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ABSTRACT 

The scattering of fast neutrons after passing through 

LiF and iron materials that are of possible use in the 

future fusion reactors has been studied at an incident 

neutron energy of 14.1 MeV using a neutron spectrometer 

employing the associated particles time-of-flight technique. 

The neutrons were produced by the T(d,n) ‘He reaction using 

a 150 KV SAMES accelerator. The time of origin of the neutron 

was determined by detecting the associated alpha particles, 

and the neutron energy was determined by measuring its flight 

time over a fixed flight path. The angular energy distribution 

of fast neutrons after passing through samples of LiF and Fe 

were measured at several scattering angles. Fast neutron 

detection and associated alpha particle detection was by 

means of scintillation counters employing plastic scintillator 

type NE-102A. The samples used were of extended slab geometry 

of thickness approximately two mean free paths for Fe and of 

approximately one mean free path for LiF. 

Theoretical calculations based on primary and secondary 

scatter models have been carried out in the present work for 

computing the emerging flux from different thicknesses of LiF 

and Fe samples. The cross-section data and the angular energy 

6 7 
distribution probabilities data for “Li, Li, ae and Fe were 

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

Experimental results show a reasonably good agreement 

with the theoretical results predicted by taking into account 

first and second scatters only, the predominant reaction being 

elastic scattering.
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CHAPTER J 

. INTRODUCTION 

1.1 Introduction 

The study of fast neutron spectra after passing various 

thicknesses of different materials which are of interest in 

nuclear technology (142) is of great importance in the design 

of nuclear reactors. The most important characteristic of the 

neutron flux outside shielding is its angular energy distri- 

bution. The angular flux emerging from a shield does not 

directly tell about gamma ray production which must occur 

within the shield but by measuring the angular flux outside 

the shield, the internal flux could be deduced by setting up 

a calculation model for the external flux which will then be 

able to predict the internal flux and hence gamma ray pro- 

duction. Such a measurement is most suitable for thinner 

shields with large leakage. 

Neutrons having energies of 14 MeV are not directly 

important for shields and blankets of fission reactars, since 

they are above the extreme top end of the fission spectrum, 

put they are extremely important for possible future fusion 

reactors.. The relevant fields of applications for these 

materials are the blanket and the structure vessel of the 

fusion reactor.



1.2 The Research Project 

The principle objective of the present work was to 

study the angular energy distribution spectra of the 14 MeV 

neutrons after being scattered from various thicknesses of 

different materials which are of interest for future fusion 

reactors. 

It is very important to collect more experimental data 

on the angular energy distribution spectra of the 14 MeV 

neutrons after being scattered ‘by these materials of interest 

which then provide information by which the theoretical 

calculations adopted here could be tested. Theoretical 

predictions of the angular distribution for the fast neutrons 

when compared with the experiment may yield further informa~ 

tion of the behaviour of fast neutrons in the materials of 

interest, but the extent of this must depend on the accuracy 

with which the experimental data can be obtained. 

Neutron energy is often determined in scattering studies 

by measuring the neutron time of flight over a known flight 

path. The time of flight technique requires two timing signals, 

one related to the instant of neutron production (zero time) 

and the second related to the instant of detection. The 

accuracy of detecting the start-to-stop signals and the 

accuracy of the associated electronics determines the 

spectrometer energy resolution which in effect determines the 

accuracy of the data collected throughout the experiment. 

14 MeV neutrons from T(don)*He reaction have been used 

to study neutron energy spectra after being scattered by



samples of LiF and Fe. These two samples were chosen because 

of their possible use in the future fusion reactors as coolant 

and structure. 

The angular energy distribution was measured by moving 

the neutron detector through different angles with respect to 

the sample position. Different thicknesses of both LiF and 

Fe samples were used, experimental data also provides informa- 

tion about the cross-section, since the cross-section is the 

probability of interaction that is measured by the fraction 

of neutrons scattered from the sample in a given direction. 

The angular energy distribution of the scattered neutrons 

from both LiF and Fe was obtained using an associated particle 

time-of-flight spectrometer to separate the neutrons of 

‘different energies. The thickness of the scattering samples 

used was about one mean free path for LiF sample and about 

two mean free paths for Fe. Multiple scattering.for sample 

thickness less than even .1 mean free path was appreciable “*), 

so neutrons scattered by such sample thicknesses are going 

to suffer secondary and multiple scattering. The study of 

the angular energy distribution of fast neutrons after they 

suffer single and secondary scattering is carried out in this 

project. A theory based on the single and secondary scattering 

of neutrons from an extended sample was used here for the 

calculation of the angular energy distribution of the 

scattered neutrons.



1.3 Practical Application 

The lithium fluoride and steel samples were chosen 

in the present work due to their useful applications in 

the future fusion reactors. A fusion reactor using the 

deuterium-tritium fuel cycle may have a cross-sectional 

appearance like that shown in figure 1.10), The plasma 

is confined in the centre of the reactor by the magnetic 

coils on the outside (5997), The neutrons produced from the 

D-T reaction that carries g03 of the reaction energy (a) 

are absorbed in a liquid lithium blanket surrounding the 

plasma according to the reactions 

6 1 4 4 

3Li + on > 9;T + ,He + 4.78 My 

Li ete Tegel oA 7Mey, 

6 i 7 6 

lithium contains 7.56% Li and 92.44% Li. Li has a very 

high (n,a) cross-section at thermal neutron energies but at 

14 Mev the (n,na) cross-section for i is about 12 times the 

(n,a) cross-section for Ti The above reactions breed 

tritium some of which is re-used in the fuel cycle. The 

lithium used in the blanket will probably be in the form of 

molten lithium fluoride which will act as a moderator and 

neutron absorber that receives the high-energy neutron of the 

D.T. reaction and converts their kinetic energy to heat. The 

energy generated in the lithium fluoride acts as the heat 

source for the power plant. Another form of molten lithium
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of possible use is the LiF-BeF, (colloquially called FLIBE) 

proposed because of the reaction Be +n ojHe + 2n - 1.57 MeV 

which provides extra neutrons for tritium breeding. Struc- 

tural materials that are of possible use in future fusion 

reactors must resist radiation damage and corrosion, and 

have low vapour pressure. Niobium, molybdenum, titanium and 

steel are likely candidates as structural materials.



CHAPTER 2 

NEUTRON INTERACTION WITH MATTER 

2.1 Introduction 

The interaction of neutrons in passing through matter 

is quite different from that of either charged particles or 

gamma rays. Since neutrons have no charge they can penetrate 

the electron clouds and collide with the nuclei. The nature 

of neutron interaction depends on the neutron energy and on 

the matter through which they pass. Neutrons interact with 

nuclei in a variety of ways. They may change direction, 

lose energy, or may be absorbed (9) If the nucleus is 

unchanged in either isotopic composition or internal energy 

after interacting with a neutron, the process is called elastic 

scattering and may be written as (n,n). If the nucleus, still 

unchanged in composition, is left in an excited state the 

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

In referring to these interactions it is common to say 

that the incident neutron has been scattered (elastically or 

inelastically), since a neutron reappears after the interaction, 

however this term is somewhat misleading since the emerging 

neutron may not be the same neutron that originally struck the 

nucleus. Neutrons may disappear as a result of absorption 

reactions, the most important of which in most nuclei at 

lower neutron energies is the (n,y) reaction. This process 

is called radiative capture since one of the products is 

y-radiation. Neutrons also disappear in charged particle 

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



of high energy strike a nucleus two or more neutrons are 

emitted. These are (n,2n) or (n,3n) reactions. The (n,pn) 

reaction may also occur with high-energy incident neutrons. 

A description of these processes follows. 

2.2 Elastic Scattering (n,n) 

In this type of scattering kinetic energy is conserved 

and the energy level of the target nucleus is the same before 

Go), and after the collision Elastic scattering is the 

dominant mode of neutron interaction when moderate neutron 

energies are involved (<10 Mev) in a non-absorbing medianecl! 

In this reaction the neutron will transfer part of its kinetic 

energy to the nucleus. The amount of energy transferred will 

depend upon the angle through which the neutron is scattered 

and upon the mass of the scattering nucleus. 

The relationship between the scattering angle $ and the 

energy of the neutron before and after collision with a nucleus 

of mass number A may be derived from the conservation laws of 

energy and momentum. If an incident neutron has an energy E, 

before collision then the neutron energy after collision E2 

is given by (2) 

Eo = 5 A?+ 2Acoso + 1 Za 

(A+1)? 

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

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

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

1+A cos 6 Zee 

YR742A cos $41 
Cos’ 6) =



From equation 2.1 and equation 2.2 the neutron energy 

after collision E2 in the lab-system is given by 

A?+2V/A7-Sin-0. cos 6+ cos 2 8 2.3 

(A+1)? 
E2 = Ei 

When 6 = 180° 6 = 180°and when ¢ = 9 © =0 

But for all other angles © is less than 9. 

From equation 2.3 it can be seen that the energy of the 

scattered neutron is greatest for 8=-0 that is 

  ss 2.4 

(B2)nax * F2 

i.e. no scatter. The minimum value of E2 occurs when 

9 = 180° that is 

(E20 an = aE1 Zoo 

oe 2 

whexveia. = n=) —— ?* 
At+1 

The minimum energy of a neutron after an elastic collision 

depends on the mass of the struck nucleus. For hydrogen 

with mass A=1 a neutron can lose all its energy in one 

collision. In collisions with heavier nuclei a neutron loses 

a fraction of its energy so the maximum fractional energy loss 

in a single collision decreases with the increasing mass of 

the struck nucleus. Elastic scattering may be potential 

scattering, which corresponds to an interaction in which the 

incident neutron is not assimilated by the target to form a 

compound nucleus and without shating its energy with nucleons 

of the target, is scattered much as it would be by a poten- 

tial well.or it may be resonance scattering in which the 

neutron is assimilated by the nucleus which subsequently



decays by giving off a neutron with energy equivalent to 

that carried into the nucleus by the incident neutron. 

Neutron angular distributions in the resonance scattering 

in isotropic in the C-M system. In the potential scattering 

neutrons are forward peaking and this becomes more pronounced 

as energy increases (at 14 Mev Li and F have very strongly 

forward peaked distributions). 

2.3 Inelastic Scattering (n,n*) 

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

energy En is great enough to raise the nucleus above its 

first excited level. The excited nucleus may decay to the 

ground state by the emission of one or more gamma rays and 

the energy of the emitted neutron E is given as the difference 

between its incident energy En and the energy of the first 

excited level E, E=En-E;. 

The minimum or threshold energy which the neutron must 

have to make the inelastic scattering process energetically 

possible is given by 

— Atl iB 
Een SSS ey 

A 

where Een = inelastic threshold energy 

A = mass of the target nucleus 

Box = the energy of an excited state of the target nucleus. 

The relative spacing of the energy levels of an isotope 

determines the threshold neutron energy for inelastic scattering, 

Level spacings are wide in light neclei and the stable magic 

nuclei and hance the interaction energy threshold is high and



= 10. 

decay is more likely to be by emission of a small number of 

high energy y-rays. As the spacings get closer together 

(heavier isotopes of high excitation energies) their width 

may overlap so that the y-rays emission spectrum essentially 

forms a continuum. 

Neutrons which are inelastically scattered by heavy 

nuclei can undergo large fractional energy losses until they 

are scattered below the inelastic thresholds. This energy 

loss mechanism can be much more effective for high energy 

neutrons than elastic scattering by light nuclei and can be 

an important process in designing fast neutron shields. 

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

When the incident neutron has an energy greater than 

the binding energy of the last neutron in the nucleus, the 

emission of two neutrons becomes possible. In the (n,2n) 

reaction the incident neutron is inelastically scattered by 

the target nucleus, then if the residual nucleus is left with 

an excitation energy above the binding energy of its least 

bound neutrons, this neutron has sufficient energy to escape 

from the system, that is there is a possibility that a second 

neutron will appear. The (n,2n) reaction rapidly becomes 

more probable than the (n,n‘*) reaction as the incident neutron 

energy rises. Therefore the bulk of the inelastic scattering 

is now included as part of the (n,2n) reaction. The Q value 

of the (n,2n) reaction is equal to the binding energy of the 

loosest neutron in the target nucleus and the threshold energy 

in the Laboratory system is given by



A 

where A is the mass of the 

The threshold energy is 

a loosely bound neutrons, an 

target nucleus. 

low for nuclei which contain 

example being the (n,2n) 

threshold for °Be is 1.8 MeV. With most nuclei however the 

(n,2n) threshold is in the range from about 7 to 10 MeV. 

In the case of (n,3n) reaction the relationship of the (n,3n) 

reaction to the (n,2n) reaction is similar to that of the 

(n,2n) and the (n,n!) reaction. Thus a third neutron will be 

emitted if the target nucleus still has sufficient excitation 

energy after the emission of the second neutron in the (n,2n) 

reaction to free a further neutron. The (n,3n) cross section 

therefore rises from the (n,2n) threshold at the expense of 

the (n,2n) cross section as shown in figure 2.1. The (n,3n) 

threshold is so high (it ranges from 11 MeV to 30 MeV) that 

makes this reaction unimportant in fission reactor calculation 

but it may have some significance for fusion reactors. 

2.4 NEUTRON ABSORPTION REACTIONS (n,f), (n,p), (ng%), (n,y) 

Neutons may disappear as a result of being absorbed by the 

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

(a) Fission Reaction (n,f) 

The type of neutron interaction of immediate interest 

is the nuclear fission reaction. In the fission process the 

nucleus absorbs a neutron and the resulting compound nucleus 

is so unstable that it immediately breaks up into two parts 

Ga 3) of more or less equal mass called fission fragments 

The probability of neutron induced fission is described by
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the fission cross section O¢ and it is a function both of 

the target nucleus and the energy of the incident neutron. 

