peak being 

resolved at 1.24 MeV. The 0.847 MeV photopeak is situated on the 

Compton distributions due to the partial detection of these higher 

gamma-rays. In order to measure P(@), i.e. the total counts in 

(B5) t5 used. Covell's method the photopeak, the method by Covell 

for estimating the intensity of a single y-ray in a complicated 

spectrum is to measure a calibrated fraction of the area of the 

total absorption peak. In this method a known fraction of the 

full energy peak was used. A line was drawn across the base of 

the photopeak, as shown in figure 4.32. In order to find the 

total number of the Counts in the peak it is necessary to measure 

a reference spectrum, which should show the y-ray photopeak of 

approximately the same energy with the background subtraction. 

Then the fraction of the total count above the line drawn in 

figure 4.32 can be determined. 

For example, the reference source for the energy spectrum of 

iron sample used was eau with a photopeak energy of 0.835 Mev.



ae 

Counts 
per 
channel ~ 

  
20 40 60 80 100s Ch. No. 

0.84 1.24 1.81 

E_ (Mev ye ) 

Figure 4.31. A typical spectrum of gamma-ray energies 

from small iron sample (scattering angle 45°).
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Chapter 5 See SS 

5. Experimental Results 

5.1 Introduction 

In order to explain the results it is necessary to account for 

the changes in the y-ray spectrum that take place both between the 

small and large samples and between different angular positions of 

the detector. The first part of the present chapter presents the 

experimental results in this area. The second part of the chapter 

deals with the variation of effective gamma-ray production cross— 

section with scattering angles. 

5.2 Experimental method 

The energy spectra measurements are taken at several angles in 

the range of 0° to 90° in order to obtain the required data. The 

Pulse-Height Analyser is put in the 'Add' mode for the period of a 

run with a fixed number of o-particles coincident with the neutron 

emission from the d-T reaction. During this time period which is 

measured by a calibrated stopwatch, the scattering sample must be 

in place in the neutron beam. Therefore, the pulse height spectrum 

which is obtained represents the gamma-radiation from ches scatterer, 

together with the background radiation which is defined here as the 

total radiation coming from the experimental equipment and other 

sources except from the scattering sample. F 

In order to remove the background radiation from the spectrum, 

the scattering sample is removed frem the neutron beam, and the 

pulse-height analyser is set in the 'subtract' mode for the same 

number of d-particles counts in the a-monitor as for the 'Add' 

mode. In this mode the pulse height analyser subtracts only 

detected radiation not coming from the scatterer from the previous 

spectrum; therefore, at the end of run, only radiation due to the



presence of the scattering sample is recorded. 

This procedure is repeated until sufficient data for statis-— 

tical accuracy is accumulated. Data was taken for both the small 

and large samples in this experiment. 

5.3 Iron samples 

The iron sample is an alloy containing approximately 90% iron 

and the other materials are nickel and those amounts of impurities 

such as carbon and oxygen. The nickel, oxygen, and carbon caused 

no interference with the experiment due to the small amounts 

present and the different y-ray energies they produce. The small 

iron sample is a square flat plate of 14.0cm dimensions, and 2.0cm 

thick, while the large sample is rectangular in shape of dimensions 

32cm x 3lem x 4cm thick. The iron,sample has its natural isotopic 

abundances, and there is negligible interference from the other 

isotopes except oe 

Table 5.1 shows the natural compositionsof iron. 

  

  

Isotope Abundance 

S46 5.82% 

. 
56n6 : 91.66% 

5 T 065 2.19% 

58 a5 0.33%       
  

Table 5.1. Isotopic abundances of Tes
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5.3.1 Experimental procedure for the iron samples 

Both the small and Large scattering samples of iron 

were placed on a vertical stand at a distance of 25.0cm from the 

neutron target, so as to subtend completely the neutron beam. 

The sample face was placed perpendicular to the central axis 

of the neutron beam. Figure 5.1 shows the position of the large 

scattering iron sample in the experimental arrangement. 

In the procedure of data accumulation mentioned in section 5.2 

to subtract the background radiation from the spectrum the iron 

sample was removed from its position. 

5.3.2 Experimental results for the y-ray spectra 

from the iron samples. 

The gamma-ray energy spectra for the small iron sample 

were accumulated for five scattering angles : 30°, 45°, 60°, 75° 

and 90° respectively. Figure 5.2 shows the 60° gamma-ray spectrum. 

This is typical of the y-ray energy spectra from small iron sample 

except that at the lower scattering angle the intensity of the peak 

was noticed to be larger, and this is illustrated in figure 5.3 

which shows the 30° gamma-ray energy spectrum. 

In the case of the large iron sample, again the measurements 

were recorded for all the previous angles from 30° to 90°. A 

typical gamma-ray spectrum for the large scattering sample at the 

scattering angle of 30° is shown in figure 5.4, and as can be seen 

from this figure, the photo-peak of the large sample is now spread 

out and extends to lower energies due to the emitted gamma-rays 

being Compton scattered before escaping from the sample. Figures 

5.5 and 5.6 show the gamma-ray spectra for the large scattering 

iron sample at the scattering angles of 45° and 60° respectively. 

4 the spectra obtained from the small sample contain a pronounc— 

ed peak due to gamma-rays from the transition of the 0.847 Mev
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Figure 5.1 The target assembly with the large scattering 

sample of iron in position.
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Figure 5.2. The gamma-ray energy spectrum from 

small iron sample, (scattering angle 60 ve
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Figure 5.3. The gamma-ray energy spectrum from 

small iron sample (scattering angle 30°) *
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Figure 5.4 The gamma-ray energy spectrum from 

large iron sample, (scattering angle 30°).



  
iron sample (scattering angle 45°).
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Figure 5.6 The gamma-ray energy spectrum from large 

iron sample (scattering angle 60°)
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level to the ground state of es 

At higher y-ray energies the statistics are not good enough 

to be able to see the other peaks. However, in all the spectra 

measured at the different scattering angles an indication of the 

presence of peaks at the expected y-ray energies 1.24 Mev and 1.41 

MeV and 1.8 MeV are found. The level structure of 56n6 is shown in 

figure 5.7 taken from Rano?) 

5.3.3 Possible competing reactions for the interactions 
of neutrons and iron. 

The total non-elastic cross-section for neutrons of 

(66) 
14.1 Mev with 6r6 is given by Stehn et al. as 1.36 + 0.03 

barns. 

The (n,2n) reaction may result in the emission of y-rays of 

energy 0.805, 0.930, 1.21, and 1.316 MeV which has been reported 

7 a 
by Lederer et al. cen) The cross-section for this reaction is 

440 + 90mb. (Ge) 

The cross-sections for the (n,p), (n,n p) and (n,a) reactions 

(és) (69) ana 60 (82) 
are 112 + 6 78 + 40 mb respectively which com- 

paring withthe cross-section for (n,n') with the value of 620 + 

160 mb (68) 
are negligible. 

2 56. 55 : 
The reaction Fe (n,d) Mn may yield y-rays of 0.983 and 

0.857 Mev. 

The gamma-ray energies from (n,2n) and (n,d) reactions cannot 

be resolved from the 0.847 MeV by the system used.



2.9597 MeV 

89 

  

2,940) SY   

266577   

2.08505¥2¥.   

97%   100% 

  
  

MeV 
0.84675: 

33 

Fig. 5.7 Level structure of Fe 

    008   
  

(65) 

and transition probabilities.
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5.4 LiF Samples 

The LiF compound powder sample was compressed into a stainless 

steel can of the dimensions 12 cm x 10 cm x 2 cm with wall thickness 

of 0.2 mm for the small sample, and into a stainless steel can of 

dimensions 38 cm x 25 cm x 6.25 cm for the large size sample. 

The LiF powder is 99% pure. Thus impurities in the samples 

are negligible. 

The reason for not choosing natural elemental Li is because of 

its high chemical activity especially with water and the potential 

danger of using it in reasonably large amounts. The LiF sample has 

its natural isotopic abundances, however there is negligible inter- 

ference from all the isotopes except Tha, and 19, Table 5.2 shows 

the natural compositions of lithium and fluorine. 

5.4.1 Experimental procedure for the LiF samples 

Both the small and large scattering samples of LiF were 

placed on a vertical stand as in the case of iron samples at a 

distance of 25 cm from the neutron target; the sample face is 

positioned perpendicular to the direction of the incident neutron 

beam. 

Figure 5.8 shows the position of the small size LiF sample on 

the vertical stand in the Laboratory. 

In the data accumulation which is described in section 5.2 for 

subtracting the background radiation from the energy spectrum the~ 

LiF sample is replaced by a dummy sample consisting of the sample 

container only.
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  faa! 

y 4 Figure 5.8 The target assembly with the small scattering 

sample of Lithium fluoride in position. 
j 

h 

: 
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Nea isotope Abundance ae isotope Abundance 

Sa 7.56% 19, 100% 

Tea 92.44% 

      
  

Table 5.2 Isotopic abundances of Nut and e F. 
a 
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5.4.2 Experimental results for the y-ray spectra 

from the LiF samples 
  

Figure 5.9 shows the y-ray spectrum from the small LiF 

sample accumulated at the 30° scattering angle. The 0.48 MeV peak 

is attributed to the y-ray transition between the first excited 

level and ground state of Ca, and the peak about 1.3 MeV corres-— 

ponds to the y-ray cascade from the inelastic scattering of neutrons 

with 19, 

The level structure of both the 7,484) and 19 50) are shown 

in figures 5.10 and 5.11 respectively. For the large scattering 

sample of LiF as in the case of small sample the energy spectra 

measurements were recorded for the same scattering angles as for 

large iron sample. Figure 5.12 shows a typical y-ray energy 

spectra at a scattering angle of 60°, and as can be seen from 

figure 5.12 similar to the results obtained from large iron sample 

the photo-peak of the large sample is now spread out and extends 

to lower energies due to the emitted y-rays being Compton scatter- 

ed before escaping from the sample. Figures 5.13 and 5.14 show 

the y-ray spectra for the large scattering LiF sample at the 

scattering angles of 45° and 30° respectively. 