(b) Charged-particle reaction (n,p), (t,o) 

These reactions are usually endothermic. However, in 

the case of few light nuclei they are exothermic, examples 

of the exothermic reaction are the 

19B(n,0) Li, . °Li Gi,0)°H and **NM@,p)? ‘Cc. 

An endothermic reaction type is thus '*0(n,p)1°N, these 

reactions are useful in the way they do not give rise to 

energetic y-rays after they absorb the neutrons. 

(c) Radiation Capture (n,y) 

This process can occur at all neutron energies but it 

is most probable at low energies (less than 1 KeV). If 

instead of expelling a neutron the excited compound nucleus 

formed by the abeorpeie of a neutron emits its excess energy 

in the form of y-radiation the process is referred to as ? 

radiation capture. The residual nucleus, having an additional 

neutron, is thus an isotope of the original nucleus but one 

unit higher in mass number. 

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

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



CHAPTER 3 

NEUTRON DETECTION 

3.1 Introduction 

All methods of detecting nuclear particles and radiations 

are based on the fact that charged particles cause ionization 

when passing through matter. If the particle of interest is 

neutral, and does not therefore cause ionization directly, 

an intermediate process is necessary in which an energetic 

charged particle is produced. Neutrons differ from other 

types of radiation considered in that their primary inter- 

actions are with the nuclei rather than with the atomic 

electrons. Being uncharged massive particles they can 

penetrate bette, and collide with the nuclei. 

The neutron interactions with nuclei are of two types, 

scattering or absorption. In the scattering type the neutron 

collides with the nucleus and a fraction of the neutron energy 

is transferred to the recoil nucleus. In the absorption type 

the neutron is absorbed by the nucleus and disappears. The 

most important scattering process is the elastic scattering 

of neutrons by proton H(n,n)H reaction. Neutrons are elasti- 

cally scattered by all nuclei but the energy transfer to the 

recoil nucleus is a maximum for neutron-proton scattering. 

Hence this process is the most widely used for the detection 

of fast neutrons. In many cases the proper selection and use 

of the detection method depends on the type, purpose, and the 

environment of the experiment. The detection system has to



Lepr e 

take into consideration the following; the energy range of 

neutrons to be measured, the flux of neutrons and its variation, 

the detector sensitivity and the energy resolution, and finally 

the detector sensitivity to the neutrons in the presence of 

other nuclear radiation. 

3.2. Choosing the Detector 

A great variety of methods have been used to measure the 

energy spectra of fast neutrons {1*), Then techniques (usually 

of low efficiency) include nuclear emulsions ?5) , proton 

(16) (17) recoil telescopes and *He filled proportional counters. 

For the fast neutrons the elastic scattering from hydrogen 

nuclei which gives rise to detectable recoil protons is the 

basis for fast neutron detection with organic scintillators 

which are known to have the highest efficiency for the detec- 

tion of fast neutrons because of their high hydrogen content, 

high density compared with gases and the relatively large 

cross-sections for neutron-proton elastic scattering. Organic 

materials include plastics, organic liquids and organic crystals 

such as anthracene or stilbene. The recoil protons produce 

scintillations which can be detected using a photomultiplier 

tube, (18), 

A nuclear particle incident ona scintillation detector 

produces a flash of light in the scintillator and this light 

is transmitted to the photocathode of the photomultiplier tube (19) 

The photoelectrons emitted at the photocathode are multiplied 

typically 10° to 10° times by means of the electron-multiplier 

section of the photomultiplier tube giving a large pulse at



the anode. Some organic crystals, and liquids and plastics 

with suitable additives emit light when bombarded with nuclear 

radiation in response to either primary or secondary ioniza- 

tion induced by the radiation. A number of these scintillators 

have found widespread use in nuclear spectroscopy (2° because 

they possess desirable physical characteristics, exhibit good 

detection efficiency and their response times allow relatively 

simple derivation of fast timing signals. Among these 

different scintillators the ones which have found wide applica- 

tion as neutron detectors in neutron time-of-flight spectro- 

(21) meters are the following 

1. The liquid organic scintillator type NE-213. 

This scintillator consists of specially purified 

xylene, naphthalene, activators and POPOP spectrum shifter. 

NE-213 shows good pulse shape discrimination properties, 

particularly for neutron counting in presence of gamma 

(22,23) 
? radiation, it has reasonably fast response time 

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

neutron ppectrometer (24525), 

2. Polyvinyltoluene based plastic scintillator such as 

type NE-102A. 

With this detector if iS possible to reject contributions 

due to external y-rays by using an appropriate thresho1d2®) 

Pulse shaped discrimination cannot be used with NE-102A, 

but it_is proved to ‘be a very useful tool whenever measure- 

ments of 14 MeV neutrons were involved which will be dis- 

cussed in more detail in section 3.4.



3.3 Recoil proton energy Spectrum 

In the fast neutron region, elastic scattering by 

hydrogen (below 10 Mev) (27) is isotropic in the centre-of- 

mass system, hence the energy distribution of the recoil 

protons from monoenergetic neutrons of energy Ey is a con- 

tinuous distribution in energy from zero to Eo: Consider 

the elastic scattering of a neutron, mass unity initial 

energy En, by a nucleus of mass A initially at rest. From 

the kinematics of the collision it can be shown that the 

maximum energy of the recoil nucleus for a head-on collision 

is given by 

_ 4A 
Bax ~ (AFT) 2 En aa oe Cee 3.1 

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

ferred (E. = En) in a head-on collision. While for a carbon max 

nucleus (A=12) Ea -35 En. For (n,p) scattering equation 

2.3 becomes Ep = Eveos*0 

Barshall and Kanner(?®) have shown that the energy 

distribution of recoil particles in the lab-system is the same 

as the angular distribution of neutrons scattered in the centre 

of the.mass system. For neutron-proton collisions, below 

En = 10 Mey, it has been found experimentally that the 

scattering is isotropic, that is, all angles of recoil are 

equally probable in the c-M-system. (29) Hence the energy 

distribution of recoil protons is uniform from Ep=o to Ep=En 

as shown in figure 3.1. However, in scintillators pulse height 

distribution is not the same as energy distribution. The 

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

per Mey lost. 

3.4 NE-102A Scintillator 

The scintillator used in this work was a plastic 

scintillator type NE-102A developed by Nuclear Enterprises Ltd. 

which has the following desirable physical properties: high 

light output, good light transmission, good detection efficiency, 

fast response and decay time. The light output has a rise 

time = Ins and an exponential decay with a time constant 

to=2.4ns 9) With all these properties the NE-102A scintilla- 

tor is well suited to the fast neutron time-of-flight experi- 

ments. In using a thin plastic scintillator, single elastic 

neutron-proton scattering is the most probable reaction for 

neutrons. With increasing scintillator thickness the effi- 

ciency increases but it will introduce double and multiple 

scattering besides the timing uncertainty due to the variation 

in flight times to different detection points within the 

scintillator. 

The time uncertainty is 

  

when £ = detector thickness 

EF = energy of the incident neutron 

m = neutron mass 

For the 14 MeV neutrons, & = Scm the detector timing uncertainty 

= Ins, for the same scintillator and for 2.5 MeV neutron 

timing uncertainty = 2.2 ns.



aon 

3.5 Scintillator Efficiency 

The efficiency of an organic scintillator is defined 

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

of incident neutrons (31) 

number of recoil protons 
number of incident neutrons o 

The efficiency of a scintillator consisting entirely of 

carbon and hydrogen (22533) can be calculated under the 

assumptions that only single scattering occurs and that edge 

effects are negligible. The number of recoil protons in a 

scintillator of length L exposed to a flux of Ny neutrons all 

of energy Ey is 

Ni (EL) = Non of CHE (It - exp(-aL)| /aL —_—_—__——- 3.2 

Wh a=o + n ere H ney oe c 

0}, = neutron-proton scattering cross section at neutron energy Ey 

c= neutron-carbon cross section at neutron energy EO 

which is equal to 0, (E,) 

n,, = number of hydrogen atoms/cm 

n_ = number of carbon atoms/cm? 

The efficiency for single scattering is then 

jer a3   e(E.,1) = NilEgsl) - Gt (=e 77) 
Or, : 

No a



=a One 

Figure 3.2 shows the variation of efficiency with neutron 

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

scintillator. 

The ny and ne values as quoted by the manufacturers 

.0525 x 10?" atoms/cm® 3 " 

n. = .0475 x 102" atoms/cm® 

In the discussion above only single scattering events 

were considered. Recoil protons can be produced by neutrons 

which have already been scattered one or more times by carbon 

or by hydrogen. Double scattering from hydrogen results in 

the production of two recoil protons of practically the same 

instant of time. Such events are registered as one proton 

by the photomultiplier tube and thus the number of recoil 

protons registered is not affected. However, double 

scattering from hydrogen does result in a distortion of the 

output pulse height spectrum of the scintillator. Recoil 

protons may also be produced by neutrons which have a first 

collision with carbon and second collision with hydrogen. This 

results in an increase in the number of recoil protons produced. 

It is found that organic scintillators are also efficient as 

detectors of y-rays. Therefore it was necessary to discriminate 

the unwanted y-rays. 

3.5.1 Non-linear response of scintillators 

The quantity directly recorded in the scintillation 

method is the pulse height spectrum. Under appropriate con- 

ditions the photomultiplier output is directly proportional
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to the luminous output of the scintillator. The luminous 

output of an organic scintillator for various charged 

particles is well represented by the semi-theoretical formula 

of Birks 

dS  _ A dE/dx A 
dx I+KB dE/dx sy 

where S = luminous output of the scintillator 

x = path length of the particle in the scintillator 

E = particle energy 

Sees £ £ d i To rate of loss of energy of charged particle 

A and KB are constants for a given scintillator. 

To avoid dependence on specific units for the measurement of 

S it is convenient to represent the scintillator output by 

the variable p = S/A equation 3.4 can be rewritten in terms 

of oe as follows 

aD) oeeaae dgeedx 1 
Gis Ne ail) S aryenals TE Se ce 

dx 
; 34) ' 

where p and E have the same units. For electrohS'with energies 

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

dE dP 
so that KB 72 can be neglected then Grol P =E, where E, 

is the electron energy. For protons (35436) with energies of 

a few MeV however eB cannot be neglected. For plastic 

scintillator type NE-102A Evans and Bellamy (#7) have shown 

that the value of KB is 1.0 x 10 7 gm. cm. ?.Mey ', taking 

the energy-range relationship of protons in the plastic to be 

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

Madey. (28) The pulse height for a given proton energy Ep was
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then obtained by numerical integration of equation 3.5 

since is a non-analytic function of proton energy. The 

resulting pulse height p obtained as a function of proton 

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

If the number of recoil protons with energies between 

E and E+dE is written as dN = N(E)dE and the number with 

pulse height between p and p+dp as dN = N(p)dp then the two 

spectra are related by N(E) = N(p) Ey 46 

This relationship results from the requirement that 

the area under the two spectra be the same. 

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

calculation, the two spectra are then related by 

N(p) = “ ae ees 7 

Using equation 3.7 and the proton pulse height (p) 

of table 3.1, then figure 3.3 shows the distortion of the 

pulse height spectrum by the non-linear response of plastic 

scintillator NE-102A for neutrons of 14.1 MeV. In practice 

the pulse height spectrum will take the form shown by the 

dashed curve. This distortion is due to statistical fluctua- 

tion in the scintillator output and the photomultiplier tube.
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TABLE 3.1 

Proton Energy ge KeVem2 ing N(p) a P 

_. Ep (Mev) 

eo 278.8 5.78) 22s LO75 

2 167.6 2.68 -49 

5 122.9 gu229 903 

4 98). dt 1.98 1.38 

) 82.10 1.82 1.908 

6 70.86 1.709 2.47 

ii OZ 01 1.626 3.076 

8 56.04 1.59 3.705 

9 50.86 1.508 45357 

10 46.61 1.466 §.029 

A 43.05 1.43 See 

12 40.03 1.4 6.425 

LS, 37.44 1237 7.147 

14 55-18 135 7.88 

15 33.20 ieo5 8.626 

  

3.5.2 Detector Efficiency with Discrimination 

To reduce the background count rate in the neutron 

detection channel it was necessary to discriminate against 

pulses arising from photomultiplier noise, low energy back- 

ground neutrons and y-rays. This discrimination resulted in 

the rejection of some recoil proton pulses (23) which have been



Ga 

included in the calculation of efficiency. With a 

discriminator (39) set to reject all pulses of amplitude 

tess than P,, the scintillator efficiency for 14 MeV, p? 

neutrons is given by 

e€1y = er(isd Aiu- Ap 

ae 5.00 

where €1(i4) = 14 MeV efficiency without discrimination 

(Ais - Ap) = Area under the pulse height spectrum between 

ordinates Py and Pi, (Figure 3.3) 

Py = Discriminator level 

Pi,= pulse height due to 14 Me¥ protons 

Aiy= total area under pulse height spectrum 

= area under recoil proton energy spectrum. 

Hence the scintillator efficiency for neutrons of energy 

En can be written as 

Ap _ Ap En-E 
e(En) = €:(En) x_n = €1(En) x 

A En 
an 

  

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

The choice of the discriminator level was such that 

while rejecting pulses due to low energy neutrons, y-rays, 

and photomultiplier noise it was not at such a level as to 

reject significant scattered neutron pulses. For setting-up 

reasons it was necessary to fix the discriminator level at 

a consistently reproducible known pulse height. This 

condition was met by setting up the discriminator to reject
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y-ray pulses from a source of known energy. (1%) The source 

used was °°Co which emits two y-rays at 1.17 MeV and 1.33 MeV. 