For the LiF sample data was accumulated for a longer time in 

comparison to the iron sample, and this is because of the differ- 

ence in the inelastic cross-section of the reactions. 

5.4.3 Possible competing reactions for the interactions 

of neutrons andLiF. 

It is possible that the (n,a) and (n,2n) reactions in 

Ta may result in the emission of y-rays which either cannot be 

resolved from the 0.48 MeV y-ray, or they do not interfere with 

this peak. The cross-section for (n,a) reaction drops rapidly with 

incident neutron energy just beyond threshold for inelastic 

scattering of neutrons with Tag for the excitation of 0.48 MeV



94 

600 f 

500 

400 

Counts 

per 
channe 

200 » 

100. 

  

° 20 40 60 80 100 Ch.No. 

0.48 Led : (Mev) 

Figure 5.9. The gamma-ray energy spectrum from 

small LiF sample (scattering angle 30°).
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Figure 5.12 The gamma-ray energy spectrum from 

large LiF sample (scattering angle 60°)
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Figure 5.13 The gamma-ray energy spectrum from ae 

large LiF sample (scattering angle (i)
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C71) 
level. This case has been reported elsewhere. The cross- 

section of (n,2n) reaction for Te at 14.0 MeV has been measured 

by Catron et al. (72) The cross-sections for (n,d) and (n,p) 

reactions at 14.0 MeV neutrons are reported by Battat and Guise. 

as 9.8 + 1.1 mb and 5.0 mb respectively, and these are small in 

comparison with the cross-section for the Tha (n,n'y) reaction at 

14.0 MeV neutrons of the order of 80 + 9 mb reported by Benveniste 

et ak. Ga) 

5.5 Calculation of the differential cross-section. 

5.5.1 Introduction. 

In order to find the differential y-ray production cross—- 

section per unit solid angle from the experimental data, the raw 

experimental data which could be obtained are the gamma-ray energy 

spectra, and the time integrated associated a-particles in a period 

of measurement at a fixed scattering angle. For small samples the 

differential cross-section was measured for a certain y-ray energy, 

but for the large samples the differential cross-section was 

measured for y-rays in various energy ranges, because of the large 

Compton distribution in the energy spectra resulting from the effect 

of multiple scattering in large samples. 

5.5.2 The Gamma-ray differential cross-section. 
  

Considering a flux of > neutrons per second incident 

onto the sample, and G(6) the number of counts in the full y-ray ‘ 

energy peak in a unit solid angle at a fixed scattering angle 8 

produced, per unit time, in a scattering sample containing N nuclei, 

the differential cross-section is defined by the following 

relation: 

 



lol 

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

da (8) 
a is the differential cross-section. is incident and 

By considering the y-ray energy spectra the number of gamma- 

‘rays in a given energy range or in the photopeak detected during 

the period of a measurement can be obtained. In the absolute 

measurement of a differential cross-section for the small samples 

of iron and LiF the photopeak total count, i.e. P(@) has to be 

corrected for the detector efficiency, and for the absorption of 

the y-rays by the scattering sample to obtain the absolute y-ray 

yield. In the case of small iron sample the y-ray of interest is 

that of 0.847 MeV, which is clearly resolved. The 0.847 MeV 

photopeak is situated on the Compton distributions due to the 

partial detection of higher y-ray energies. To obtain the total 

countsin the 0.847. MeV peak, the counts under the peak due to 

these Compton distributions must be subtracted. A method for the 

subtraction of Compton distribution y-rays or backscattered, etc. 

from the peak counts is referred to "stripping" method. In this 

method the full energy peak count of the higher y-ray energy 

present can be determined, and then a point by point subtraction 

of the spectral shape corresponding to the intensity of the y-ray 

is made from the composite spectrum. For this method monoenergetic 

y-ray response functions for each of the y-ray present must be 

known. - 

This process cannot be applied in this work, because there 

may be other y-rays which their photopeaks are unknown, and the 

Compton distribution accompanying them cannot be estimated. 

To find the full energy count for the small samples a method 

py covel1'4®) was used. (described in Section 4.18) 

In addition to the corrections for total counts, several other 

sources of error must be taken into account which have been
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discussed in detail by Allenby! 30 and here. these factors will be 

mentioned briefly only to explain the formula used in calculating 

the differential cross-sections. 

The differential cross-section per nucleus for the production 

of a y-ray of energy ee after applying all the correction factors 

can be written as: 

ag (8) P(8) 
“ = S(0,ED . 6(0) oF F an e(B) ) 9 (8) Loe Nie 262 (5.2) 

where in the above formula Ete) is the detector efficiency and 

etecE) is the correction factor for the y-ray absorption in the 

sample, and in fact it is the fraction of the y-rays escaping the 

sample. 

The neutron flux $(8) is given by the a-monitor count. How- 

ever, the a-monitor count has to be corrected for two effects. The 

corrections are for background radiation in the detector and for 

neutron absorption in the target assembly. 

The Fy correction factor is related to background correction. 

The background correction can be divided into two parts. The 

first part is due to the detection of source neutron and radiation 

promptly emitted in fast neutron interaction with the material of 

target assembly and the second part of the correction is for the 

detection of y-rays and f-particles resulting from the activation 

of the target assembly. Immediately after switching off the 

deuteron beam, after each run, the background count rate in the 

aQ-monitor was noted. This background was entirely due to the 

y-rays and B-particles emitted by the active target assembly 

material. It was found that a fraction 0.055 of the a-particle 

count was due to this background, therefore to correct for this 

effect, the neutron flux must be multiplied by EF = 0.945 + 0.005
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(this fraction is constant in the range of target currents used 

to within + 0.005). 

The correction factor, For is for absorption of neutrons in 

target. The fraction of neutrons escaping the target assembly, 

before reaching the scattering sample is given by: 

(5.3) 

  

exp - (pe ZR + x, (3, + 1,)) az 

because neutrons from the d-I reaction must pass through the target 

assembly which consists of 2.50 mm. of steel and 1.30 mm. of water 

used for cooling the target. pe and xy are the thicknesses of 

steel and water respectively, and Z's are the macroscopic cross- 

sections for non-elastic scattering. In the present case 

Fo = 0.939 + 0.048 where the error + 0.048 is mainly due to 

uncertainties in the cross-sections. 

aaa) is the fraction of the total y-ray yield produced in 

the sample, which escapes from the sample at a scattering angle 6. 

The calculation of the correction factor Ber, for the self 

absorption when the scattering sample plate is placed at 45° to the 

neutron beam direction has been described by econneme”) 

When the scattering sample is positioned perpendicular to the 

neutron beam direction, which is the case of the present experi- 

ments, the y-rays escaping at small scattering angles would . 

traverse a comparatively short distance in the sample, while 

yY-rays escaping at 90° to the incident neutron beam will traverse 

the length of the sample. 

The self absorption factor S(0 ee at the scattering angle 

Oo : 
6 = 90 gives the relation: 

“Hx 

ERAS pee a acioceesuniambunc sete (5.4) y x
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where x is the length of the sample, and wy is the absorption 

coefficient for a given gamma-ray energy in a given sample 

material. 

N' is the number of nuclei of the isotope of natural element 

in unit volume of the sample material, and it is given by: 

N pr 
° 

‘os 
7 Aw 

  {5.5) 

  

where No is Avogadro's number, p is the density of the sample 

material, Aw is the atomic weight of the relevant isotope, and I 

is the fractional abundance of the isotope. 

For calculating the values of N' for each isotope the density 

(p), fractional abundance (I) and atomic weight (Aw) were obtained 

from the Handbook of Chemistry and Physics. °”) 

X is the weighted sample thickness, which is defined by the 

following relation: 

eae epan mn ee Ste) 
zy ce 

where i indicates the labels of the different values of the 

neutron scattering angles. 

The weighting fraction, fj; is proportional to the area under 

the neutron beam profile curve (fig.4.19). 

x, is the sample thickness at different scattering angles of, 

neutrons. The result of the above sum calculation gives the 

relation: 

x = (1.610 + 0.087)b oscc eos (5.7) 

where b is the sample thickness. 

The reason for calculating x is that the neutron beam incident 

on the scattering sample is divergent, and the thickness of sample 

traversed by the neutron beam differs for different neutron scatter- 

ing angles.
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Boye The gamma-ray differential cross-section 

for small and large iron samples. 

The equation 5.2 used to evaluate the absolute gamma— 

ray differential cross-section for both the small and large 

scattering samplesof iron. The measured values of the gamma-ray 

differential cross-section of the 0.847 MeV gamma-ray following 

the inelastic scattering of 14.0 MeV neutrons from the small iron 

sample are given in table 5.3. The gamma-ray differential cross- 

sections for various gamma-ray energy intervals in the case of 

large iron sample are given in table 5.4. The experimental errors 

in the results are given for completeness before they are discussed 

in section 5.5.3. 

  

  

8 Cos 8 CD aye 
| 

30 0.866 67.5 = 61 

45 0.707 74.4 + 5.6 

60 0.500 70.5 + 5.3 

75 0.259 64.2 + 4.8 

90 0.0 60.0 + 4.6         
  

Table 5.3. Values of the differential 

cross-section for production 

of 0.847 MeV y-ray from Pea.
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555.22 The gamma-ray differential cross-section for 

small and large Lithium fluoride samples. 
  

  

The differential cross-section results for the produc— 

tion of 0.48 MeV gamma-rays in the interaction of 14.0 MeV neutrons 

with Unt for the small sample are given in table 5.5 and in the case 

of large sample the gamma-ray differential cross-section for various 

gamma-ray energy intervals are shown in table 5.6. 