In this energy range, y-rays interact with the plastic 

scintillator mainly through the production of Compton 

electrons.{*°) The energies of the recoil electrons in 

Compton collisions range from zero up to a maximum value LS 
ax 

given by 

Eee ue= es 
max 1 + E ————— 3.10 

eee 2mac 

where E = the incident y-ray energy in MeV 

N ! moc -51 MeV is the rest mass energy of the electron 

Era = the maximum energy of the recoil Compton electrons 

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

1.33 MéV.gives E = 1.116 MeV. 
max 

Therefore a discriminator set to reject ®°Co y-ray 

pulses was equivalent to the rejection of pulses due to 

1.116 MeV electrons. In order to relate the pulse height 

due to 1.116 MeV electrons to the equivalent proton pulse 

height spectrum it was necessary to consider the luminous 

output of NE-102A. For electrons consider equation 3.5 for 

electron energy of 1.116 Mey the term xBge is small. Hence 

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

This means that a 1.116 MeV electron produces a pulse 

of amplitude P=1.116 MeV. Interpolation of the proton pulse 

heights given in table 3.1 showed a pulse of P=1.116 MeV to 

be equivalent to a proton of energy 3.4 MeV.
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Therefore setting up the discriminator with °°Co 

y-rays as a reference resulted in the rejection of pulses 

due to neutrons with energy less than 3.4 Mey. 

With the discriminator set at a pulse height P = 1.116 MeV 

applying equation 3.9. to figure 3.3 gave the efficiency 

curve shown in figure 3.4. 

3.6 The Scintillator-photomultiplier Coupling 
  

In fast neutron time-of-flight experiments the transit 

time of the detector pulse through the photomultiplier tube 

is included iii the time interval measured to determine neutron 

energy, therefore a ‘sid cable photo-multiplier tube should have 

a fast transit time(*!) with low time spread. The photo- 

multiplier tube chosen in the present work was a Philips 56 AVP 

having an electron transit time spread of 0.5 ns which was an 

adequate choice for the present work. The 56 AVP tube has 

14 stages of amplification giving a gain of 10° (v2.43) This 

high gain eliminated the need for further amplification of the 

output pulses. The dynode voltages were supplied by the 

resistor chain shown in figure 3.5. The current through the 

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

Because of the high pulse current in the later stages 

of the tube, signal decoupling condensers were included across 

the last four dynode chain resistors; this was effective in 

preventing fluctuations in the dynode voltages. For good 

light collection by the photocathode great care must be taken 

with the optics of the system, the light loss is minimum when 

the scintillator is coupled directly to the photomultiplier
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tube but as the scintillator used had a larger diameter (10cm) 

than the photo-multiplier tube (5cm) a truncated conical 

perspex light pipe of 7cm length was used for size matching 

purposes. 

To ensure effective light transmission between the 

scintillator and the light pipe they were conneted with optical 

cement type NE580 that has a refraction index (p = 1.58) which 

is close to that of the NE-102A scintillator. Optical contact 

between the light pipe and the photo-multiplier tube was 

obtained by using mnon-drying immersion oil. The neutron 

detector is shown in figure 3.6. 

In the time-of-flight experiment the electronics 

instruments involved were several meters away from the 

experimental area i.e. the neutron detector is far away 

from the electronics, so a length of coaxial cable was re- 

quired to connect the neutron detector to the neutron 

discriminator. To avoid reflections in this long cable the 

anode signals were matched into the cable through an emitter 

follower. Figure 3.7 shows the emitter follower circuit 

included to match the output impedancy of the photo-multi- 

plier tube to the 75.2 coaxial cable leading to the neutron 

discriminator. 

3.7 Magnetic Field Effect 

The performance photo-multiplier tube is sensitive to 

magnetic fields. In the presence of a magnetic field electron 

emitted from the photocathode will be deflected away from their =
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Fig. 3.7 Emitter follower circuit



normal path and may not be collected by the first dynode. (**) 

Hence the movement of the photo-multiplier relative to a 

magnetic field can result in changes of the photomultiplier 

gain. 

The earth's magnetic field is not usually a problem 

if the tube is operated in a fixed position throughout an 

experiment, but in the present work it was required to rotate 

the detector (neutron detector) about the sample position, 

so shielding from the earth's magnetic field was essential for 

stable performance. The electron trajectories from the 

cathode to the first dynode are most sensitive to magnetic 

fields, the photo-multiplier tube was therefore placed 

inside a cylindrical mu-metal magnetic shield number 56131 

recommended by the manufacturers so that the first dynode 

stages and the photo-cathode were adequately shielded, the use 

of a mu-metal shield, besides giving optimum tube gain gives 

minimum transit time spread. 

3.8 Neutron Detector Shielding 

The purpose of shielding is basically to reduce back- 

ground effects caused by undesired neutrons and y-rays to a 

reasonably small fraction of the effects due to the neutrons 

of interest. Neutron scattering experiments require careful 

shielding of the detector from the neutron source. The 

shielding usually consists of a shadow bar and a collimator 

surrounding the detector, the shadowbar used to shield against 

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



the detector while shielding against background caused by 

neutrons and y-rays scattered into the detector from the 

floor and surrounding walls was achieved by placing the 

detector in a large collimator. 

3.8.1 Neutron Shielding Materials 

A shield should attenuate fast neutrons producing a 

minimum of secondary penetrating y-radiation without causing 

a build-up of activity in the shielding material and this 

is achieved by slowing down or moderating the fast neutrons 

and then absorbing the secondary penetrating y-rays. The 

selection of the shielding materials represents a compromise 

between size, weight and efficiency of the detector.Materials 

used to shield against neutrons in the MeV region were of two 

types, heavy materials and hydrogenous materials. The heavy 

materials like W, Cu, Fe, pb have been used since the elastic 

differential cross sections for these heavy materials are very 

sharply forward peaked and for attenuation purposes the entire 

elastic cross-section may be neglected compared with the non- 

elastic absorption and inelastic scattering processes. A 

hydrogenous material is the most efficient fast neutron 

moderator. The elastic scattering cross-section for hydrogen 

is relatively large but decreases with increasing neutron 

energy. Hydrogen, however, provides on the average a 50% 

energy degradation per elastic collision. Neutrons thermalized 

in this way give y-rays with 2.2 Mey produced from SEA ALan 

reaction. Suitable hydrogenous materials are water, paraffin



= 09 

wax, polyethylene. The use of those materials has been 

investigated by Hopkins et ai{*5)who found that for the 

14 Mev neutrons the heavy materials are more effective in 

terms of attenuation per unit thickness of shield. However, 

if the weight of the shield is considered the hydrogen 

moderators are far more effective, paraffin wax being 

approximately four times as effective as copper. In using 

paraffin wax scattering by its carbon content produces 

y-rays of 4.43 Mey from '?C(n,n'y)**C reaction but the cross- 

section for this reaction is very much less than for elastic 

scattering by hydrogen and carbon. It is possible to 

reduce the y-rays production in paraffin wax by loading the 

wax with a good slow neutron absorbing materials. Suitable 

materials are ®Li and !°B generally used in the form of a 

compound. Both materials have a large cross-section for the 

(n,a) reaction but ®Li is more effective since no y-rays 

are emitted in ®Li(n,a)*H reaction. In the *°B(n,a)7Li 

reaction .48 Mev. y-rays are emitted.in about 95% of the 

interactions. 

Mixing a substantial amount of lithium carbonate with 

paraffin wax to reduce y-radiation from neutron capture in 

hydrogen reduces the density of hydrogen in the shield and 

consequently the neutron shield is less efficient. On the 

basis of weight effectiveness, cost and ease of fabrication, 

paraffin wax was used as the major constituent of the shield. 

The innermost part of the shield consisted of a suitable 

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



used for this purpose because of its density and high atomic 

number. This shielded the detector from the y-rays. A cross- 

section of the shielding assembly is shown in figure 3.8. 

The shadow bar and the collimator were fabricated by moulding 

the paraffin wax in a container of the desired shape. The 

wax was not loaded with boron or lithium carbonate, 

3.8.2 The Shadow bar Position 

Correct location of the shadow bar was important in the 

angular distribution measurements. There are several criteria 

concerning a proper location for the shadow bar. It should 

not intercept neutrons between the target and the scattering 

sample or between the scattering sample and the detector. The 

entrance of the collimator should not be exposed to the target 

and the shadow bar face nearest the target and scattering sample 

should not be visible to the detector. Within these limita- 

tions, which may be mutually exclusive at certain very small 

or very large angles, the shadow bar was very effective in 

attenuating fast neutrons. Figure 3.9 shows the position of 

the shadow bar for a scattering angle of 45°.



xeq 
Mopeys 

& 
pue 

AOJPUTTTOO 
eB 

Jo 
pesoduoo 

futpTeTys 
JoJSSZep-uozqneN 

g*e 
“HT 

xeM 
u
T
j
y
e
r
e
d
 

 
 

 
 

  
 
 

xem 
u
T
y
z
e
r
e
d
 

 
 

 
 

 
 

3ep-u 

  
  

 
 

 
   

  
 
 

   
 

  
   



       n
e
u
t
r
o
n
 

b
e
a
m
 

scattering 
sample 

D
*
b
e
a
m
 

Fig. 
3.9 

Position 
of 

the 
shadow 

bar 
at 

angle 
4
5
°



THE NEUTRON PRODUCTION 

4.1 Introduction 

Neutrons were produced from the T(d,n)*He reaction. 

With a deuteron beam of energy about 150 KeV obtained from 

using a S.A.M.E.S. type -J accelerator incident on a tritium- 

titanium target, neutrons of 14.1 MeV can be obtained with 

a small spread in energy. 

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

The deuteron beam was accelerated by the S.A.M.E.S. type 

J accelerator shown in figure 4.1. The accelerating voltage 

is produced by an electrostatic generator which is housed in 

a hermetically sealed unit in a hydrogen atmosphere. The 

generator can deliver 2mA at +150 KV with a stability of 

+13{*the target and the other experimental facilities are 

situated at the far end in the laboratory and they are several 

metres away from the accelerator. Therefore the deuteron 

beam has to pass through a 6 metres long evacuated beam tube 

to reach the far end where the target is situated. Due to 

the length of the tube an auxillary. pumping stage at the 

target end was necessary to maintain a pressure of less than 

10 ®‘mm.Hg, and because of the length of the tube extra beam 

focusing was required. The deuteron beam is focussed by two 

electrostatic quadrupole lenses ‘*?) ana a pair of electrostatic 

deflector plates. The incident deuteron beam on the target 

was restricted by a vertical slit 10mm. x Imm. in a brass 

plate situated across the end of the beam tube. The target



  FIGURE 4.1 S.A.M.E.S. ACCELERATOR



assembly was supplied by Multivolt Ltd. and it consists 

of a disc of copper coated with a thin layer of titanium 

loaded with tritium, contained in a stainless steel case. 

The target disc is water cooled, and it has a 90° branch as 

shown in figure 4.2. Only a small part of the target is 

struck at any one time by the deutron beam, and the target 

can be rotated to expose new areas to the deuterons. 

Under positively charged deuteron bombardment electrons 

are ejected from the target assembly. To prevent these 

electrons back streaming to the accelerator a suppressor elec- 

trode was inserted between the target and the beam tube, and 

this was maintained at about #150 volts, thus reflecting the 

secondary electrons back to the target. Araldite spacers 

insulated the target, suppressor and slit from each other 

and from the beam tube and target and slit currents were 

monitored by means of multi-range current meters. 

4.3 The T(d,n)*He reaction 

The nuclear reaction 

3 2 4 
jH 4+ 4H > 53He +n +0 

Which is highly exothermic and has long been used as a source 

for the production of neutrons with high energy. The Q value 

which can be calculated from the nuclear masses of the 

reaction is very high 17.586 Mev (25) Because of this high Q 

value the variation of neutron energy with the incident 

deuteron beam energy is relatively small. Neglecting the
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kinetic energy of the incident deuteron beam the products will 

share an energy of 17.586 MeV as the inverse ratio of their 

masses, (*®) which gives the neutron 17.586 x (tn) = 14.1 Mev 

and the alpha particle 17.586 x ( g;j—) = 3.5 MeV. 

The cross section for this reaction rises to a peak of 

5.1 barn (*2) at a deuteron energy of 110 KeV as shown in 

Figure 4.6. 

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

The energies and the angles of the scattered particles 

from a nuclear collision can be computed using the conservation 

laws of energy and momentum. In this reaction a particle of 

mass m, (deuteron) is incident on another particle of mass m2 

(triton), which is at rest in the laboratory system. The 

interaction produces two particles, one of mass m3 (neutron) 

and the other of mass m, (*He). Let (03,0,) represent the 

angles of scattering (s0) of the particles m3 and m, respective- 

ly in the laboratory system and (¢3,6,) represents the angles 

of scattering of the particles m3; and m, respectively in the 

C-M system as shown in Figure 4.3. 

Then a mathematical expression for the energy of the 

scattered neutron E3 as a function of angle which is available 

in several works (51952) and can be produced here from the 

laws of momentum and energy conservation, E3 is then given by 

the following expression 

m m,m 
By = (Er: +Q) carne 4 Baia )e cos20 

2¥mim2 ose i £1 (WEi+ - mim 
(mi +m2 m3+my (mm, 
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In deriving the above expression for the neutron energy 

E3; it is always easier to consider working out the mathemati- 

cal equations for the conservation of energy and momentum in 

the C-M system and then transferring them into the laboratory 

system. To transfer neutron production rate at a particular 

angle in the C-M system to an equivalent angle the laboratory 

system it must be multiplied by the anisotropy factor |A| 

which is the ratio of the sélid angle in the laboratory 

system given as |A| = ae 

The derivation of the mathematical equation to find E; 

with the anisotropy factor is given in Appendix 1. The 

tritium target used was thick compared with the deuteron range 

as the thickness of the te#awwamlayer was~ lmgm cm? and the 

range of deuterons of energy between 150 + 20 KeV in tifanitww 

is .4 mgm cm ? (sa), Consequently deuterons of all energies 

from the bombarding energy to the energy where the cross- 

section becomes negligible (v20Kev) yield neutrons. The 

variation of neutron energy with the angle of emission is shown 

in figure 4.4 for different deuteron energies. 