  

  

  

8 cos 0 one) BD) oe 

30 0.866 11.5 + 0.9 

45 0.707 14.2 + 1.1 

60 0.500 i5¢5 91.2 

75 0.259 15.0 41.2 

90 0.0 14.1 $1.1           
Table 5.5. Values of the differential 

cross section for the production 

ek 
of 0.48 MeV gamma-rays from Li 

using the small lithium sample.
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aa(0) mb 
aaa /st 

@ | cs ° | = 0.48 - 0.36 |x = 0.36 0.24 |z., = 0.24 - 0.16 
Y  @ev) Y (Mev) Y (Mev) 

30 | 0.866 22.5 41.8 25 2 Sr 37.2 $ 3.1 

45 | 0.707 27.2 £ 2.2 30.1 + 2.4 42.54 3.4 

60 | 0.500 32.4 + 2.6 36.0 + 2.8 46.2 3.7 

75 | 0.259 29.5 + 2.3 33.5 + 2.6 43.4 + 3.5 

90 | 0.0 25.0 + 2.1 | 31.3 42.5 ,| 38.04 3.0         
  

Table 5.6 Values of the differential cross-section for various 

gamma-ray energy intervals from lithium, using the 

large lithium fluoride sample. 
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5.5.3 Experimental errors 

| The experimental errors in the factors of the equation 

5.2 used to calculate the differential cross-sections, and also 

the total errors are listed in table 5.7 for iron sample, and in 

table 5.8 for LiF sample respectively. 

In order to obtain the total error in the differential cross- 

sections, the individual errors are added quadratically. 

The results of these errors are shown by the error bars in 

angular distribution curves obtained from the measurements. 

5.6 Angular distribution 

5.6.1 Angular distribution for iron samples 

From the analysis of the gamma-ray spectra for both 

the small and large scattering samples of Be described in Section 

5.3.2 the differential cross-sections for the production of the 

relevant gamma-rays were obtained. 

In the case of small iron sample the.differential cross- 

section for the production of 0.847 MeV gamma-ray was calculated. 

The result of the calculation is shown in figure 5.15. Also the 

result of the present calculation has been compared with the 

results of other workers. e757 76) 

The differential cross-section values resulting from the 

present experiment and from these other workers are shown in 

figure 5.16 and are seen to be in good agreement. 

The solid curve represents a least squares fit to the experi- 

mental data points of the legendre polynomial expansion of the 

form: 

ae = s' A cos8 a +S. Py (cos8) + 4 Pa (co: 

where PS (cos§) and Py (cos®) are the second and fourth order
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0.96 0.86 0.70 0.50 0.26 0.0 e 

Cos (8) 

Figure 5.15 The angular distribution for production of 0.847 MeV 

y-ray from small iron sample in the present work.
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aL, 0.96 0.86 0.70 0.50 0.26 ° 
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Figure 5.16 ‘he angular distribution for production of 

0.847 Mev y-ray from small iron sample. 

X - Present work 

O = Ref.75 

& - Ref.76
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Factor Error 

P(6) 4.0% 

e(E,) 5.0% 
v 

S(6) 2.0% 

(6) 0.1% 

=) oF 0.5% 

Fo . 0.5% 

Nt 2.1% 

x 3.0% 

Total error 7.64%       
Table 5.7 The experimental errors 

for iron sample.
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Factor Error 

P(8) 3.0% 

e(E_) 5.0% 
‘ x 

$(8) 3.5% 

(0) 0.18 

RB 0.5% 

FO 0.5% 

N' 1.5% 

x 4.0% 

Total error 8.06%       

Table 5.8 The experimental errors 

for lithium fluoride sample.
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legendre polynomials, and Ayr A, and A, are constants. 
2 

Equation 5.8 was fitted to the differential production cross- 

section measurements for the Fo ee (amnty) oe; 0.847 Mev y-ray as 

described in appendix D. 

The error bars shown in the angular distribution measurements 

represent the experimental uncertainties calculated as described in 

section 5.5.3 and shown in table 5.7. For the large scattering 

sample of iron the differential cross-section for the various energy 

regions of the y-ray energies have been calculated, and the results 

of these calculations are shown in figure 5.17. No references to 

similar measurements could be found in the literature. Several 

points are mostly of note, firstly, the cross-section values for 

the large sample of iron are larger than the values obtained for 

small sample. Secondly, in the lower regions of the y-ray energies 

in the large scattering sample the y-ray differential production 

cross-sections have larger values, and the reasons for these 

notices are because of the effect of neutron multiple scattering in 

large sample, which causes more gamma yield and, as a result, 

larger differential cross-sections values. 

5.6.2 Angular distribution for LiF samples 

From the analysis of the gamma-ray spectra for both the 

small and large samples of LiF described in Section5,4.2 the 

differential cross-sections for the production of the y-ray from 

the samples were obtained. 

For small LiF sample the differential cross-section for the 

production of 0.48 MeV gamma-ray from ea was calculated. The 

result of the calculation is shown in figure 5.18, and the result 

of the present calculation has been compared with the measurements 

( 60,61) 
of other workers. and can be seen in figure 5.19. 

The differential cross-section measurements from the other
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Z 0.96 0.86 0.70 0.50 0.26 ° 

Cos (8) 

Figure 5.17 The angular distribution for various y-ray 

energy intervals from the large iron sample. 

(A) : 1.2 - 1.0 Mev, (B) : 1.0 - 0.8 Mev, (C) : 0.8 - 0.6 MeV, 

(D) : 0.6 - 0.4 MeV, (E) : 0.4 - 0.2 Mev.
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de 0.96 0.86 0.70 0.50 0.26 ° ; 

Cos (8) 

Figure 5.18 The angular distribution for production of 

0.48 MeV y-ray from oa using the small 

lithium fluoride sample in the present work.
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a 0.96 0.86 0.70 0.50 0.26 

Cos (8) 

Figure 5.19. The angular distribution for production of 

0.48 MeV y-ray from Ta, using the small 

lithium fluoride sample. 

X - present work 

O - Ref.60 

e - Ref.61
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workers and the present experiment are seen to be in good agree- 

ment. Again, as in the case of iron sample, the solid curve 

represents a least squares fit to the experimental data points of 

the legendre polynomial expansion, and the error bars in the 

measurements show the experimental uncertainties described in 

section 5.5.3 and shown in table 5.8. 

In the case of large sample of LiF, the differential cross- 

sections for the various energy regions of the y-ray energies were 

calculated. The results of the calculations for the large sample 

can be seen in figure 5.20. 

As mentioned for the large iron sample no experimental 

measurements similar to the present experiment for large LiF sample 

could be found in the literature for comparison. The same two 

points of significances mentioned for the large samle of iron were 

noticed in the case of large LiF sample as well, and it can be seen 

through figure 520.
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60 

20     
Hols 0186 © for70 0.50 0.26 

cos (6) 

Figure 5.20 The angular distribution for various gamma- 

ray energy intervals from the large lithium 

fluoride sample. 

(A) : 0.48 - 0.36 Mev, (B) : 0.36 - 0.24 Mev, 

(Cc) : 0.24 - 0,16 Mev.



Chapter 6 

6. Comparison of theory and experimental results 

6.1 Multiple scattering of neutrons in an extended sample 

The effect of multiple neutron inelastic scattering on the 

y-ray production cross-section is to cause an increase in the 

y-ray yield, due to the effective increase in the neutron flux. 

The probability of multiple scattering depends on the size of the 

sample and on the scattering cross-section of neutrons with the 

sample materials. 

The dependence of neutron multiple scattering on the sample 

size has been reported by may) 2 onto has measured the 0.847 Mev 

gamma-ray production cross-section in the inelastic scattering of 

2.6 MeV neutrons with iron samples of different sizes. In his 

investigation only the effect of the second neutrons scattered 

has been taken into account. 

Figure 6.1 shows the effect of second scattered neutrons in 

the total y-ray production cross-section and neglecting the 

effect of multiple scattering. In both cases the total cross- 

sections have been plotted against the sample thickness. From the 

result of this work it was found that the multiple scattering is 

appreciable for thin scattering sample in the range of about 0.1 

she) who states that m.f.p., and this is in contrast to Walt 

multiple scattering is not appreciable for scattering samples less 

than about 0.2 m.f.p. thickness. 

In the present study the thickness and the dimensions of the 

scattering samples are such that the effect of multiple scattering 

is significant. The usual theoretical technique for predicting 

the effect of multiple scattering is the Monte Carlo technique. 

This is discussed in the following section.
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production cross-section with different. sized samples 

for ©°Fe(n,n'y) °°Fe 0.847 MeV level. 
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6.2 Summary of the MOnte Carlo method in general 
  

The Monte Carlo method consists, in essence, of performing a 

theoretical experiment with a large number of incident neutrons on 

a scatterer, and to decide when a neutron suffers a collision, in 

which direction it is scattered, what its subsequent history might 

be, the result then represents a possible series of neutron life 

histories, and only needs to be extended to sufficient cases to 

give a satisfactory statistical sample. The usefulness of the tech- 

nique has been greatly extended by the advent of high speed 

computers. 

This method enables not only calculation of the results of a 

single collision, but also actually follows out step by step the 

development of what may be called a nuclear cascade. 

The Monte Carlo method is a statistical technique used in 

analysis of some types of physical and mathematical process. 

The transport of neutrons and y-rays in a reactor and shield 

is an example of a physical process, which can be conveniently 

handled by this method. Average properties of neutrons and y-rays 

such as absorption cross-sections, flux, leakage, and life history 

are determined in this approach by tracing individual histories 

chosen from the appropriate probability distributions. Thus, it 

is necessary to determine regions containing particles, distances 

to collisions, types of collisions, changes in particle directions, 

and energy after a collision, and conditions for termination of 

each particle history. 

By tracing neutron histories by a Monte Carlo approach, the 

effect of the multiple scattering and flux attenuation may be taken 

into account. Monte Carlo multiple scattering programmes have 

served their purpose as a useful tool for calculating the theoreti- 

cal basis to experimental data, but their utility has been greatly



» restricted by the large computing effort required. Several Monte 

Carlo multiple scattering programmes (00) are in use, but none 

of them are suited to the present use. In first place they are 

very large computer programs, and secondly a considerable number 

of revisions would have had to be made in the programs to adapt 

them to the present particular problem. Hence a simpler Monte 

Carlo approach working from first principles was adapted. 

6.3 Calculation procedure for multiple scattering by a 

Monte Carlo approach. 