4.3.2 Angular relationship of the associated particles. 

The angular range of neutrons defined by a-particles emitted 

at 90259 to the deuteron beam in the d(T,n)*He reaction can 

be calculated from the reaction kinematics. Equation A 1.10 

gives thg. relationship between the alpha particle-angle Oy 

and the neutron angle 03, it can be seen that the relation 

between the two angles depends on the in¢ident deuteron energy.
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Figure 4.5 shows the relationship between neutron angle and 

alpha particle angle in the angular range of interest 

calculated with a computer programme as shown in Appendix 2. 

The calculation was done for deuteron energies ranging from 

150 KeV to 20 KeV. The figure also shows the alpha particles 

detected at (90°£5°)define a neutron beam over the angular 

range of (83°+7°) 

4.4 The Neutron Yield 

The reaction probability for a deuteron on passing a 

distance dx through a target containing N tritium atoms/cm® 

is given by Nodx, where o is the cross section for the 

reaction and is a function of energy. Since deuterons range 

is not a linear function of energy then 

6. 
o dx = dE/dx dE ——————__ 4.2 

The angular dependents of the differential cross section 

for the T(d,n)*He reaction has been found to be isotropic in 

the C-M system for deuteron energies up to 200 KeV by Allen 

and Poole (3) and to 570 keV by Argo et al (55). The total 

yield of neutrons per incident deuteron of energy Ep is given 

by 

dE er 4.3 

  

where o is the total cross section for the T(d,n)*He 

reaction at a deuteron energy E.. gE is the rate of energy 

loss of deuterons of energy E.,. in the titanium tritide target.
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To determine the energy loss, the loading factor or 

number of tritium atoms per titanium atom in the target 

must be known, a reasonable estimate for this factor is 

unity (2), 
23 

® Ole x oO) Asx NGO2 aL Oe ° 
Nias = 

Be or 50.9 
  

i 4.8 x 1022. atoms/cm® 

The cross section for the T(d,n)"*He reaction has been 

measured by Conner et a1(s6) for 10 + 1752 Ke deuterons 

and by Arnold et al (s7) gor 7.5 - 120 Key deuterons. 

Figure 4.6 gives the cross section for deuteron energies 

between 10 Kev to 500 Kew (51), 

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

coh ea SARS) 3n. ear. (Ey. + aon, ey 
dx a7.94+3n° “dx Ti 47.9+3n *dx’T 

where ey is the rate of energy loss of deuteron in 
Te 

titanium. 

ey is the rate of energy loss of deuteron in tritium 
uy 

n is the number of tritium atoms per titanium atom 

(it is assumed n = 1) 

3 and 47.9 are the atomic weights of tritium and titanium 

respectively. 

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

law relating energy loss with atomic weight (59),
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The usual assumption is dE [i247 but by taking Warshaw's 

measured results for the metals quoted the assumption is 

found only to be valid at higher energies (deuteron energy 

of 300-400 KeV} and only for materials of low atomic weight 

( $21, lies between eyAt! and syle in the atomic table). 

The stopping power . has been calculated by Benveniste 

(si) and Zenger They interpolated the proton stopping power 

data of Warshaw 5) for 50 Ke to 350 KeV protons in 

aluminium and copper with respect to the inverse square root 

of the mass number to produce a proton stopping power curve 

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

is a function only of the velocity of the particle 

dEp dE 
Ex), = 5) 

25 

a deuteron stopping power curve in titanium was derived. 

Similarly the rate of energy loss of deuterons in tritium 

was obtained using the proton data of Reynold (6°) , Figure 

4.4 shows the rate of energy loss of deuterons in the tritium 

-titanium target. 

With this information the neutron yield per incident deuteron 

energy E can be calculated by numerical integration of 

equation 4.3. 

4.5 The Alpha-Particle Detector 

Alpha particles are heavy and have a positive charge twice 

that of protons. They do not easily penetrate to the nucleus 

because their primary interactions are with the electrons and
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electrostatic forces that surround atoms. They lose energy 

to the surrounding medium primarily through the ionization 

and because of their highly ionizing properties they can be 

detected with high efficiency. Alpha particle detector 

suitable for the present work should have the following 

properties 

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

3.5 Mev alpha particle from the T(¢,n)"He reaction. 

(b) a low neutron and y-ray detection efficiency 

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

measurements. 

Two types of detectors, an organic plastic scintillator or 

a semi-conductor detector, closely meet these requirements. 

A suitable scintillator is Nuclear Enterprise's plastic 

scintillator type N.E.-102A. It is readily available in thin 

sheets, thus having a low neutron detection efficiency and being 

an organic material with low z number it has a low detection 

efficiency for y-rays. Plastic scintillator N.E.-102A has 

been discussed in section 3.4. When used in conjunction with 

a photomultiplier tube with a small transit time spread it meets 

the timing requirements for the present work. The silicon 

surface barrier semi-conductor detector has a low response to 

both neutrons and y-rays and has a fast response time(léss 

than 6ns). On comparing these two detectors there are two 

advantages in using/Blastic scintillator in preference to the 

silicon surface barrier detector. 

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

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

2. The scintillation detector is less sensitive to radia- 

tion damage than the semi-conductor detector. Radiation 

damage in the semi-conductor is mainly due to %-particles 

(61) which are more damaging than fast neutrons. 

For the above advantages the plastic scintillator was shosen 

for the alpha particle detection in the present work. In the 

T(d,n)"He reaction the alpha particles emitted at 90° to the 

deuteron beam direction have an energy of approximately 3.5 MeV 

as discussed in section 4.3. 

The range of alpha particles in NE-102A is shown in figure 

nae) which gives a range of .025 mm. for 3.5 MeV alpha 

particles, so this thickness of plastic scintillator NE-102A 

would be 100% efficient. 

The scintillator used was .5 mm. thick and was coupled to a 

56 AVP photomultiplier tube. Figure 4.9. The tube has a 

transit time spread of less than0.5ns making it very good for 

fast timing work. Since the position of the photomultiplier 

was fixed with respect to the earth's magnetic field a magnetic 

shield was not placed around the photomultiplier. The detector 

was in the form of a square sheet 3.18 x 3.18 cm. When posi- 

tioned 9 cm from the centre of the target, the detector sub- 

tended an angle of = 19°. This is the maximum angle allowed 

by the inside diameter of the connecting vacuum tube. By the 

use of defining apertures, smaller detector areas were selected 

as required. The short range of the 3.5 Mev alpha particles 

made it necessary to locate the detector within the vacuum
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system, while for reasons of outgassing from the dynode 

chain, as well as cooling, it was desirable to mount the 

photomultiplier system outside the vacuum. This was accom- 

plished by mounting the NE-102A scintillator on a perspex 

light pipe 10 mm. thick which also acted as a vacuum seal. 

The alpha particle detector is shown in figure 4.10. The 

scintillator sheet was attached to the perspex light pipe 

with optical cement type NE.580 to ensure good optical 

contact in vacuum. The photomultiplier was spring loaded 

onto the flange using silicone immersion oil to make a good 

optical contact between the perspex flange and the photocathode. 

4.6 Alpha-detector Shielding 

The alpha-detector had to be shielded from two sources of 

radiation. These were 8-particles emitted by the tritium 

target and deuterons scattered by the target. 

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

target to °He with 12.3 year halflife T+3He + B + 0 

The decay is not accompanied by y-rays. The total energy 

released is 18.6 KeV. The range of 18.6 KeV 8-particles in 

aluminium is .0022mm, (#2) so this thickness of aluminium 

would completely shield the scintillator against 8- particles. 

The deuterons scattered through 90° into the alpha-detector 

have a maximum energy of 140 Kev, the range of deuterons in 

aluminium can be obtained by scaling proton range data(51) 

the range Rq(B) of a deuteron of energy E and mass Mg is given 

by
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where mp is the proton mass, Ry is the proton range so the 

deuteron range is twice the range of a proton with the same 

velocity. A 100 KeV proton has a range in aluminium of .26 

mg/cm? (.001 mm.) So a 200 KeV deuteron has a range in 

aluminium of @52 mg/cm* (@002 mm.) 

The alumjnium foil was used to shield the scintillator from 

both the ®-particles and scattered deuterons. °°) The foil 

used was .004 mm. thick which completely shielded the 

scintillator from $-particles and scattered deuterons, but not 

the a-particles. The range of 3.5 MeV alpha-particles in 

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

The exposed area of the alpha-scintillator was defined by 

an aluminium aperture plate placed directly in front of the 

scintillator in a slot in the target assembly flange. The 

aluminium plate had a rectangular hole cut out measuring » 

1.8 cm. horizontally by 1 cm vertically. This limited the 

angular acceptance of alpha-particles in the horizontal 

plane to 90°+5°. The alpha-detector assembly is shown in 

Figure 4.11.



FIGURE 4.14 ALPHA PARTICLE DETECTOR 
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CHAPTER 5) 

THE TIME-OF-FLIGHT TECHNIQUE AND THE EXPERIMENTAL ARRANGEMENTS 
  

5.1 Introduction 

With the development of electronic techniques and scin- 

tillation materials with responses in the nanosecond range 

the time-of-flight technique has become quite a widely used 

technique in recent years for the energy measurement of fast 

(64) (65) neutrons. 

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

of a non-relativistic neutron of energy EB, Mev) is given 

by the equation t = Eee ns ——— 5.1 
ye 

n 

with a flight path of é&ne metre the interval of time for 

neutrons of energies in the range (.5 - 15 Mev) is of the 

order of a few nam seconds to 100 ns: (85957) for 14 MeV 

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

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

meter is given by the formula 

The basic problem involved in using the time-of-flight 

technique for the measurement of a neutron energy can be 

divided into two parts : 

(a) The production of a signal giving the time 

zero at the start of the flight of the neutron. 

(b) The production of another signal corresponding 

to the end of the flight.
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The precise determination of the time of origin of 

the neutron is an essential part of the time-of-flight technique. 

There are two different methods for the detmination of the zero 

(ee) time with low energy accelération and they are 

(i) The pulsed beam method 

(ii) The associated particle method 

In the pulsed beam method the neutrons are produced in short 

bursts which mark the beginning of the neutron flight time and 

the end of the flight path is marked by a signal from the 

neutron detector. ‘**) The source is usually a nuclear reaction 

induced by ion bombardment. The zero time for a neutron 

originating at the source point can be localized by producing 

the neutrons in bursts of time duration At, A certain 

neutron is then produced at a given point and time with a time 

uncertainty At,. If the neutrons are produced by positive 

ions bombarding a target to induce a nuclear reaction it is 

sufficient to produce the positive ions in bursts of time 

At,» therefore talking in terms of ion-beam burst duration 

is in fact talking about neutron burst duration. The pulsing 

method is more general and can in principle be applied to all 

types of reactions, hence a wide range of neutron energies can 

be covered by the use of different charged particle: reactions. 

In the pulse method the burst duration is an important factor 

in determining the spectrometer resolution so the beam of 

incident particles which initiates the reaction must be 

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



flight of the highest energy neutrons involved and at such 

a rate that the longest flight time of interest can be 

measured before the next beam pulse reaches the target. (79971) 

The associated particle method is not as generally 

applicable as the pulsed beam method and it is mainly used 

with the T(d,n)"He reaction and sometimes with the D(D,n) *He 

reaction. The helium particle from the reaction which can 

be detected with 100% efficiency Gadpy a scintillation or 

solid state detector is used as the zero time marker, the 

neutron associated with this alpha particle proceeding to the 

scatterer when it is scattered towards a second detector 

that detects the neutron and provides the second time pulse 

that corresponds to the end of its flight. The angle between 

the helium particle and the neutron is fixed by the kinematics 

of the nuclear reaction (section 4.3.1). 

The solid angle subtended by the helium particle 

detector at the target defines a related solid angle into 

which the associated neutrons are emitted. 

The associated particle, method has the advantage of being 

used with a continuous beam and with the scattering sample 

positioned so that it subtends all of the defined neutron beam 

and a neutron start pulse is only obtained when a neutron 

penetrates the sample thus giving a good signal to background 

ratio resulting from the coincidence requirement (73) For a 

system employing two detectors the random coincidence rate 

per analyser channel is C= NiNot
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Where N, = count rate in the neutron detector 

Ng = count rate in the alpha detector 

t = resolving time/analyser channel 

A comparison between these two methods shows that the pulsed 

beam method can be applied to all types of reactions and gives 

a zero time independent of the reaction mechanism, which the 

associated particle method is mostly limited with the D-D and 

D-T reactions. The pulsed beam method which can give higher 

neutron intensities enables the flight path of the spectro- 

meter to be <10 metres, (7*) whereas random coincidences exist 

in the associated particle method due to continuous production 

of neutrons and theirscattering by the surroundings into the 

neutron detector. Therefore the flight path has to be 

relatively shorter (<metres (75) in order to minimize the random 

coincidence rate compared to the wanted signal. The time 

resolution with the associated particle method may be slightly 

better than that with the pulsed beam method because of 

timing uncertainty caused by the finite pulse length. The 

production of intense ion bursts in the nanosecond range 

requires sophisticated equipment which is not required with 

the associated particle method, so the associated particle 

method with the T(d,n)*He reaction was adopted in the present 

work,
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5.2 Experimental Considerations for the Associated Particle 

Method 

From the kinematics of the T(d,n)*He reaction and from 

the discussion in section 4.3.2 the alpha particles detected 

at an angle of 90°#5° to the incident deuteron beam define 

a cone of neutronsextending from 76° to 90° to the deuteron 

beam direction in the laboratory system. The most intense 

part of the neutron beam was at an angle of 83° to the deuteron 

beam direction so the scattering sample was centred on this 

angle. The scattering sample was positioned so that ae 

completely intercepted the neutron beam defined by the 

associated alpha particles. The scattering sample was posi- 

tioned 25cm from the target, at this distance the cross- 

sectional area of the neutron beam defined by the 10° alpha 

particle detector aperture was 2.65cm high by 5cm wide. The 

sample stand had a steel base fixed to the laboratory floor, 

the sample platform was a thin flat steel plate as shown in 

figure 5.1 due to the limited experimental area available in 

the laboratory the flight path from the centre of the scattering 

sample to the face of the neutron detector was fixed at 1.9 

metres and the scattering angle was limited to angles between 

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

In the time-of-flight technique the time differences 

between the start and the stop pulses can be measured by 

a time-to-pulse height converter whose pulse height output 

is directly proportional to the time difference of the two 

pulses arriving at the converter inputs. The pulse height 

distribution can then be recorded on a multi-channel pulse 

height analyser. A block diagram of the electronics system is 

shown in figure 5.3. The negative output pulses from the 

anode of the neutron photo-multiplier tube are fed into a 

coaxial cable through an emitter follower designed to provide 

suitable drive and matching into the coaxial line. From the 

emitter follower the pulses then go to the 100 MHZ discrimina- 

tor which accepts the pulses only if they exceed a preset 

amplitude. The negative output of the discriminator is then 

passed to the "start" input of the time-to-pulse height 

converter. In the alpha particle detection line the negative 

output pulses from the anode of the alpha photomultiplier 

tube are fed through a similar circuit, but because there will 

be a delay corresponding to the time of flight of the neutron 

from the target to the detector, so a delay must be estimated 

and allowed for in the measurement of the neutron flight time, 

therefore a variable delay unit is included in the alpha line 

to delay the signal to the ''stop" input of the time to pulse 

height converter. The bipolar output pulse from the time to 

pulse height converter is fed to a multichannel pulse height 

analyser. 