In the present case the sample thickness was divided up into 

a grid of one centimeter squares. The fraction of neutrons inter- 

acting at each grid point was considered. (See Fig.6.2) 

In order to simplify the calculation, neutrons were considered 

to move only along the grid linesafter each interaction, 

In this case ae = aw is the fraction of neutrons remain- 

ing in any one centimeter step, and re (lL = ay is the 

fraction of neutrons interacting. 

The fe fraction continues in the forward direction. 

In order to reduce the calculation to manageable proportions 

it was assumed that once the neutron flux at a given point had 

fallen to tn00 of its initial value, it could be neglected. 

Assuming n reactions, and four possible directions along grid 

lines, to find the value of n for the case of iron sample, it can 

-E,,n 

be calculated from the relation a) a which in this 

4 100 

relation tis the total macroscopic cross-section, and is given by: 

m= Se (6.1) € nis ialnse oe) s}minve e, 6 #)e/s\si9.8'sieieie\si6iace 

A 

where Ny is the Avogadro's number, 9 is density, and A is the atomic 

weight of the element. 0,4 is the total microscopic cross-section 

of neutron interactions with the element. The result of the
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(Cm) 

        

  

Figure 6.2. A schematic of the possible cases of 

neutron interactions in one centimeter 

step along the grid lines.
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calculation for the value of n, in the iron sample is three. 

Hence only three interactions per neutron are considered and the 

possible neutron interactions in one centimeter steps and along 

the grid lines for a 4.0 cm. thick iron sheet are shown in figure 

6.2, for one incident neutron point. 

fhe solid line traces those neutrons which interact at points 

A, B, E and also on the left side at the points A, oy, E)- The 

dotted line traces interactions which occur at the points A, D, E 

and A, D, Ey 

The line shown (-.-.-) traces the interactions which occur at 

points A, D, F and A, B, C and A, Bue c = ay is the fraction of 

neutrons remaining after the first interaction at point A, and can 

be found by fy = eis) » and at this point (1 - £,) is the fraction 

of neutrons interacting, and since there is the possibility of four 

grid line @irections from point A, then at points B and Bye the 

fraction of remaining neutrons will he s and the fractions of 

neutrons interacting at these two points will be =o a= £,) where 

£5 is the fraction of neutrons remaining’ in these points. However, 

in the forward direction, i.e. at point D, the fraction of neutrons 

remaining will be es 4+ £,), and the fraction of the neutrons 

4 
interacting at this point is ca £5 £,) (lL - z0, where again £ is 

4 2 

the fraction of the neutrons . remaining at point D. Identical 

arguments allow the number of neutrons at each point to be calcula- 

tea and the overall fractions of the neutrons interacting at each 

point can be found. Energy of the neutron changes after each inter- 

action, therefore the value of = changes at each point. In 

in 

addition, the value cof 2 is not the same in all directions 
in 

because the angular distribution of inelastic scattered neutrons 

are mostly forward peaked and markedly anistropic. Statistical 

theory preicts that the angular distribution is symmetric about
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the 90° angle, provided that the levels of the compound nucleus 

are closely spaced. 

In order to use the values of tn in the above calculations it 

is possible to find the os values for a defined range of angles 

from a differential cross-section's curve and then weighted the 

inelastic cross-section values to obtain the average value for 

calculation. 

The gamma-ray yield from the inelastic scattering of neutrons 

with an element can be found from the relation shown below: 

oO 
_ _ gh (x - Ljcosé in 

Yn = Ne e( e y VE ) ener alee) 

. 

where a is the number of incident neutrons at a point on the 

scatterer, £ is the fraction of the neutrons interacting at point 

A, x is the sample thickness, 1) is the absorption coefficient of 

yY-rays in an element, which is a factor of atomic number of the 

element and the y-ray energy. 9 is the angle of outgoing y-ray 

with respect to the incident neutron direction, and finally OTe 

is the microscopic inelastic scattering, 9, is the total micro- 

scopic cross-section and Yn is the y-ray yield at point A. 

Now as it can be seen from figure 6.2, the total number of 

y-rays resulting from the inelastic scattering of the neutrons in 

many points in the sample and leaving the sample towards the y-ray 

detector can be found by summing the number of yrays from 

different points. 

In order to find the total number of y-rays reaching the 

detector at different detector positions, many factors must be 

known, such as the distance between the scatterer and detector, 

the length of the scatterer illuminated by neutron beam, the 

diameter of the NaI(T2) crystal, the angles between the detector



and the direction of the incident neutron beam, and other 

necessary factors. These factors are all included in the Monte 

Carlo type Computer programme which is prepared in Algol language 

and shown in appendix C. 

6.4 Comparison of theory and experiment for large iron sample 

For comparison of the energy spectra, as predicted by the 

multiple scattering theory described in this chapter with the 

experimental results, all of the energy spectra have been normalised. 

Figures 6.3 to 6.5 show the normalised energy spectra from 

large iron sample at three different angles, i.e. 30°, 45° and 60°, 

resulting both from the theory and from the experimental measure- 

ments. 

The solid curves are the theoretical predictions and the 

exosses are the experimental results. The uncertainties given in 

the experimental results are absolute, and include both statistical 

and systematics errors. 

6.5 Comparison of theory and experiment for large LiF sample 

In order to compare the energy spectra obtained from the large 

size LiF sample as predicted by the multiple scattering theory 

described in this chapter, with the experimental results, the 

energy spectra have been normalised. 

Figures 6.6 to 6.8 show the normalised energy spectra from 

large LiF sample for the 0.48 MeV gamma-ray from ca at three 

different angles of 30°, 45° and 60°, resulting both from the 

theory and from the experimental measurements. 

Again, as in the case of large iron sample, the solid curves 

represent the theoretical predictions, and the crosses are the 

experimental measurements.
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6.6 Conclusion 

From the comparison of the theory and the experimental 

measurements obtained in Chapter 5, it can be seen that the over- 

all shapes of the experimental y-ray energy spectra are reasonably 

well represented by the theoretical prediction. So it can be 

concluded that the multiple scattering theory produces a good 

prediction of the experimental measurements notwithstanding the 

very simplified approach used.



Chapter 7 

7. ‘Introduction to Part II 

Onemain reason for shielding a reactor is that the radiations 

emitted are biologically harmful. A reactor can produce practi- 

cally all types of nuclear radiation which may be classified into 

two groups, charged and neutral particles. The charged particles, 

because of their strong interactions with the material through 

which they pass, do not travel great distances, and present no 

particular shielding problem for reactors. This includes the 

fission fragments, a and ®-particles, and protons, deuterons, etc. 

On the other hand, the radiations that do not interact as strongly, 

the neutrons and y-rays, penetrate further and present problems 

where personnel protection is concerned. In fission two fission 

fragments are formed, two to three fast neutrons are released and, 

in general, two prompt-fission gammas having a total energy of 

about 7.0 MeV are produced. Fission fragments are radioactive, 

and in decaying, they produce B-particles and decay gammas. The 

fast neutrons suffer scattering of two types, inelastic, which 

produces gammas, and elastic. These two processes eventually 

result in the slowing down of the neutrons, and their capture. 

When the neutrons are captured they produce excited compound 

nuclei which, in turn, give off capture gammas and, if in addition 

they are radioactive, they in turn emit decay gammas. All of the 

preceding processes result in a great deal of gamma radiation, 

which is produced in some cases directly in the fuel and in other 

cases throughout the reactor and reactor shielding. This gamma-— 

radiation must be absorbed. The secondary y-rays, which are 

formed as a result of the inelastic scattering of the neutrons or 

their captures, arise at various places throughout the reactor 

and their locations, as well as their intensity, must be taken



into consideration. A neutron or gamma-ray may be completely 

absorbed in the first collision it makes, or may frequently 

suffer large changes in energy and direction in a single collision. 

As the average distance between collisions is characterised by the 

"mean-free-path" and the probability of collision is exponential, 

there is no sharply defined distance for neutrons and y-rays 

beyond which they are completely eliminated. Therefore, the atten- 

uation of the intense beams of neutrons and y-rays requires thick- 

ness of material that may be many times greater than the "mean- 

free-path" length. 

Thermal neutrons produce less biological damage for the same 

flux than fast neutrons, and moreover can be stopped quite easily, 

therefore emphasis in shielding should be on fast neutrons. 

Gamma-rays with energies less than about 20Kev do not readily 

penetrate air or tissue. Gamma raaieeion of several hundred Kev 

is easily absorbed in heavy materials, and shielding against 

sources of such radiation is not difficult. However, gamma-rays 

of lower energy may appear as secondaries from harder y-rays, and 

must be included in determining biological doses. 

Neutron shielding is usually produced by slowing down the 

fast neutrons to thermal energies, and then capturing them in a 

suitable material. The slowing down is accomplished by elastic 

or inelastic collision with very light nuclei such as hydrogen, , 

but light elements are not normally the best material for gamma- 

ray shielding. 

Shielding for fast reactors 

As mentioned already, shielding a reactor involves 

problems dealing with the intrinsic behaviour of neutrons and 

y-rays in their passage through the materials. The best neutron 

shields are those of light materials, and the best gamma-ray
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shields are made of heavy materials. ‘The selection of the right 

material de 

  

ends upon the type of the reactor, reactor power, 

location of the shield, and the cost and availability of the 

material. The shield moderates and absorbs neutrons and y-rays 

which are the two most important types of radiation from a shield- 

ing point of view. 

Shielding against gamma-radiation 

The most penetrating component of the radiation passing 

through the bulk shield of a reactor is due to gamma-radiation. 

Gamma-rays are absorbed within materials mainly by interacting 

with the electrons surrounding the nucleus of atoms. Heavy 

elements make the best y-ray shields, because the electron density 

within a material is proportional to the atomic number Z. The 

_gamma-radiation penetrating the main shield in a fast reactor is 

predominantly due to neutron eapeuce in the pressure vessel, the 

remaining source of y-radiation which is of importance during the 

operation of the reactor is due to inelastically scattered 

neutrons. 

The source density of inelastic gamma-radiation is given by: 

—3 3h 
S y= 710 ry Mev Cm sec side stalemate (hod) 

where n is the energy releaseé in gamma-radiation per inelastic 

event, $ is the total integrated fast neutron flux above the & 

inelastic scattering threshold, and toy is the macroscopic 

inelastic cross-section. 