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

it was necessary to ensure that all the units involved had
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fast responses in order to match the fast pulses from the 

plastic scintillators of the neutron and the alpha counters. 

With the time-to-pulse height converter used the ''stop" 

input could accept a maximum counting rate ten times as high 

as the "start" input. Consequently as the neutron counting 

rate was less than the alpha counting rate, the neutron signal 

was used to start the time-to-pulse height converter. Since 

the neutron detector was 1.9 metres away from the scatterer, 

the neutron pulses occur at a later time than the alpha pulses 

so the alpha pulses then were delayed by a fixed amount of 

time to use them as the stop signal. 

5.4 Discriminators Adjustment 

The discriminator used in the neutron line was the ORTEC 436 

100 MHZ discriminator which is a time derivation unit designed 

primarily for use with photomultiplier tubes but versatile 

enough to be used as a timing trigger or pulse shaper with 

any input signal shape from dc to 100 MH#; the discriminator 

level control sets a de bias on the discriminator element 

which determines at what level of input voltage the unit will 

trigger(77), A similar discriminator was used with the alpha 

line. It was necessary to set the discriminator levels for 

both the neutron and the alpha particle detectors to discrimin- 

ate against undesired pulses and to reduce the background from 

the accidental coincidences as discussed in section 3.5.2. 

The neutron discriminator was set to just reject pulses from 

(ACA y-rays interacting in the neutron detector. The experi- 

mental arrangement for setting the neutron discriminator level 

is shown in figure 5.4.
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With a ®°Cy y-ray source placed in front of the neutron 

detector the count rate was measured as a function of the 

discriminator level setting (voltage setting). The differen- 

tial Compton spectrum was obtained by plotting the difference 

in the number of counts in successive discriminator setting 

against that interval. This yielded the histogram shown in 

figure 5.5 which represents the Compton spectrum of the ee5 

y-rays, the Compton edge of the 1.33 Mey y-rays coinciding 

approximately with the point at which the count rate fell to 

one-half of its peak value. This point determined the 

discriminator level setting for the experiment. 

The alpha discriminator level was adjusted in such a way that 

the time spectrum should have the optimum resolution and that 

was done by adjusting the discriminator level until the FWHM 

was the minimum for the time spectrum without distorting the 

shape of the spectrum, and that adjustment is the proper one 

by which the low energy noise pulses were eliminated without 

affecting the pulses of the 3.5 MeV alpha particles from the 

T(d,n)*He reaction. 

5.5 Time-to-Pulse height Converter 

In the time-of-flight technique the measurement of the time 

difference between the start (anode) signal from the neutron 

detector and the stop (anode) signal from the alpha detector 

is usually made by converting the time interval into a 

voltage pulse with amplitude proportional to the time 

differences between the start and the stop pulses. The time 

converter used in the present work was the ORTEC 447 time-to- 

pulse height converter (78) which provides an output pulse with
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an amplitude proportional to the time interval between a 

start input and its related stop input, the full scale time 

range is a switch selectable for 3 ranges 50, 250 and 500 ns. 

A conversion signal is generated only if a stop signal 

follows an accepted start signal within the selected time 

range. The output has a signal with an amplitude propor- 

tional to the start-to-stop time interval. Full range for 

the output amplitude is 10V, the output pulses of the time-to- 

pulse height converter were analysed in a 100 channel pulse 

height analyser type TMC gammascope 1202. 

5.6 The Spectrometer Resolution 

The adjustment of the discriminators in the neutron and 

alpha lines was made to give optimum resolution for the time- 

of-flight spectrometer, the time resolution of the spectrometer 

was measured by observing the direct neutron beam which was 

at angle 83° to the incident deuteron beam direction. Figure 

5.6 shows the FWHM of the spectrometer to be approximately 

3.5ns. It was found that the resolution of the spectrometer 

to be dependent on the repetition rate in the alpha particle 

channel. The FWHM of the spectrum increases with the increase 

of the repetition rate in the alpha channel and a shift of the 

peak to lower channel number was also observed. There are 

several time uncertainties in the measurement of the start-to- 

stop time interval in the time-of-flight technique which will 

affect the time resolution of the spectrometer. The time 

resolution is the folding together of all contributing time 

uncertainties in production and detection of an event. With
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the associated particle method the time uncertainties which 

affect the time resolution of the spectrometer may be due to 

the following 

(a) The spread in the flight path of the neutrons 

owing to the thickness of the detector. 

(b) The finite solid angles introduce a small 

spread in the flight path. 

(c) The spread in the energy of the neutrons and 

the a-particles which is due to 

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

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

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

(d) The time uncertainties in the electronics. 

Alpha particles of 3.52 MeV had a small energy spread of 

approximately 60 KeV, due to the 109 angular range subtended 

by the alpha detector. However, alpha particles produced 

inside the target by lower energy deuterons lose energy in 

escaping the target and the effective alpha particle energy 

range was 3.28 MeV to 3.58 MeV¥ The transit time in the 

neutron scintillator was Ins for the 14 MeV neutrons and 2ns 

for the 3.5 MeV neutrons (section 3.4). The time resolution 

of 3.5 ns as represented by the FWHM corresponds to an energy 

resolution of 3.47 MeV in the 14 MeV neutron range. 

5.7 Experimental Efficiency of the Neutron Detector 
  

In the time-of-flight technique the precise detection of the 

start and the stop of an event is an essential part in the 

determination of the neutron energy. Also the efficiency
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of the detectors involved must be determined in order to 

obtain a neutron energy spectrum from the time of flight data. 

The efficiency of the alpha particle. detector was assumed 

to be 100% and counting losses in the alpha channel were 

ignored. No error should result from this assumption because 

the spectra were normalized to a constant number of alpha- 

particle pulses and neutrons associated with lost alpha 

particles would not be recorded (®7), 

The efficiency of the neutron detector was shown in section 

3.5.2 to be variable with the neutron energy. The energy 

of neutrons elastically scattered in the laboratory system 

by Lif and Iron nuclei varies with the mass of the scattering 

nucleus and the scattering angle, therefore affecting the 

efficiency of the neutron detector so that it was necessary 

to determine experimentally the efficiency of the neutron 

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

The efficiency was measured as follows:- 

The efficiency of the neutron detector for the 14.1 Mev 

neutron was measured using the direct beam; the circuitry used 

is shown in figure 5.7. The neutron-detector was 1.9 metres 

from the sample, with the discriminators set up as described 

in section 5.4 and with the count rate maintained as low as 

possible in the alpha channel. A coincidence spectrum was 

taken, the efficiency of the neutron detector was then given 

by the ratio of the total number of coincidences to the total 

number of neutrons incident on the detector as defined by the 

alpha particle, detector count.The efficiency was given by



 
 

  

1LOOMHZ 
 
 

 
 

 
 

  
 
 

 
 

  

  
  

  
  

 
 
 
 

  
 
 

 
  
 

 
 

  
 
 
 
 

 
 

  
 
 

  
  

  
  
 
 

 
 

  
  

 
 

 
 

  
  
 
 

  

 
 

 
 

  
 
 

  
PHA 
 
 

 
 

 
 

  
  

  
   
 

   

  ratemeter|   
 
 

n
-
d
e
t
 

p
r
e
a
n
p
 

s
t
a
r
t
 

stop 

o-det 
preamp 

delay 
box 

scaler 
and 

delay 
erator 

Fig. 
5.7 

B
l
o
c
k
 

d
i
a
g
r
a
m
 

used 
in 

t
a
k
i
n
g
 

the 
e
f
f
i
c
i
e
n
c
y
 
m
e
a
s
u
r
e
m
e
n
t
 

 



- 53 - 

n, x :Ro 
Eqy = 

ny x Qn 

where Ue total number of coincidences 

“Qy = solid angle subtended by the a-detector with 

respect to the aperture 

ae total number of alpha counts recorded in the 

scaler 

Q = solid angle subtended by the neutron 

detector and the sample 

The efficiency of the neutron detector obtained from the 

above method was 5.2% For neutrons of other energies the 

efficiency was determined by scattering primary neutrons 

from hydrogen which is in the form of a thin slab of poly- 

ethylene (CHa), at known angles. The incident neutrons of 

14 MeV scattered from hydrogen as a function of scattering angle 

as calculated by equation 2.3 is shown in figure 5.8. 

Elastically scattered neutrons from the hydrogen content 

of the polyethylene was found to overlap with those neutrons 

scattered by the carbon content of the polyethylene at certain 

angles. Therefore it was necessary to subtract from the poly- 

ethylene spectra the contribution due to neutron scattering 

from the carbon content of the polyethylene by replacing the 

polyethylene sample with a suitable graphite sample during 

the background subtraction mode. The thickness of the graphite 

sample is equivalent in thickness to the carbon content 

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

depends on the thickness of the polyethylene sample, and 

since the distance a neutron travels in the polyethylene 

sample is varying with the angle at which the neutron is 

detected, the thickness of the graphite sample is also a 

variable with the angle of detection. The thickness of 

graphite required was calculated as follows: 

Assuming single scattering the number of neutrons scattered 

by the carbon in the polyethylene sample at angle 0 is given 

by 1 
Coes Nagh )&- (Nig, #294 Dy 

do ————_— : 
ni (9) =$N2 As AQ| e coso 2 e & 5.2 

| Wig, N20, ,) = Wig, Neot, 

cosO 

For the same incident neutron flux ¢ the number of neutrons 

scattered from a graphite sample of thickness 21 at the same 

angle 9 is given by 

  

-N1o 1h -Nlo, 2} 
2 te 2 te 3 

n2(0)= oN? 2952 an oo ——— 
N 0. Nios, 

> cos 

Equations 5.2 and 5.3 must be equal for exact subtraction of 

the scattering contribution due to carbon i.e. mi(0) = N2 (0) 
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where N2 = number of carbon atoms/cm® in polyethylene 

Ni = if ff H "Jom a gh 

gies = x-section for H for neutrons that have been 

scattered by carbon at that angle 

Gee x-section for carbon for neutrons that have been 

scattered by graphite at that angle 

g,,~ cross section for H at 14.1 MeV neutrons 

4, My i Wao Gigi Ae ill us 

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

&° = thickness of polyethylene 

" Qa "graphite 

® = neutron detector angle 

therefore the thickness of the graphite sample %! can be 

calculated from equation 5.4 

In using a thin polyethylene sample of 2 cm thickness so that 

the multiple scattering is minimum the equivalent thickness 

of the graphite sample was found to be 7.97 mm., 7.95 mm., 

7.87 mm. and 7.72 mm. for the following angles respectively 

fe) @=20°, 30°, 40° , and 50°. For these angles the 14.1 MeY 

neutrons scattered from hydrogen have the following energies 

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

The efficiency measurements. 

Times of flight spectra were obtained for laboratory 

Or 40° and 50° with the neutron scattering angles 2007 30 

detector face positioned 1.9 metres from the centre of the 

scattering sample using the electronics set up as shown in 

figure’ 5.17.
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The counting for the accumulation of the time-of-flight 

spectrum was done with several runs. Each run was performed 

by alternating the polyethylene sample (addition mode) and 

the graphite sample to correct for the carbon contribution 

(subtraction mode) each run corresponding to an alpha monitor 

count of 5 x 10®. The time of flight spectra obtained are 

shown in’ figures 5,9, 5.10, 5.ll and 5512. The. efficiency 

of the detector as a function of energy was calculated as 

follows 

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

The number of neutrons scattered from the polyethylene sample 

coming in to the unit solid angle around the neutron detector 

at an angle 90 is given by 

dn(®) _ 

dw 

where 

n= 
a 

(99) 

dw 
9 

le 1 1 2 (Nye ENG Oe 2 (Ny yAN JE 5a5 

dol cos0 

ae es a Ny e = e 
a Opa on 2 Oe nee a Net Mien Ecc 

cos 

number of neutrons incident on scatterer = total number 

of alpha particles for the whole number of runs 

= differential cross section for hydrogen 

o 
= —-H 

ae cos 

= number of hydrogen atoms/cm*® in the polyethylene sample 

" " " " " = ns "carbon 

= hydrogen cross section at neutron energy that has been 

scattered through angle 0 by hydrogen
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Fig. 5:9 Time-of-tlight spectrum from hydrogen at a scattering 
angle of 0=20° in the lab-system 
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Fig. 5,11 Time-of-flight spectrum fron hydrogen ata 
scattering angle of 9=40" in the lab-system 
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Pig. 5.12 Time-of-flight spectrum from hydrogen at a scattering 
angle of @=50" in the lab-system



Oais hydrogen cross section for 14.1 Mey neutrons 

Oo, = carbon cross section for 14 MeV neutrons 

0 = the neutron detector angle 

£ = thickness of polyethylene sample 

The total number of coincidences is the area under the peak 

of the time spectrum for that angle. The experimental 

efficiency of neutron detector and the calculated efficiency 

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

From figure 5.13 it can be shown that the experimental 

efficiency is only about 50% of theoretical efficiency. This 

was because of the neutron absorption and scattering in the 

target due to the presence of copper, water, stainless steel 

in the way. There is also the very probable misalignment of 

the wax collimator which appears to be partly masking the 

detector. 