As a consequence the shielding problem may involve the 

following aspects: 

(i) slowing down of fast neutrons (ii) capturing the slowed 

down neutrons (iii) absorption of all the forms of gamma-ray 

activity. The problem of shielding the nuclear reactor has
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received intense study in recent years, and many useful presenta- 

tions have been given by various authors. (40 248) 

In what follows a feasibility study is undertaken to investi- 

gate the possibility of measuring the gamma-ray flux produced in 

(n, n' y) reactions in extended samples of reactor materials for 

neutrons of 2-5 MeV produced by the D(d,n) 3ue reaction. The 

results of such an experiment will be of importance to the shield- 

ing of reactors for the reasons given above.
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Chapter 8 

8. Design study for use on Dynamitron 

8.1 Introduction 

It is intended to use the associated particle method for the 

studying of the y-rays associated with the scattering of 2-5 Mev 

neutrons produced by the D(d)n) 4He reaction using the 3 MV 

Dynamitron to accelerate the deuterons. In order to use this 

several factors have to be considered, these are:- 

(i) D-d kinematics 

(ii) Deuterium target design 

(iii). Separation of Ret earti cies from elastically 

scattered deuterons and other charged particles, 

(iv) Electronic system. 

These are discussed respectively in this chapter and in Chapters 

9 and lo. 
8.2 Associated particle methoa for the D(d.n) He reaction. 

The associated particle method using the D-d reaction is 

based on the principle that the sne-particles are associated with 

the neutrons incident onto the scattering sample. It is thus 

necessary to calculate the relation between the oa production 

angles and those of the neutrons. The associated particle method 

has been used ee 83) extensively to produce accurately collimated 

neutron beams of small angular width and known absolute intensity 

and energy. It provides a mono-energetic neutron beam in the 

3. 
range of 2 to 5 MeV, and the associated “He-recoil particles 

could be counted with a good resolution in a solid state detector. 

The timing resolution between the eaeerecet particles and the 

(56,57) 

neutrons associated with them are reported a few nanoseconds. 

In applying the associated particle method by detecting the 

associated recoil nuclei not only can the starting time be
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determined, but also the cone of the coincident neutrons can be 

defined. This is seen by considering the kinematics of the 

reaction. For most experiments requiring a neutron beam the 

principal disadvantage of this method is the limit imposed on the 

source strength by the maximum counting rate that can be tolerated 

in the recoil-particle detector. In fact it is much more difficult 

to use the associated particle method with the D-d reaction than 

the d-T reaction, because the *e-paxticles produced in the D-d 

reaction have lower energy than the a-particles from the d-T 

reaction. 

8.3 Kinematics of the D(d,n) 3ue reaction 

One of the well-known neutron sources from the interactions 

of the hydrogen isotopes is the D(d)n) *He reaction. This reaction 

has a Q-value of 3.26 MeV. The determination of the energies of 

neutrons emitted from a nuclear reaction as a function of the 

angles of observations and the incident particle energy can be 

calculated from the equations of conservation of energy and 

momentum in the Lab. system. Consider an incident particle of 

mass M, with kinetic energy of Ey which collides with a stationary 

nucleus of mass Mo, producing two particles of masses My and M, 

and energies of E3 and Ey respectively. If the momenta of these 

> > > > 
i Por Py, and Ex respectively, where Py =o 

because it is assumed a stationary nucleus, therefore, the conser- 

a 
Particles are P 

vation of momentum gives the following two equations: 

> = > 
BLS Py Be eercnes se Suinetseae esos. = oe) 

2 2 2 
PB, = P) + Fi = 2P\P, cos 03 .. 

  

where 93 is the angle of emission of particle My with respect to 

the incident particle direction. Fig.8.1 shows the schematic



  

MaeV4 

Before collision After Collision Momentum diagram 

Figure 8.1. Schematic of a nuclear reaction in the 

Laboratory system of frame.
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representation of the reaction in the Laboratory system. The 

equation expressing the conservation of energy including the energy 

released during the nuclear reaction, i.e. Q-value is shown as: 

2 
Since P” = 2ME the equation (8.3) in terms of the momenta can be 

shown as below: 

pe Pe Pe 
tO wate ewiereiscccicneeese (8.4) 

2m, 2M, 2M, 

If the energy of interest is that of particle My where in the case 

of D(d,n) Fue reaction it can be considered to be neutron, then the 

relation for E, from combining the equations 8.2 and 8.4 can be 

given as follows: 

MM M,(M,+M,) % 13 2 4.34 |S M. 
Bey (4 36,)7 {2 Eons yay Fe (a iz *)| 

  

13 E) My 

M, (4,4M,) z M. £2 cost, joste, + AY (L(y) | es Zilh a MM, E M, 

The value of E, which in this case is the energy of 3ue-particle 
4 

can be obtained from the equation 8.3 knowing the values of E) 

and Q. 

The angle of emission of particle My (i.e. 3He) can be 

obtained from the momentum-diagram, figure 8.1, and is given by: 

“5 

Sin 9 -( a) Sin 6 (8.6) 
4 ME, 3 

As an example, assuming E}= 3MeV, 8, = 40°, the following results 

were obtained by using the above formlae:
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E (neutron energy) 5.368 Mev 

E (He-particie energy) = 0.891 Mev 

8 (Paeteaeticie emission angle) =65.636° 

Figure 8.2 shows the relation between 3ye-particle angle and the 

neutron angle with respect to the deuteron beam direction for 

various deuteron energies. 

The neutron energies from the D-d reaction are seen to be in 

the range of 2 to 65MeV for the incident deuteron energies of about 

3 Mev. 

Figure 8.3 shows the neutron energy available in the 

Laboratory frame of reference for different values of incident 

deuteron energies. Figure 8.4 shows the curve for the total cross- 

section for neutron production from D(d,n) She reaction given by 

Hanter and Richards (50) who made an extensive study of the yield 

of neutrons from the D-d reaction. The competing reaction 

D(a,p) 7H always occur along with the (d,n) reaction when deuterium 

targets are bombarded by deuterons. In fact the cross-section for 

the two competing reactions are slightly different. Figure 8.5 

given by Blair et Ao shows the differences in the cross 

sections for the two reactions. At an incident deuteron energy 

of 3 MeV the total cross-section for the D(d,n) She and D(d,P)T are 

about 104mb and 90mb respectively. 

A computer programme in Algol language is used to calculate’ 

the angular correlation and energy relationship between the 

neutrons and the Scesparticies from the D-d reaction which also 

can be used for the d-T reaction as well. The layout of this 

computer programme and the outputs for various incident deuteron 

energies for the D-d reaction is shown in Appendix A.
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Figure 8.5. Total gross sections for the reactions 

D(d,n) *He (Curve A) and D(d,P) 9He 
(Curve B) for various deuteron energies. oe
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8.4 The Dynamitron accelerator 

The Dynamitron is a high-current machine manufactured by the 

Radiation Dynamic Inc. it can operate at voltages up to three 

million volts and accelerate either electrons or positive ions 

such as deuterons and protons; the maximum power in the electron 

beam is practically high at 30kw. Both the electron and ion 

beams can be provided continuously or pulsed with the pulse dura- 

tion and repetition rate capable of being selected over wide 

ranges. The deuterons can be accelerated to produce secondary 

radiations and in this case, the secondaries are neutrons from 

appropriate nuclear reactions. Because the energies of the posi- 

tive ions can be selected precisely, it is possible to produce 

neutrons of precise energies. The energy range for electrons and 

positive ions is from 0.2 to 3 MeV. The current range at 3 MeV 

for positive ions is from lOOYA to 2mA and for electrons from 

10!A to lomA.



    

3 
9. possible deuterium targets for the D(d,n) He reaction 
  

It is possible to use four types of deuterium targets, these 

being: a heavy ice target, a deuterium gas target, a deuterated 

titanium target, anda deuterated polyethylene target. 

The following sections discuss each and theix respective 

advantages and disadvantages: 

9.1 Heavy ice target 

This target is heavy water, D0, frozen onto the surface of 

a copper drum maintained at liquid nitrogen temperature. 

Because of the good thermal conductivity of copper the heavy ice 

is in good thermal contact with the liquid nitrogen, and can with- 

stand the intense deuteron bombarding current. Heavy ice targets 

Sic 
We )D(ayn) 2ne reactions for neutron production. have been used in 

The detailed preparation of the present heavy ice target is 

described below, together with its manufacture and assessment. 

Figure 9.1 shows the target. As can be seen the main chamber 

is evacuated and a small amount of D,O is released into the 

chamber where it condenses onto the liquid nitrogen cooled copper 

drum. The experimental arrangement in figure 9.1 was used for the 

calibration of the heavy ice thickness deposited on the surface of 

the copper drum maintained at liquid nitrogen temperature, which 

is described in section 9.1.2. .
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Figure 9.1. Experimental arrangement for calibrating 

the thickness of heavy ice by light reflection.
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9.1.1 Vacuum chamber design for heavy ice target. 

In the D(d)n) ?He associated particle time of flight experi- 

ment a beam of 3 MeV deuteron from the Dynamitron accelerator will 

be collimated and focussed onto a copper drum heavy ice target. 

The vacuum chamber is made of stainless steel by the Edward Co. Ltd., 

with an inner diameter of 9 inches and depth of 5 inches. The thick- 

ness of the vacuum chamber for the top and bottom parts is’2 inch, 

but the sides are yy, inch. The large size of the vacuum chamber is 

necessary to accommodate the heavy ice target consisting of the 

copper drum of 3 inches inner diameter and 4 inches in height with 

a wall thickness of 4 x 10> inches placed off centre in the 

vacuum chamber. 

Figure 9.2 shows the vacuum chamber which was designed for 

the use of heavy ice target and Dynamitron accelerator. In figure 

9.3 the copper drums which were Geen in the experiment can be seen. 

The flat plane top is the one used for the measuring of heavy ice 

thickness and the inclined plane top was used in the experiment 

with the incident deuteron beam from the S.A.M.E.S. accelerator for - 

testing the target. 

From the experiment for testing the heavy ice target with 

S.A.M.E.S. accelerator it was noticed that by increasing the beam 

current and incident deuteron energy, the neutron yield was 

increased. The total neutron yield, for incident eeu 

energies up to 1.0 MeV from a thick heavy ice woe Un shown 

in figure 9.4.
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Figure 9.3 The copper drums both the inclined and flat 

tops.  
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9.1.2 Measurement of the heavy ice thickness 

In order to find the thickness of heavy ice deposited 

on the surface of the copper drum target, a method dependent on 

measuring the intensity of reflected light from the surface area of 

the target was used as the reflected intensity depended on the 

thickness of heavy ice. 

As an incident beam of light passes through a layer of heavy 

ice of thickness Ax, a certain amount of intensity of light (AI) 

will be absorbed, while the remainder will be reflected. The 

amount absorbed per element of thickness is proportional to the 

incident beam intensity, i.e. oe a iIor fo dx. Therefore it 
dx 

can be written as: 

Ee err eee ea tA eset cee cat 1) 
- 

where the proportionality .constant K is the absorption coefficient. 

SE Io is the incident beam intensity, and I, is the reflected beam 

intensity passes through a thickness of x, then by integrating 

both sides of the equation 9.1 between zero and x, it gives the 

following relation: 

ier SNS (ge) aate ica a eee awine season ee) 

Figure 9.1 shows the experimental arrangement. With no layer of 

heavy ice on the surface of copper drum, the current through the | 

circuit which is proportional to the reflected light intensity from 

the polished smooth flat top of the drum was measured, then by 

opening the valve for a short period a certain amount of heavy 

water was deposited on the surface area of the drum, while it was 

filled with liquid nitrogen, and as a consequence a layer of 

heavy ice was formed on the surface. Again the current through 

the circuit which was related to the intensity of reflected light
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passing through the heavy ice layer was measured. 

Since the surface area, and the heavy water deposited on the 

surface, and the density of heavy ice were known, the thickness of 

heavy ice was measured. Knowing the relation I, = uy exp (-kx) 

a graph for the log = against x can be drawn in a aang paper 

from the experimental data, and as it can be seen in figure 9.5 it 

gives a straight line. therefore by this calibration, and knowing 

the intensity ratio, the thickness of heavy ice in the future 

experiments could be measured. 

9.1.3 The possible competing reactions in using 
heavy ice target. 
  

In using a heavy ice target for the D-d reaction, the 

possible competing reactions with the p(a,n) “He of the Pome Olas dy 

and D(d,x)y should be taken into consideration. 

For these reactions several factors, such as Q-values, thres- 

hold energies, kinetic energies of the recoil particles have been 

calculated. 

(i) Q-values 

A general nuclear reaction can be written as A(a,b)B, where 

the bombarding particle a, strikes the target nucleus, A, and 

produces the nucleus B and the outgoing particle b. The energy 

released in the reaction is Q, so that Q is positive for an 

exothermic reaction and negative for an endothermic reaction. 

In the present case the bombarding particle is deuteron, and 

the target nuclei are deuterium and oxygen. The Q-value can be 

calculated from the following relation: 

Q = [lm +m) ~ (m+ m,)] a-mou.x 931 Mev/am.y +--+» (9-3) 

where the particle masses are in atomic mass unit (a.m.u.)
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Two examples axe given below: 

1 - D(d,Pn)D 

2 2 
“at 7H > jn tint tH +o 

1 Be ° 1 

Q = [(2x2.01471) -(1.00813+1 .0089642.01471)] x 931 

== 2.2 Mev. 

2 - D(d,P)t 

2 2 4, 3 gh + Gh 7% Gat Rte 

Q = [(2x2.01471) -(1.00813+3.01695) ] x 931 = 4.04 mev. 

The values for the atomic mass units of the particles are taken 

(64) 
from the Handbook of Chemistry and Physics. All the other 

Q-values calculations for the possible reactions have been done in 

this manner. 

(ii) Threshold energy 

The minimum value of the kinetic energy of the bombarding 

particle which the reaction just becomes possible is called the 

threshold energy. The threshold energy must be found for the 

endothemnic reaction, i.e. the value of Q is negative. 

The threshold energy is zero when Q is positive, and it is 

greater than zero when Q is negative. The relation between thres— 

hold energy (.) and the Q-value of a reaction is given by: 

m, +m 
ae m * Pe) 

Ein = 2 ( nm co 
t 

wece (9.4) 

  

where m; and n are the masses of the bombarding and target 

nuclei. 

In order to find the threshold energy for the D(d,Pn)B 

reaction which has Q = -2.2 MeV, and m, =m, * 2 a.m.u., therefore 

m. ™. 
Sa 2% 2)\_ 

ry = 0( EE) - a.m ( 3 ) 4.4 Mev.    



The other threshold energies have been found in the same way. 

(iii) Kinetic energy of the recoil particle 

The kinetic energy of the recoil particle can be calculated 

from the equation 8.5. and was discussed in the kinematic of the 

D-d reaction. 

In table 9.1 the possible reactions, including Q-values, and 

threshold energies discussed above have been shown. 

In table 9.2 those reactions in this investigation due to 

their importance are listed. The charged particle energies of 

interest calculated from equation 8.5 and the radius of curvature 

of these charged particles in the magnetic analyser (see section 

10.6) have been shown in this table. 

9.2 Deuterium gas target 

The aim of using deuterium gas target for the D(da,n) *He 

reaction is to reduce the number of elastically scattered deuterons 

reaching the SHe-detector, especially if the Pie stacker angle is 

> 90° with respect to the incident deuteron beam. 

This is also the aim of the heavy ice target. However, because 

of the copper backing this must always be a thick target. A gas 

target offers the possibility of thin targets. 

When producing neutrons from the accelerator induced reaction 

D(d,n) eter a gas target has the following advantages compared to 

heavy backing targets: 

(i) The number of target nuclei is a known function of the 

Pressure and temperature of the gas target, and in addition the 

effective target thickness can be easily varied. 

(ii) Contamination problems can be avoided and targets of very 

high purity are attainable. 

One of the problems with gas targets is inherent in the use of a 

window and a large amount of the gas necessary between reaction 

Point and the detector which introduces the disadvantages of having
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Reactions Q-values (MeV)| Threshold energies 

(Mev) 

pldyy)He4 23.8 = 
D(d,pn)D =2.2 4.4 

p(a,n)He® 3.26 cs 

D(a,p) n° 4.04 - 

D(a, 2n2p) 4.43 8.86 
D(a,a)D 0-0 a 

o'&(a,y) Fe 7253 z 

(ayn) Pt? SE 1.86 
0! (a,p)0°7 1.89 - 
oF (a,a)ni4 3.1 z 
0 a,t)0!? -9.3 10.46 
0 ¢a,ap) ct? “4.41 4.95 

0° (a,noynt? 76.62 7.44 

co (d,d) One 0.0 im     
  

Table 9.1 The possible, zeactions of the forms 

D(a, x)yand “o(d, x)y 
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Reactions | Particles' energies Radius of Curvatures 

(e=4e") 
3) = 2.2 = D(d,n) He Eye? 2.2 Mev Yye3 18cm 

D(a,p)H° E. = 5.62 Mev x = 33cm 
Pp P 

E,3= 1.43 Mev x3= 32cm 

D(d,d)D = 1.35 Mev Xa = 23.5cm 

o!8(a,p)or’| & = 2.68 Mev x = 23.2em 
2 B 

16 14 
O° (d,a) N Bice 

He = 4.18 Mev Tue! noe 

Table 9.2 The five important reactions concerned 

in the experiment-for 3 MeV incident 

deuteron energy and a magnetic field 

of 1.0 tesla. 
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very low power-handling capacity, because the window must be thin 

and supported firmly and, also, it must withstand about one atmos- 

phere differential pressure. In order to make use of high gas 

density targets without using the window the technique of 

' d (93,94) . ; 
differential pumping is employed. However, the design and 

construction of this kind of gas target is difficult. A number of 

59 
$95/96/9") Jith thin foil windows investigators have used gas target: 

for the neutron production from D-d reaction. 

9.3, Deuterated titanium target 

Deuterium absorbed in a thin layer of titanium and 

deposited on suitable backing metals provides convenient sources 

of monoenergetic neutrons when bombarded with deuterons. 

Such targets can withstand temperatures of up to about 200°C 

according to the manufacturers in the vacuo without losing signi- 

ficant quantities of gas. 200°C is the temperature at which 

deuterium boils out. Thus Copper-backed targets can be soft-soldered 

to target assemblies. This type of deuterium target has been used 

by many cmeniies wD 

The heavy backing of this type of target and also thin heavy 

ice target scatters deuterons at most angles, therefore it is 

necessary to discriminate between the sge-particles and deuterons 

elastically scattered from the target, otherise the 3ye-aetector 

will be swamped by these latter particles. The detailed discussion 

of discriminating between She-particles and elastically scattered 

deuterons is given in Chapter 10. 

9.4 Deuterated polyethylene target 

The deuterated polyethylene targets are thin films of 

(CD) ,° These are the two constituents only, carbon and deuterium, 

with twice as many deuterium atoms as carbon atoms. 

Targets with excellent uniformity and strength have been
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08 
prepared by Bartle and Meyer ame fact that the target is very 

thin (in the range of about 0.5 to 7.0) reduces the number of 

elastically scattered deuterons into the Sueedetacton: The poly- 

ethylene films are prepared by dissolving a little deuterated 

polyethylene in boiling xylene. The solution is kept near to the 

boiling point wmtil the deuterated polyethylene is completely 

dissolved, and while still hot, the solution is poured on the 

Process clean micro slides. The slides are then dried in a dust 

free place for a period of several hours.
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Chapter 10 

2 
10. Separation of recoil-"He and “H in D-d reaction 
  

The principal problem in applying the associated particle 

time of flight technique for the D(d)n) 7He reaction is to separate 

the numerous elastically scattered deuterons from the recoil 3ye- 

particles, and also to separate P and T resulting from the compet- 

ing D(d,P)T reaction. This is advisable even in the case of targets 

not expected to scatter deuterons beyond 90°. The technique which. 

is used to overcomé- this problem depends upon the incident deuteron 

energy. 
10.1 Low deuteron energy <100 Kev 

For low deuteron energies it is possible to put a thin 

metal foil in front of the *fe-particie detector. Here for the 

correct. foil thickness the elastically scattered deuterons will be 

stopped by the foil, while the 4He-particles pass through to be 

(97,98,99,100) 
detected. Many researchers have applied this method 

at low incident Reueeeca energies. The low energy does, however, 

mean that the neutron yield tends to be low because of the 

dependence of neutron production cross-section on deuteron energy. 