5.8 Energy Calibration of the Spectrometer 

Before starting to take any experimental measurements, it 

was necessary to determine the energy calibration of the 

spectrometer. Two main things have to be taken into considera- 

tion in the energy calibration of the spectrometer. These 

were first the energy range of the neutrons involved in the 

experiment and second, the y-ray interference in the presence 

of neutrons. 

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

The time-to-pulse height converter was set on 50 ns range so
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5.13 Experimental and theoretical efficiency 
for the NE-102A 5cm thick neutron detector
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that each channel of the multichannel pulse height analyser 

had a width of .5 ns. The maximum energy involved in this 

experiment was 14 MeV and the lowest measured efficiency 

was at 5.82 MeV (section 5.6). This set the lower limit for 

reliable spectral measurements as the efficiency fell rapidly 

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

By adjusting the position of the peak of the time spectrum 

of the 14 MeV neutron to be at the far end of the 100 channels 

the peak of the time spectrum of the 5.82 MeV was located at 

a position down the scale of the 100 channel as can be seen 

later. 

The interference of the y-rays has been eliminated in the 

following way. For a flight path of 2 metres the time taken 

by y-rays to travel that distance is 7 ns and the time for 

the 14 MeV neutrons is 38 ns, so there is a difference of 

31 ns between neutrons and y-rays. Therefore there is a 

difference of 62 channels between the position of the peaks 

of y and neutrons and since the y-rays are faster then the 

14 MeV neutrons the peak of the time spectrum of the y appears 

earlier than the 14 MeV neutrons. By arranging the variable 

delay unit so that the peak of the time spectrum of the 14 MeV 

neutrons to appear in the higher channels of the multichannel 

analyser the y peak can be eliminated. The spectrum which is 

being considered here is the time spectrum. To convert the 

time spectrum to energy spectrum the following is considered. 

Let the flight path be 2% metres and the time for a 14.1 MeV 

neutron to travel one metre be 19.25 ns. 

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



a
l
e
 L a) 

T9. FCN) xe eto 2 m/sec 

E = Imv? = 1m a 2 a 
é 2M [19.252 (A-N)x.5] *x 10 

1 = 1 - For 14.1 MeV neutrons E Z ™ (19, 25h)7x10 le 

Therefore the neutron appearing in channel number N has an 

energy 

e 14.1 mise MeV 5.6 See 5 
le a ] 

knowing the peak channel of the time spectrum for 14.1 MeV 

  

neutrons. Then using equation 5.6 the energy at each channel 

could be calculated. Figure 5.14 shows the energy versus 

the channel number for 14.1 Me¥ neutron in channel 81. The 

5.82 Mev neutron therefore appears at channel 40.
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Fig. 5.14 Energy calibration of the multichannel analyser 
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THEORETICAL CONSIDERATIONS 

CHAPTER 6 

6.1 INTRODUCTION 

The determination of neutron behaviour in a medium 

is a very complex problem. It can be formulated mathematically 

by considering the production and collision of neutrons of a 

particular velocity moving in a particular direction and 

integrating overall directions and all velocities. The problem 

is similar to that of motion of molecules in a gas and leads to 

the same equation, the Boltzmann transport equation. This 

approach is known as transport theory. The mathematical 

derivation of the transport equation has been discussed in 

many text books. (79-89) The transport equation represents 

a neutron balance in a homogenous and isotropic medium, 

considering neutrons having designated specifications for 

vector, position, angular direction, speed or lethargy, and 

time. The neutron balance yields an integro-differential 

equation. The transport equation is so complicated that 

solutions have been found only for rather simplified physical 

models such as the spherical harmonic expansion, the discrete 

ordinate technique and the moments method. 

Another way of determining the neutron behaviour through 

matter is by Monte Carlo methods (20) which are applicable to 

problems involving a series of random events. In these 

problems the histories of a large number of neutrons are



followed from collision to collision. In going from 

one collision to another the problem is to determine the 

distance travelled before the next collision takes place, 

the type of collision which takes place and the energy and 

direction of the neutron after the collision, that is the 

distribution of the neutron in space according to their 

energies could be determined. With the use of large high 

speed computers Monte Carlo method has become a powerful 

tool for detailed study of shielding and reactor design. 

However, the Monte Carlo method has some limitations due 

to the time needed to build up accuracy and the large compu- 

ter core size needed which makes the method less attractive 

for common use, 

6.2 Consideration of possible reactions to be seen. 

In studying the reaction of the 14 MeV neutrons with 

extended samples of LiF and Fe it is necessary to find out 

from the cross-section data and the energy distribution 

probability data what reactions will contribute to. the 

emerging neutron flux so as to take those neutrons producing 

reactions into consideration when setting up a theoretical 

calculation model for computing the emerging neutron flux. 

The cross-section and the probability distributions data 

Z 
for the 14 MeV neutrons for the or, lige te and Fe nuclei 

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

the cross-section data for the neutron producing reactions 

for the following nuclei oi, tiie toF and Fe. 

* United Kingdom Nuclear Data Library.
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From Table 6.1 and from the comparison of the values of 

the cross-section it can be seen that the elastic scattering 

cross-section has the highest value and is therefore the 

predominant reaction for 14 MeV neutrons with ori. Figure 

6.1 shows the energy of a 14 MeV neutron scattered through 

oO @ = 0° to © = 180° 

The next most important reaction with probable contri- 

bution to the emerging flux is the (n,na) reaction. Figure 

6.2 shows the energy distribution for the probability of 

the scattered 14 MeV neutrons. It can be seen that there 

is a continuous energy distribution of the scattered neutrons 

with maximum energy from 12.5 MeV down to energies below the 

threshold energy of the neutron detector. The threshold 

energy is taken to be 5 MeV. From Fig. 5.13 the efficiency 

is zero at 3.4 MeV (the discriminator level set at 3.4MeV) 

but the efficiency is dropping sharply below 6 MeV reaching 

zero at 3.4 MeV and that is the reason why the threshold 

energy is taken at 5 MeV as seen on Fig. 5.13 by the dotted 

line. Therefore the contribution from the (n,na) reaction 

below the threshold energy indicated by the dotted line on 

Fig. 6.2 is not going to be detected. There will still 

be a significant contribution in the neutron region 5 to 12.5 

MeV. 

The contribution from the (n,2na) reaction as seen from 

Table 6.2 is going to appear in the low energy region of the 

spectrum below the primary elastically scattered neutron
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region. From the table the first emerging neutron has 

its highest energy at approximately 3 MeV; the second 

neutron has its highest value at 4.79 MeV. The energy 

distribution probability for both neutrons is below the 

threshold energy of the neutron detector. Therefore 

this reaction has no practical contribution in the energy 

range considered in this work. 

The (n,2n) reaction as seen from Table 6.1 is not a 

possible reaction as it would lead to the formation of 

the highly unstable Sine 

The inelastic reaction (n,n’) to the first excited level 

only is given in the U.K.N.D.L. file and its angular energy 

distribution is shown in Table 6.3. This has a narrow but 

sharp contribution to the emerging spectrum which appears 

at an average energy of 9.5 MeV. 

Tha 

The predominant reaction of the 14 MeV neutrons with 

Ta nuclei is also elastic scattering (Fig. 6.1). The 

(n,na) reaction, Fig. 6.3 shows the energy distribution 

probability of the scattered 14 MeV neutrons from the (n,na) 

ae It can be seen that there is a continuous reaction for 

energy distribution of the scattered neutrons with a maxi- 

mum energy of 11.5 MeV down to energies below the threshold 

energy, therefore the contribution from this reaction to 

the flux will also appear at energies lower than the primary 

elastically scattered neutrons.
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The (n,2na) reaction, energy distribution is given in 

Table 6.4. It will be seen that the first emerging neutron 

has a highest energy of 1.31 MeV and the second neutron 

has a highest energy of 2.10 MeV. 

fhe energy distribution probability for both neutrons is 

below the threshold energy of the neutron detector and there- 

fore this reaction has no contribution in the energy range 

measured, 

For the (n,2n) reaction as seen from Table 6.5, the first 

emerging neutron has a highest energy of 2.39 MeV and the 

second neutron has a highest energy of 3.95 MeV. The energy 

distribution probability for both neutrons is therefore below 

the threshold energy of the neutron detector and this reaction 

makes no contribution in the energy range measured. 

The inelastic reaction (n,n!) is given to the first 

excited level only in the UKNDL file and its angular energy 

distribution is shown in Table 6.6. The contribution from 

this reaction appears in a narrow energy band at an average 

energy of 12.25 MeV. 

19, 
Bs 

The predominant reaction of the 14 MeV neutrons with 

doy nuclei is again the elastic scattering reaction (Figure 

(G61))- 

The inelastic reaction (n,n!) has a probable contribution 

to the emerging flux. Figure 6.4 shows the energy distribu- 

tion probability for the inelastically scattered 14 MeV 

neutrons, showing only a low contribution for this reaction 

in the measured region because the energy distribution 

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

For the (n,2n) reaction, as seen from Table 6.7 the 

highest energies of the first a second neutrons are below 

the threshold energy and consequently they make no contri- 

bution to the observed flux. © 

AOS 

The predominant reaction of the 14 MeV neutrons with 

Fe nuclei is the elastic scattering reaction as can be seen 

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

Figure 6.5 shows the energy distribution probability 

of the (n,2n) reaction for the 14 MeV neutrons. There 

is a continuous energy distribution of the scattered neutrons 

with a maximum energy from 14 MeV down to low energies. The 

majority of the neutrons produced appear below the detector 

threshold but there is still a significant contribution 

in the measured region. 

Figure 6.6 shows the energy distribution probability 

for the inelastically scattered 14 MeV neutrons, the 

figure shows a low contribution from this reaction in the 

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

In conclusion the reaction of the 14 MeV neutrons 

with Cas ase 19:,and Fe nuclei that have the highest 

contribution to the emerging flux which are to be considered 

are the following ones. For om 7 ins ess and Fe nuclei 

the elastic scattering is the predominant reaction and makes 

the highest contribution to the emerging flux. The peak 

of the spectrum is due entirely to this reaction. For 

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

reaction while for iron the (n,2n) is the next most 

important. Finally the (n,n) reaction produces the lowest 

contribution for all the nuclei considered. Therefore the 

computing method should include those reactions that have 

the highest contribution to the flux and neglect those 

reactions that have little or no contribution to the flux.
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TABLE 6.1 

barns) at 14MeV 

  

  

              

Nucleus | Yel on no %n,2n °n,2na °n nt 

oe O97) 0.367 - 0.073 0.02 

Th 0.98 0.335 0.022 05035) 0.08 

ae 0.87 e 0.06 : 0.59 

Fe 1.124 0.59 = 0.45 

TABLE $6.52 

ENERGY DISTRIBUTION PROBABILITY OF THE 14MeV NEUTRONS 

6 
FROM (n,2noa) REACTION FOR Li 

  

  

  

      

E,, (MeV) p(E) 

§ 1.20. «25 

5 1.80 225 
a 
= 2.39 425 
4 
“4 299 “25 

§ 2699: 325 

3 3.59 225 
5 
y 4.19 225 

§ 4.79 125     
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TABLE 6.3 

ANGULAR ENERGY DISTRIBUTION OF THE 14MeV NEUTRONS FROM 

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

  

  

        

OLab E, (Mev) 

30 9.84 

45 Oo. 59 

60 8.50 

TABLE 6.4 

ENERGY DISTRIBUTION PROBABILITY OF THE 14MeV_NEUTRONS 

TION FOR "Li 
  

_FROM (n,2na) RE 

  

  

  

  

E, Mev) p(é) 

5 52545 225 
oS 

g 52545 125 

z 1.0509 es 
oA 
; 1.31365 nS 

1.31365 os 
g 

§ 1.57635 =25 
a : 1.85659 B25 
z 8 2.10180 ms 
oO 
nD          
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TABLE 6.5 

ENERGY DISTRIBUTION PROBABILITY OF THE 14 MeV NEUTRONS 

FROM THE (n,2n) REACTION FOR ig 

  

  

  

  

          

E,, (MeV) P(E) 

.96 ea5 

5 1.44 £25 

a 1.92 £25 
s 

2.39 5 
a 
w 

§ 2.39 725 

2.87 75 
g 3.35 ae 

i 8 3.95 i: 
g 

TABLE 6.6 

ANGULAR ENERGY DISTRIBUTION OF THE 14MeV NEUTRONS FROM 

7 
  

(n,n!) REACTION TO THE FIRST LEVEL OF ‘Li 

  

  

@Lab E. (MeV) 

30 12.99 

45 12.4 

60 LDA?        
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TABLE 6.7 

ENERGY DISTRIBUTION PROBABILITY OF THE 14MeV_ NEUTRONS 

9 
FROM THE (n,2n) REACTION FOR Z E 

E_ (MeV) P(E) 

FES dh 

1.5 q 

6.3 Single and secondary scattering 

In scattering experiments designed to evaluate cross 

section multiple interactions of particles in the scattering 

samples iare important even in thin samples and an accurate 

evaluation of these processes is needed to correct the 

experimental data. Usually the proper assessment of multi- 

ple scattering phenomena requires a theoretical study 

adapted specifically to the particular experimental 

situation at hand. Many studies have been made of secondary 

and multiple scattering under circumstances in which simpli- 

fied theoretical models are applicable. (#1~98) 

The work described here uses samples up to about two 

mean free paths thick and second scatter makes an important 

contribution to the measured flux. In the present work 

mathematical derivation of the neutron behaviour through 

matter after suffering first and second scatters has been 

mathematically derived in order to set up a calculation model 

for the external flux. The mathematical derivation of both 

first and second scatters of neutrons has been carried out



as follows: 

1. Pirst Scatter 

n-det. 