10.2 Deuteron energies >100 KeV 

At higher deuteron bombarding energies the foils cannot 

be used for stopping the elastically scattered deuteron from enter~ 

ing the 3ye-detector aS the 3ye-particles are also stopped because 

the 3u6 range is shorter than the deuteron range. Instead electro- 

static or magnetic separation systems must be used. These are 

described below: 

10.2.1 Electrostatic deflection 

In a given electrostatic field deuterons with an Energy of Ey and 

3He-particles with an energy of E3He = 2E a will have the same 

deflection as shown in the following:
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In an electrostatic field,E = 

where x" is the second differential coefficient of x, and m ande 

are the mass and electric charge of the particle respectively. 

2 
a - cx 

then x" = — anax! = set, (w = = ) 
m 

Finally the deflection is given by: 

  

where t = £ (2 is the length of the plate, and v is the velocity 

of the charged particle) . 

Therefore for the same deflection of Fue and 2u 

2e 

E3He 

  

or E3i, . oR 

W 

by 
\2

 

da 
a 

and for discrimination between them E3y, should be greater than 

284 Eaue > 2,) The electrostatic deflectors have been used by several 

authors : oe oy 

10.2.2 Magnetic deflection 

In a magnetic field deuterons with an energy of E_ and 3He-particles 
a 

with an energy of E3 = gn. will be deflected in the same path as 
He 

comes below: 

In a magnetic field, 

Be ge isaac os oie wsin wine sieccieieiee (10.3) 

where B is the magnetic field, and other factors have been 

indicated before 

Be Bevt 
then x" = Sev and x' = seve 

m m
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and as a result the deflection path is: 

    

2 2 2 2 
Bev a ge eee eee (10.4) 

2m 2mv 2mv 2¥2mE 

Therefore, for the same deflection of 3ue and 25 it is easily 

found that E, = Sea, and in order to discriminate between 
‘He 

S . 
deuterons and “He-particles oe should be greater than 

le 

8 8 SE, (B, >2n). Bede 2234) 

The magnetic deflection system has been used by several experi- 

menters. eco?) 

10.3 Comparison between the two systems of deflection 

One of the disadvantages of using electrostatic 

deflection is the long flight path of the ST eeparticies necessary 

in electrostatic deflection, and this will have an effect on the 

time resolution in associated Sarttcle time-of-flight technique. 

In addition, for high incident deuteron beam energies such as 

produced in the Dynamitron accelerator in the range of up to 

3 Mev, the deflection in an electrostatic field requires a very 

high voltage. Thus electrical breakdown is a major problem. 

Especially at high deuteron energy the magnetic analyser is 

to be preferred over electrostatic deflector, because the deflec- 

tion path length compared with the electrostatic deflector is 

shorter. < 

The energy of the She-particles must be large enough to give 

a signal well discriminated from the noise, and it is therefore 

preferable to use a high deuteron energy. 

In the present investigation, a magnetic analyser has been 

designed for the 3 Mev deuterons produced on the Dynamitron. 

This is discussed in detail in the following section.
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10.4 Design of a magnetic analyser 

The use of a magnetic analyser provides a reliable 

method of efficient detection of suasper ticles produced in the 

D(a,n) "He reaction in the presence of other reaction products and 

scattered deuterons. 

A double focussing magnetic analyser can be designed to have 

a low energy dispersion so that Sue ions of as wide a range as 

possible could be deflected in the focal plane. The advantage of 

having the source and image outside the field, however, is that a 

reasonably good resolving power and solid angle could be obtained 

with a relatively small magnet. Symmetrical location of the 

source and the image and normal entry of the median ions into a 

curved pole boundary is more satisfactory for most analytical 

(105) 
purposes. 

The observation of the recoil ae for reaction energies up 

to 3 Mev fixes a‘limit on the minimum value of R and the maximum 

value of poo an estigmatic magnetic field, where R is the 

radius of curvature, and ¢ is the deflection angle. The process 

of designing a magnet system for a particular function consists of 

the following steps: 

(i) First a system is laid out which has the 

desired qualitative features. 

(ii) Determining the parameters of the system. 

(iii) Tracing a number of rays through the system 

to verify its behaviour. 

From the basic mass spectrometer formula: 

(10.5) 

  

where m is the mass of the ion, v is its velocity, r is the radius 

of curvature of the ion path in the magnetic field B, and finally
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2 
e is the ion'’s charge. Since E = 4mv , therefore the relation for 

obtaining the magnetic field with respect to the kinetic energy of 

the ion (E), by a simple modification to the relation 10.5, it 

gives: 

  

As an example for deflecting the He-particle of an energy of 1.0 

Mev, and the radius of curvature of 30cm, the required magnetic 

field will be as below: 

  

ne (2ne)? _ (2 x 3 x 1.67 x 10727 1 x 1.6 x 101°) «0,48 tesla 
e — = 

= 0.3x2x1.6x10~" 

- ad =27, 
where recalling that 1 Mev = 1.6 x 10 Joules, m = 3x 1.67x10 Kg. 

She 

and the charge of the 3e-particle is\2 x 1.6 x 10s: coulombs. 

(All units are given in M.K.S. system). 

Therefore a magnetic field of 0.48 tesla (4.8 x 10° gauss) is needed. 

The pole-face gap is assumed to be 8.0Ocm,,then the ampere turns 

(Ni) given by the following equation can be calculated: 

where g is the pole-face gap, and uy is a constant (yu = 47 x 107”) i 

To achieve a magnetic field of 0.48 tesla with a gap of 8.0 cm. 

the ampere turn required is: 

  

~ 0-48 x 8 x 10 
7 =3x 104 amp-turns. Ni 25 

4n x 10 

The power dissipated in the magnet coils is given by; 

where Ni is the ampere turns, p is the resistivity of the winding coppe 

wire, 2 is the length of the average turn, and finally J is the
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current density. Considering a surface area of the pole tip of 

60 square inches, and a winding depth of 6.0 inches, therefore 

: : 60 \*s ; 
the perimeter of inner turn will be ee x 20 * 27 inches, and 

since the thickness of winding is 6.0 inches, then the perimeter 

of average turn (Pm) or 2 will be? 

(2) 
Pm = % = (6 + > ~——) x 2m = 50" = 127 cm. 

2 
(104) 

The value of current density (J) is 50 amps/,,2, and resistivity 

(64) -6 ; 
of copper Siem 1.7 x 10° 2m. So that the power dissipa- 

tion ist 

P=Nip £5 =3x10'x1.7x 10° x 127 x 50 = 324 watts. 

In the case of using 100 volts power supply, the current will be: 

PB 324 ; 
Vv" joo.” 3.24 amperes 

Now to find out the wire size, from the definition of current 

density: 

Dae ee ee ees ee Sass eens . (10.9) 
wr 

Dye 3.24\ 4 - 
Therefore, r -(2) = 2) = 0.14cm.= 1.4mm. 

The temperature rise of the winding wires can be calculated from 

(107) 
the following relation. 

2 
8 = RI 

= 2khPm 

  

where RI’ is the power dissipation, k is the heat dissipation 

coefficient (k = 7x 10> watts/°c x sq.inch). P,, is measured 
cu 

before, and finally h is the length of each coil. In this measure- 

ment two coils each of 15 inches long vare assumed.
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As a result, the temperature rise (8,) will be 

Oo. = A = te. 
2x 7 #10 x 30" x50" 

In designing the pole pieces to satisfy the focus parameters, 

it should be assumed that the fringing field at the field boundary 

of a pole section extended a perpendicular distance equal to the 

pole separation; this has been shown to be a typical estimate for 

2 (105) 
geometrically simple pole boundary. 

The electromagnet design can be simplified by seeking for an 

existing 7" diameter type E electromagnet manufactured by the 

Newport Instruments Ltd. 

The 7" diameter type E electromagnet is shown in figure 10.1. 

Since the path of the ions in the magnetic field must be 

evacuated, therefore a part of the vacuum box connected to the 

vacuum chamber could be a part of the flux path. 

10,5 Radius of Curvature of the charged particles in the 

magnetic field. 
  

Since the aim of the present work is to discriminate 

between  ye-particles from other charged particles such as elasti- 

cally scattered deuterons and tritons, etc., the radius of curva- 

ture of the charged particles concerned should be calculated in 

the magnetic analyser. The formula which can be used is already 

(2me)* 
given in equation 10.6 which is r = ae where m and E are the 

mass and the energy of the charged particle respectively, and B 

is the magnetic field, and finally e is the particles electric 

charge. As an example, the calculation of r for the ue-particle 

of energy 2.2 MeV in a magnetic field of B = 1.0 tesla is given 

below: 
Py 7 L358 

eRe ail 67s 1077? x 2.2 x 1.6 x 10%) 40.18 

Be Lx 21.6 x 10)? 
(2nE)



L7L 

  

  

Figure 10.1. The 7" diameter type E electromagnet.
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27 3 where m3... = 3 x 1.67 x 10 °°kg, E3,, = 2.2 x 1.6 x io 35, 

19) 
ande = 2x 1.6 x 10 Coulomb. 

The r-values in table (9.2 have been calculated from the above 

formula. 

10.6 The Sreeparticle detector. 

In using the associated particle method with the D-d 

reaction, the pulse spectrum of the *He-astector must give a peak 

for the ore pacts cles; well resolved from the noise and scattered 

deuteron signal and also that from the protons and tritons result 

ing from the competing D(d,p)t reaction. The two types of 

detectors mostly used are the thin plastic scintillator (NE102A), 

and the surface barrier detector. 