  

    

./Sec.E. @ 
oe a Me 

mie & 
COS. f 

x SPs ANe 
xl oe 

  
ee ae 

Let the number of neutrons of energy Ey incident on a 

sample of thickness 2% be @,/sec 

number De eneotatetons between x and x+dx 

Tet 
cosa 

Si epee Beg ee 
cosa 

consider an interaction producting a scattered neutron 

of energy Ei at angle (0+a) 

probability of producing such a neutron is 

0% 
me cosa = 5 dx 

oor » "to < PASEO) G cosa 
to 

3 i (£-x) This neutron has to travel through a distance oso 

before emerging and therefore the fraction emerging is 
“Een (2-x) 

e a” cKsa



+’. Total number emerging 

x L-x 

  

  

  

40 Tosa z “241 Coso?) 
2 ° dx = p(ora) J} 4, © Bol x2) ¢ eee 

° 

shee & a te : Bes) 2 

cosO cosa cos 
«*’. n(O+a) = RGA) 90 Zo. é - dx 

PO oN 
ty Cosa cosd 

cosa. 
= oo p(O+a)Zo S = € 

cos a 
z z 
EO ee eOr ° 
cosa cos 

nate ses Pty, 
cos cosa cosd 

O+a)z i - ¢ Sree’ 2 
cosa nee i TE 

cosa cos 
des 

p(Ota) z= Caz) (o+a) 48 : Zot 

= ( ads) 1 Boe 688e 
“ oo dX °(O+a) cosa r 3 

£0 ste 

cosa cos® 

where 

go = neutron beam intensity 

dis Lie , é P 
(aq- J (o+0) = differential scattering cross section at 

energy zy into unit solid around angle (Ota) = p(O+a).21 

XG = total scattering cross section at energy Ey 

Ye1 = total cross section of the scatterer after one collision 

x = thickness of the scatterer 

9 = the neutron detector angle 

z = total cross section of the scatterer before collision 
to
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n-det, 

(in X-Y plane) 
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2. Second Scatter 

Consider the following two-dimensional treatment. 
=oU x 

Total number scattered at XOF oe OTR Ax 
O tO 

let the angle of scattering be a 

xX 
coset where X = (x1-x9) 

VX? +y4 

Neutron after having been scattered through an angle a its 

energy becomes Ej. 
- x 

The scattered intensity leaving <o $b, e fone 2p (a) Ax 

Neutron travels ¥ X*+y{ to (xi,y1) suffer attenuation 

-E,t /X*4y] 
by ce 

Number of neutrons scattered through angle $ at (x1,yi) = 

=2y x -f VX FYE AxA 

Gye oe eax es b1(6) X*#y% 
where the final term allows for the finite size of the 

scattering cell and the solid angle it subtends from the point 

; (R=x1) of first scatter. =Ee cos 

Finally, further attenuation by a factor of e



-’. Total scattered intensity reaching the detector = 

40% ti 

D(C) ) ) do e Z)(a)Ax e 

Ee) 7 yi x x ° J 

“Tig (2x1) 
2 cose t1(@) SEM, e 

where 

Z, (a) = neutron scattering cross section into unit solid 

angle for neutrons of energy XG to be scattered through 

angle a and its energy becomes 21 

2 = total cross section at energy 2, 

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

Solid angle for neutron of energy 41 to be scattered 

through angle a and its energy becomes 21 

Zh = total cross section at energy 2, 

Z1(¢) = neutron scattering cross section into unit 

Solid angle for neutron of energy 21 to be scattered 

through an angle @ and its energy becomes Yo 

te, = total cross section at energy Zo
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COS te aa 7 
VX FYE VX +7 

In three dimensions this becomes wT? 
EEG “2 +y itz 

——— eos 

n(0) = / 4 7 ? ) doe e 
xo X1 1 Z1 

4: (2=x1) 
Xe cos 

AxdAyAz 

2 hoe Zo (a) 100) xzaytezy 

xX 
cosa = 

Zz 2 2 Kaytrat 

in 0 cosh = X coso + Yi.sin 

WK? +yt+2t Wey +24



6.4 Flux Computing Programmes 

Computer programmes have been written to compute the 

flux of the scattered 14 MeV neutrons from LiF and Fe 

samples at different laboratory angles using the first 

and second scatter models of section 6.3. The neutron 

6 ys Bo 
producing reactions from “Li, F and Fe nuclei are Li, 

the only reactions that are contributing to the emerging 

flux. Reactions included are those selected in section 6.2. 

Therefore the following computer programmes have been 

written. 

1. A computer programme for computing the flux of 

the primary elastically scattered neutrons as 

shown in Appendix 3. 

2. A computer programme for computing the flux 

of the secondary elastically scattered neutrons as 

shown in Appendix 4. 

3. A computer programme for computing the primary 

scattered flux from each one of the following 

reactions (n,na), (n,n!) and (n,2n) as shown in Appendix 5. 

Since these had a relatively small contribution to the 

flux compared with elastic scattering, no attempt was 

made to allow for second scatter of neutrons from 

these reactions.



Salles 

The programme of the primary scatter model for the 

elastically scattered neutron has been checked by comparing 

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

angle 0=60° with the individual fluxes from oe 7 Li and 

he nuclei of the same LiF sample at the same angle as 

shown in Figure 6.7 computed by the primary scatter model. 

ine and ye muclei has The sum of the fluxes from oe 

exactly the same value as that of the flux from LiF sample, 

showing that the programme is handling the three scattering 

nuclei correctly.
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CHAPTER 7 

EXPERIMENTAL AND THEORETICAL RESULTS 
  

7.1 INTRODUCTION 

The experimental results for fast neutron spectra 

after emerging from different thicknesses of LiF and Fe 

samples are presented and discussed in this chapter. Also 

the theoretical results obtained from both the primary 

scatter and secondary scatter models are compared with 

those obtained experimentally. The LiF samples were in 

powder form enclosed in a thin-walled stainless steel 

container, the sample dimensions were (29 x 32 x 14cm) and 

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

Identical empty stainless steel containers were used for 

background subtraction purposes and consequently it was not 

necessary to allow for the containers in the calculations. 

The Fe samples were composed of layers of steel sheets, the 

first sample had dimensions of (31 x 32 x 7.62cm). The 

second sample had dimensions (14.2 x 30.6 x 3.6 cm.). For 

background subtraction the sample was totally removed from 

the neutron beam. The samples were positioned 25 cm from 

the neutron producing target, the positioning was kept as 

accurate as possible while doing the alternate runs. 

The neutrons were produced in a cone ‘related to the cone 

of the associated a-particles from the T(d,n)"He reaction. 

With the extended sample used in the present work the



scattering sample completely subtended the neutron beam 

defined by the associated alpha particles and as the 

scattering sample was much wider than the defined neutron 

beam, then a small error in the lateral positioning of the 

sample had a very small effect on the intensity of scattered 

neutrons. 

Before taking time-of-flight spectral measurements it 

was necessary (for energy calibration purposes, section 5.7) 

to determine the direct 14 MeV neutron time spectrum peak 

in order to find the channel corresponding to 14 MeV. This 

was achieved by taking the time spectrum of the direct 14MeV 

neutrons at 0=0° and observe the peak at which channel falls. 

The peak should be kept in the same position throught the whole 

accumulation time for that spectrum. 

The experimental procedure for accumulating time-of- 

flight spectra was as described in Section 5.6. Alternate 

runs were made with the LiF sample in position (addition mode) 

and with the empty stainless steel container to subtract the 

background contribution (subtraction mode), in the case of 

Fe sample the subtraction mode was done when the sample was 

removed from the neutron beam. The counting for the spectrum 

accumulation was performed in cycles as follows 

1. With sample (addition mode) 

2. Without sample (subtraction mode) 

3. Without sample (subtraction mode) 

4. With sample (addition mode)
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each cycle was for an integrated count of 5 x 10” alpha 

particles, the accumulation time was about 20 hours per 

spectrum. 

Time-of-flight spectra of the emerging fast neutrons 

from the different thicknesses of LiF and Fe samples were 

obtained at different laboratory angles. 

Significant multiple scatterings have been reported for 

thicknesses even less than 0.1 mean free path since the 

mean free path for the 14MeV neutrons in LiF is about 17 cm. 

and 4.7 Cém.Fe. Therefore with the dimension of the LiF and 

Fe samples mentioned earlier, multiple scattering can occur 

quite easily. It has been noticed that with increasing 

sample thickness the accumulation time for a spectrum at 

the same angle increases quite considerably compared with the 

time needed to accumulate to the same number of counts for 

thinner samples due to the attenuation of the neutrons in 

travelling through a further distance. The data for each 

spectrum at each angle for each sample were accumulated for 

several hours. The larger the angle from the direct neutron 

beam the longer the time needed for accumulation to reach 

the same number of counts for the same sample compared to 

smaller angles. 

All spectra measurements were taken with the time-of-flight 

spectrometer using the associated particle method, the fast 

neutrons were detected with the use of a plastic scintillator 

type NE-102A. The primary and secondary scattering calculation
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models were used to calculate the neutron energy spectra 

of the emerging neutron fluid from LiF and Fe samples for 

the following laboratory angles 0=30°, 45° and 60°. The 

cross section data for the neutron producing reactions 

that contribute to the emerging flux that were used in the 

theoretical calculation models were taken and prepared from 

U.K.N.D.L. All the measured and calculated spect¥a were 

normalised to a course strength of 10° neutrons total. 

The results obtained are in good agreement within the 

experimental errors within the theoretical predictions. 

7.2 CONVERSION OF PULSE HEIGHT ANALYSER SPECTRA TO ENERGY 
SPECTRA 

The spectrum that appears on the pulse height analyser 

is the time spectrum of the scattered neutrons and this must 

be converted to an energy spectrum as follows. From Section 

5.8, equation 5.6 gives the relationship between the energy 

and the channel number. 

14.1 Ey * 7 <5. 52 MeV 
\ oa ) 

Differentiating this equation gives 

  

  

ae -2 x 14.1 m0. Je 1 
A-N) x 25), 2 15.2508 ARN) 25. 

aN ee 775 2 ) Li eno eas eta) 

ote ii ai 
Satta ce PL9T25 fy 14 ee dN N 19.25 &£v14.1 N 

Therefore the required conversion factor is given by 

(1) = 19.250 VET Tat 
dEy E, 7 

N
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which converts counts per channel to counts per unit energy 

(MeV). 

Figure 7.1 shows the correction factor ( aw as 
N 

a function of channel number. 

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

where n(v)dV = count per channel 

Therefore the equation by which the data of the time 

spectrum is converted to energy spectrum is given by 

n(E) = ate = (count/channel) x e2 eee eee ye (7-2) 

The experimental data have to be corrected for both 

detector efficiency and solid angle. That is, they have to 

be multiplied by = x 400 ) where =z ) is the 

correction for the aa detector otk angle, G2) is 

the correction for the detector experimental efficiency. A 

30°) versus neutron curve of the correction factor (qx 

energy is shown in Figure 7.2. Therefore the data of the 

time spectrum has to be multiplied by the correction factor 

of Figures 7.2 as well as the conversion factor of Figure 7.1 

then finally it has to be normalised to a total count of 10° 

in order to be compared with the spectrum obtained from the 

theory, which calculates the number of neutrons scattered 

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

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

The measurement of the emerging flux of the 14 MeV 

neutrons after being scattered from two samples of LiF has 

been taken with the use of the spectrometer shown in Figure 

5.7. at different laboratory angles. The first sample 

measured 29cm x 32 cm and was 14 cm thick. The second 

sample measured 20.32 cm x 38.1cm and was 6.35 cm thick. 

The spectra for the first sample were taken at angles 

ne heen typical time-of-flight spectrum for the Q= 30 

elastically scattered 14 MeV neutrons from the first LiF 

sample (14 cm thick) at angle 0=30° in the laboratory 

system is shown in Figure 7,3 Using the energy conversion 

factor of Section 7.2 the time spectrum in Figure 7.3 

could be converted to an energy spectrum. Figure 7.4 

shows the corresponding spectrum of Figure 7.3 after being 

converted to energy spectrum. Figure 7.5 shows the 

corresponding energy spectrum of Figure 7.4 after being 
9 

normalised to a total count of 10 and after being corrected 

for the detector experimental efficiency and solid angle. 

Figures 7.6 and 7.7 are the normalised energy spectrum 

for the first LiF sample at<angle 0=45° and 60° respectively. 

Similarly, Figures 7.8, 7.9 show the measured energy spectra 

after normalisation for the second LiF sample (63.5 mm.thick) 

at angles 9=30°, 45° respectively. The energy spectra from 

the two Lif samples shown in Figures 7.5 - 7.9 show that the 

measured neutron flux of the 14 MeV neutrons after being 

scattered by different thicknesses of LiF samples is due 

almost entirely to the neutrons that have been elastically
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scattered by ore ae and 1 nuclei. 