In the case of plastic scintillator, care must be taken with 

the mounting of the thin sheet of plastic on the front surface of 

the photomultiplier tube in order to obtain a good optical contact. 

In addition, the energy resolution is not adequate to detect the 

low energy Sye-particles. 

A surface barrier detector is to be preferred, because it 

gives pulses whose heights are proportional to the energy lost by 

the particles in the detector, independently of the kind of 

particles. Furthermore, it has a good and constant energy 

resolution, therefore the ene moeae can be resolved from the 

Scattered deuteron peak, provided the numbers of deuterons are 

not so high that pile up in the electronic circuit occurs. 

The sSHe-particies spectra for various incident deuteron 

engergies by using a 150mm surface barrier detector with energy 

resolution of 60 KeV and a magnetic analyser for the separation 

of scattered deuterons and other charged particles from the Sye- 

(90) 
recoil particles reported by Bartle et al. are shown in fig.10.2.
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Figure 10.2. The 3He-particle spectra for various 

incident deuteron energy. ‘9° 
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The protons and tritons from the competing reaction are not 

a serious problem. Because of the higher Q-value in the D(a,p) 78 

reaction relative to the D(d,n) *He reaction the proton and triton 

energies are larger than the 3ye-particle's energy. 

A typical spectrum of the charged particle reaction products 

+) 
from the D-d reaction reported by Bartle et a is shown in 

figure 10.3 .
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Figure 10.3. A typical pulse-height spectrum for (90) 
charged particles from the D-d reaction.
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10.7 The experimental arrangement 

In figure 10.4 a typical experimental arrangement 

designed for use with Dynamitron is shown. The heavy ice copper 

drum target and the magnetic analyser can be seen in this figure. 

As mentioned in the previous section, in order to prevent the 

elastically scattered deuterons originating at the target from 

reaching the *ye-detector, and swamping the electronics with high 

deuteron counts, it is necessary to use a magnetic analyser to 

transmit the desired *Gecparticies and reject most of the 

scattered deuterons, and other charged particles, i.e. the protons 

and tritons. 

10.8 The electronics circuitry 

A block diagram of the electronics circuitry for use 

with the dynamitron accelerator is shown in figure 10.5, and is 

very similar to that used for the 14 MeV neutron scattering work 

described in Chapter 4, except for the change in recoil charged- 

Particle detector. 

The 3ye-detector described in section 10.6 is a silicon 

surface barrier detector. The detail of the properties of the 

surface barrier detector is reported by Goulding and Haneent7°o) 

The signals from the Sye-detector should be amplified in a charge- 

sensitive amplifier, because the output pulses of the detector 

are charged-pulses.
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Figure 10.5 A block diagram of the Associated Particle time 

of flight system for y-ray energy accumulation 

3 
using the source neutron from the D(d,n) He 

reaction.
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Chapter 11 

11. Conclusionsto Part II 

The study of the scattering of nuclear particles by nuclei 

can give much information about interaction between nuclei and 

incident particles and about the properties of nuclei and their 

excited states, etc. The experiments require to measure the 

energy distribution and angular distribution of the scattered 

particles and the radiations following the scattering process. 

Nearly all neutron scattering experiments are hampered by the 

large spurious background caused by scattered neutrons and y-rays 

not originating from the scatterer. Hence, much shielding 

material has to be used, but such a large amount of the material 

in the neighbourhood of scatterer or detector causes more back— 

ground due to processes within this shield. Part II of this 

thesis has investigated the possibility of inelastic neutron 

(scattering experiments using the D(d,n) 3he reaction on the 

Dynamitron facility at Radiation Centre, University of Birmingham. 

It has been shown that background reduction can be achieved by 

using an associated particle method. 

(log 
Curtis, et al. first used this method at a deuteron energy 

of 10 Mev. 

In most other experiments the neutron intensity was low due 

to the small cross-section for the D-d reaction at low deuteron 

energy. The use of Ni-foils for the separation of the gas target 

from the vacuum system in the experiment by Franzen, et oe involves 

rather low values for the deuteron current and consequently a low 

intensity of the neutron beam. 

; : : 3 
As to the discrimination between ~He-particles and scattered 

deuterons several methods can be used, Franzen, et al. chose an ~
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angle of 90° between the direction of the Sespertietes and the 

deuteron beam since with a gas target no deuterons can be scattered 

over an angle larger than 90°, In some experiments at low deuteron 

energies metal-foils in front of the a rendetector were used, but 

for higher values of deuteron energies discrimination is hardly 

possible, 

In the investigation studies of neutron beam production with 

the D(a,n) *He reaction and a 3 MeV deuteron bombarding energy, the 

major limitation for a sufficient flux of neutrons is an inadequate 

deuterium target. The main problem is the need for a target backing, 

either to maintain a liquid nitrogen heavy ice target or to support 

some heavy metal that contained interstitial deuterium. The 

second possibility was ruled out because the available thickness of 

the deuterium target is severely limited by the large energy loss 

of Seneca particles in heavy elements. 

A gas target was not considered because it would necessarily 

have either a thin foil window which would degrade the shepecticiele 

energy or a large volume of deuterium gas between the reaction point 

and the detector for the particles to traverse. Liquid nitrogen 

cooled copper drum was satisfactory as a target backing for heavy 

ice at low beam current. 

For the discimination of feroerticied and scattered deuterons 

at high incident deuteron energies a magnetic analyser must be used, 

and in order to obtain intense neutron beams and a tolerable level 

of scattered deuterons it is possible to use a thin heavy ice target. 

A rotating copper drum heavy ice target would have to be utilized to 

permit an increase in target current without deteriorating the target.
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Chapter_12 

12. General Conclusions 

The first part of the research project was devoted to the use 

of Associated Particle time-of-flight technique and using the 

14.0 MeV neutrons from the (ayn) “He reaction with the 120 Kev 

deuteron beam from the S.A.M.E.S. type J accelerator. 

The aim of the study was the measurements of the y-ray 

energy spectra and y-ray angular distribution with small and large 

samples of iron and lithium fluoride to investigate the effect of 

multiple scattering on large samples. To predict the energy 

spectra measurements in large samples, a Monte Carlo approach 

computer programme was used, and the predictions of this were 

compared with the experimental data and a good agreement between 

theory and experiment was achieved. Also, in the study of the 

y-rays following the inelastic scattering of 14.0 MeV neutrons 

with the large samples, the measurements were concerned with the 

energy and angular distribution and this is of obvious importance 

to the fusion reactor programme. The differential y-ray produc- 

tion cross-sections and angular distributions obtained from small 

samples were in a good agreement with those measured by other workers 

but in the case of large samples no other references could be found 

in literature concerning this type of measurement. 

The second part of the research project was to design and 

investigate the possjbility of using Dynamitron accelerator with 

application of D(d,n) 3ue reaction and the associated particle 

technique for the measurement of y-ray angular distributions. 

The electronic system for this work was investigated. 

The magnetic analyser design and the performance of a heavy 

ice target were completed. There was found to be no reason why 

this type of experiment should not be successfully carried out
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using the 3 Mev deuteron beam from the Dynamitron accelerator at 

the Radiation Centre, University of Birmingham. The study of the 

y-ray angular distribution from the d-D reaction for incident 

neutron energies in the range of 2 to 5 MeV is important for 

reactor shielding from a practical point of view. 
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INCIDENT GAMMA-RAY ENERGY= 0,480 MEV 
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Table B.1
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INCIDENT GAMNMARRAY ENERGYS 0.840 MEV 
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Appendix D 

Least Squares fit 

The differential cross-section of the y-ray is described by 

an equation of the form: 

  = AS + A,P, (Cos 6) + A,P, (Cos 1D) “oretevesecore.. (D=2)) 

where P, (Cos 8) is the Legendre Polynomial of degree n. Since the 

2 
even order Legendre polynomials are functions of Cos 6, it is 

im 
possible to express equation (D-1) as a power series in Cos 6, 

that is: 

  = ata once e cos“o Welnersteee siete (D- 2) 
° 2 4 

2 and a, eke new constants. 

In order to fit a curve to differential cross-section measure- 

where a, a. 
° 

ments it is assumed that an experimental error exists only in the 

values of differential cross-sections, and there is not any error 

in the values of scattering angle 6. 

= 90(8) 
Now let Yi ‘an and x, = Cos 6, and in this case the 

coefficients of the polynomial by using the least squares principles, 

H See : n. es 2 hy |2 
i.e. minimizing the relation z Is (a, 7 Boxy + a,x;) | for 

isl 
the n data point could be found. 

pifferentiating the above. relation partially with respect to agray 

and Agr and letting the partial derivatives be zero, and consider- 

ing by to be the best estimate of aye gives the following equations 

Aes 2 4 
ty, = nb, +b, x, +b, Ux, 

  

eee 2 4 6 
by x) = bob + by Ux, +b, Bx, 

4 4 6 8 
¥ = z. by x, bo x, + by Ex, +b, ox,
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where in the above relations the summation, 2 extends from one to 

n, which n is the number of data points in each case. 

The coefficients bor >, and by of the polynomials of the form: 

do (8) 
an 

=) cos“6 +5 cose sete eee eee cee (D-4) 
° 2 4 

fitted to the measured y-ray angular distributions were calculated 

by using the equations (D-3) and these equations were solved by 

Cramer's rule with the aid of a desk calculator. 

Error estimation in fitted curve 

As mentioned already bor by and b, are the even order 

coefficient of the fitted Legendre polynomial to the y-ray 

angular distribution measurements. Hence the residuals, rye for 

different values of i can be shown by: 

4 
x,) ee ceee so eececes (D-5) 

2 
FY (BL tbo x, +B 

ee 

The standard error, a, in the above expression can be shown by the 

following relation: 

" ee 
aoe i=: piss clne pen Bee cewiseins oras ce +++ (D-6) 

nicik 

where in this formula k is the number of calculated coefficients, 

bs and therefore k = 3. Ifa, is the standard error for b,, then 
- as 

. (110 = : 
the errors Or 92 and a, is given by the following relation: 

oe até a? ae 
Sed pee ees ise ag Nai oletatctive ete ocere/e (D-7) 
Ay Ad A3 A
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