However, there is a contribution shown in the lower 

energy region of the spectrum which is due to neutrons 

being scattered by the (n,na) reaction. This reaction 

has a broad distribution merging with the lower energy 

tail of the elastic peak. The small contribution of 

all reactions except elastic scattering agrees with the 

conclusions that have been derived from the cross section 

data and the energy probability distribution which were 

discussed in Section 6.2. In comparing the heights of the 

peaks of Figures 7.5, 7.6 and 7.7 it can be seen that the 

peak of Figure 7.5 is three times higher than the peak of 

Figure 7.6 and four times higher than the peak of Figure 

Teche Similarly the peak of Figure 7.8 is four times the 

peak of Figure 7.9. 

Therefore it can be deduced that the scattering of the 

14 MeV neutrons from the LiF sample shows a forward peak 

and that agrees with the trend of the angular probability 

distribution data (taken from U.K.N.D.L.) file for the 

6 ie a 19 
Gi, Livan F nuclei. 

7.4 THE MEASURED SPECTRA FROM IRON SAMPLES 

The time-of-flight spectra was measured for the two 

samples of iron. The first sample measured 31 cms x 32 cm 

and was 7.62 cm thick, the second sample measured 14.2 cm x 

30.6 cm and was 3.6 cm thick.
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A typical time-of-flight spectrum for the elastically 

scattered 14 MeV neutrons from the first iron sample at 

angle 0= 30° is shown in Figure 7.10. The converted energy 

spectrum is shown in Figure 7.11. The normalised energy 

spectra at angles 0= 30°, 45° and 60° are produced in the 

same way as discussed in section 7.3 and they are presented 

in Figures 7.12, 7.13 and 7.14 respectively, for the first 

sample (7.63 cm thick). For the second sample (316 cm thick) 

the spectra are presented in Figures 7.15, 7-16 for angles 

0=30° and 45° respectively. From Figures 7.13 - 7.16 it 

can be seen that the spectra are almost entirely due to the 

elastic scattering reaction. Fast neutrons scattered by 

iron tend to show a forward peak which is in agreement with 

the general trends of the angular distribution for elastic 

scattering at this energy. 

7.5 RESULTS OF COMPUTER PROGRAMMES 

14 MeV neutrons incident on extended samples of LiF 

and Fe will suffer primary and secondary scatter and even 

higher orders of scattering. All these forms of scatter will 

contribute to the final flux. The spectra from different 

thicknesses of LiF and Fe samples were calculated at 

different laboratory angles by using the primary and 

secondary scatter models only and the computation was done 

with the help of the computer programmes listed in Appendices 

3, 4, and 5.



= 860= 

Spectra from LiF samples 

The neutron producing reactions from LiF samples that 

are contributing to the emerging flux (section 6.1) 

are the elastic, (n,na) and (n,n!) reactions. For the 

first LiF sample (14cm thick) the spectra were computed for 

the following laboratory angles 0= 30°, 45° and 60°. A 

typical spectrum at angle 0= 30° is produced from adding up 

the contribution of the above mentioned reactions computed 

as follows 

a. The primary elastically scattered neutron spectrum 

as shown in Figure 7.17 computed by using the 

computer programme of Appendix 3. 

b. The secondary elastically scattered neutron spectrum 

as shown in Figure 7.18 computed by using the computer 

programme of Appendix 4. 

c. The primary spectrum from the (n,na) reaction as shown 

in Pigure 7.19 and the primary spectrum from the Gignd) 

reaction as shown in Figure 7.20 as both computed by 

using the computer programme of Appendix 5. 

Therefore the total flux emerging from LiF sample 

at angle 0=30° as shown in Figure 7.21 is the sum of 

Figures 7.17 - 7.20. The spectra at angles 0=45° and 60° 

for the same LiF sample were produced in the same way and
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shown in Figures 7.22 and 7.23 respectively. The spectra 

for the other LiF samplesof 6.35 cm thickness were similarly 

produced and shown in Figures 7.24 and 7.25 for the angles 

@=30° and 45° respectively. 

From the results shown in the figures, the highest 

contribution to the emerging flux comes from the elastic 

reaction but there is some contribution from the (n,na) 

and the (n,n!) reactions that appear in the lower energy 

region of the spectrum, the contribution from both reactions 

being far lower than the contribution from the elastic 

reaction, indicating that the elastic reaction is predominant. 

In comparing the intensity of the peaks of Figures 7.20, 

7.21 and 7.22 it can be seem that the peak intensity of 

Figures 7.20 is three times that of Figure 7.31 and thirteen 

times that of Figure 7.22. This results from the strong 

forward peaking of the angular distribution data used. 

Spectra from Fe samples. 

The neutron producing reactions from Fe samples that 

are contributing to the emerging flux (section 6.1) are 

the elastic, (n,n?) and (n,2n) reactions. For the first 

Fe sample (7.62 cm thick) the spectra were computed for the 

° and 60°. A typical following laboratory angles 0=30°, 45 

spectrum at angle 0=30° is produced from adding up the 

contribution of the above-mentioned reactions computed as 

follows: 

a. The primary elastically scattered neutron spectrum 

as shown in Figure (7.26) computed by using the 

computer programme of Appendix 3.
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b. The secondary elastically scattered neutron spectrum 

as shown in Figure (7.27) computed by using the computer 

programme of Appendix 4. 

c. The primary spectrum from the (n,n') reaction as 

shown in Figure (7.28) and the primary spectrum 

from the (n,2n) reactions as shown in Figure (7.29) 

as both computed by using the computer programme 

of Appendix 5. 

Therefore the spectrum at angle 0=30° as shown in 

Figure (7.30) is the sum of Figures 7.26 - 7.29. The 

spectra at angles 0=45° and 60° for the same Fe sample 

were produced in the same way and shown in Figures 7.31 - 

7.32 respectively. The spectra for the other Fe samples 

(3.6 cm thick) were similarly produced and shown in Figures 

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

From the results shown in the figures it is clear that 

the elastic scattering reaction is the predominant one. 

The contribution from the (n,n’) and the (n,2n) 

reactions appear in the lower energy region of the spectrum 

and their contribution to the flux is very small compared 

to that of the elastic contribution. 

The strong forward peaking results from the angular 

distribution data used.
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7.6 COMPARISON OF EXPERIMENT AND COMPUTER RESULTS 

The experimental and theoretical results of the spectra 

of the scattered 14 MeV neutrons from different thicknesses 

of LiF and Fe samples at different laboratory angles were 

obtained and discussed in sections 7.4 and 7.5. The spectra 

were plotted as neutrons per steradian per MeV versus neutron 

energy in MeV. The comparison between the theoretical and 

experimental spectra is well explained by plotting the 

experimental spectrum and the theoretical spectrum on the 

same figure for each angle to each sample. The experimental 

spectra have a broad elastic peak due to the different time 

uncertainty factors involved in the experimental measure- 

ments (see section 5.7), while the theoretical spectra have 

a rather sharp peak. Therefore the best way of comparison 

is a achieved by comparing the area under the peaks of the 

two spectra in each figure as discussed below for LiF and 

Fe samples. 

a) LiF samples 

The comparison between the theoretical and experimental 

spectra for LiF sample (14 cm thick) at angles 0=30°, 45° 

and 60° are shown in Figures 7.55 7.36 ‘and 7.37. For the 

LiF sample (6.36 cm thick) the comparison is shown in Figures 

7.38 and 7.39 for the angles 0= 30° and 45° respectively. 

The area under the peak for the comparison purposes are 

listed in Table 7.1.. From the table it can be seen that 

within the experimental errors the results of the experiment 

agree fairly well with what the theory predicted. From the 

figures it can be seen that the position of the elastic peak
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of the theory is almost in the same position of the 

experiment which shows a proper agreement between the 

experiment and the theory. 

b. Fe samples 

Similarly the experimental and theoretical results for 

Fe samples are shown in the same way. For Fe (7.62 cm 

thickness) the comparison is shown in Figures 7.40, 7.41 

° and 60° respectively. For and 7.42 for angles 0=30°, 45 

Fe (3.6 cm thickness) the comparison for angle 0=30° and 45° 

is shown in Figures 7.43 and 7.44 respectively. Table 7.1 

shows the area under the peak for the experiment and the 

theory. 

The comparison between experimental and theoretical 

results has shown that the primary and secondary scatter 

models are able to predict with a fairly good accuracy the 

angular energy distribution of the scattered 14 MeV neutrons 

from both LiF and Fe samples. The agreement is very good 

for small angles of scatter, however for large angles of 

scatter the experimental results show higher values than the 

theoretical and that is due to the contribution from the 

third, fourth scatters, etc. which become more significant at 

large angles of scatter. 

A comparison between the theoretical intensities from the 

primary and secondary scatter models for LiF samples at 

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

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

7.48 and 7.49 for angles 0=30° and 45° respectively. It 

can be seen that the intensity from the secondary scatter 

is small compared with the intensity from the primary 

scatter. Therefore it can be deduced that the contribution 

from neutrons that have been scattered three or four times 

is even lower, and therefore neglecting higher orders of 

scatter would not produce serious error. 

The comparison for Fe samples is shown in Figures 7.50, 

7.51 and 7.52 for Fe (7.62 cm thickness) at angles 0=30°, 45° 

and 60° respectively and for Fe (316 cm thickness) is shown 

in Figures 7.53 and 7.54 at angles 0=30° and 45° respectively. 

The intensity of the secondary scatter is higher at higher 

angles than that of the primary scatter and that is because 

Fe has a very sharply forward peaked angular distribution 

for elastic scattering which is reducing very rapidly at 

the angle used for measurement, whereas the intensity of 

multiply scattered neutrons is less dependent on the form 

of angular distribution.
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TABLE 7.1 

THE VALUES OF THE AREA UNDER THE PEAK OF BOTH THE 

EXPERIMENTAL AND THEORETICAL SPECTRA AT DIFFERENT 

ANGLES FOR ALL SAMPLES 

  

  

  

  

          

6 Theoretical Experimental 
© Lab values values 

6 

g 30 100.3 x 10 (103.5#1.3)10® 
UO 

ie iS 45 395.9 x 108 (40246. 5) 108 

5 60 1407.1 x 10" | (1997.5+39.6)10" 

- 

af 30 79.5 x 10° (83+2.6)10° 

is 5-4 5 5 ABs 45 306.0 x 10 ($82+11.9) LO 

Ss 

= 30. | 5770.1 x 10" | (5850277)10* 
ae 

2 5 45 942.5 x 10* | (1035+25)10* 

3 60 318.7 x 10° (534.5421.3)10" 

= 

3 30 6699.6 x 10" | (5410+247.7)10" 
4 

2 & 5 45 1132.1 x 10% | (1300+ 59.54)10" 

6   
 



1/
Me
v 

16 

14 

12 

10 

  

  
  

L 

Channel number 
L L 1 1 L 

20 40 60 80 100 

Fig. 7.1 The correction factor for correcting 
time to energy snectrum 

 



  

1
/
s
t
e
r
a
d
i
a
n
 

lox     1 L i 1 ibe 1 

Zt Ss § s 9 dl nS us 

neutron energy (MeV) 

  

Fig. 7.2 The correction factor for the efficiency of 

the detector and the solid angle .



c/
ch

an
ne

l 
1200 

1000 

800 

600 

400 

200 

  

  
  

  
  

Ee 

1 1 1 at 

50 60 70 80 90 100 
channel number 

Fig. 7.3  Time-of-flight snectrum of LiF sample (14cn 
thick) at angle 0=30 

 



Aon 
A81eue 

UOIZNeU 
O
c
e
m
o
t
e
n
s
t
 

JL. 
OF 

ST 
VT 

St 
on 

E
L
I
O
T
 

6: 
8 

oy 
T 

T 
T 

T 
T 

 
 

  
   
 

 
 

tae 
T 

T 
7 

T 
T 

T 

| 
00¢r 

“| 
008 

“| 
O0zT 

Og=0 
eTSue 

3e 
Oot 

QfTYI 
wWDdpT) 

- 
aTuues 

{TT 
FO 

w
n
i
j
d
e
u
g
 

A
d
l
e
u
g
 

f°, 
“BTW 

“| 
0002 

‘| 
0072 

| 
o0sz 

4 

oozs 

(Aen/u) SxmTF uorNeu



O€=0 
oTdue 

2e 
(ASTYI 

UOpT) 
ATT 

FO 
umsqo0Us 

Adios 
pastTeUuoN 

S*, 
‘BTy 

(aay) 
*Adteue 

uorqneu 

 
 

6T 
LT 

ST 
cr 

Il 
6 

L 

O
e
 

s 
T 

T 
T 

T 
T 

T 
T 

7 
+ 

7 
i 

0
0
2
 

4 “),009 

> 
OOOT 

OOvT 

OO8T 

(Aew/t04s/u) ‘xnTz uorqneu 

7 
0022 

0092 

  
  

 
 

 
 

o00£



Sp=9 
oTsue 

3e 
(YOTYI 

UDPT) 
aTT 

FO 
unIZDeUs 

ABd1ous 
pesTTeWION 

g*/ 
*BTY 

(
A
a
)
 

‘
A
8
1
0
u
9
 

uotjzneu 

REE 
61 

Et 
ST 

£T 
tL 

6 
b 

 
 

  

T
_
T
 

T 
T 

T 
T 

T 
T 

T 
T 

T 
T 

T 
T 

OOT 

00s 

OOS 

002 

006 

(new/uetpeseys‘u) ‘xnTF UoTJNeU 

  
OOTT 

  
 
 

0
0
2
T



Q9=0 
eTsue 

2e 
(YOTYI 

UD~T) 
ATT 

JO 
un1qZd9Uus 

AB1oUS 
paesTTeWLION 

Z-2 
*BTY 

ee 
(AqW) 

‘ABLoUS 
u
O
I
Q
N
e
U
 

co 
eee 

oL 
dt 

ST 
SE 

It 
6 

fi 
 
 

  

T 
T 

T 
T 

T 
T 

T 
T 

T 
x 

T 
T 

T 
T 

T 

OST 

Osz 

ose 

  5 
Ost 

(\a/uetpeteys/u) ‘xn[ J uorqneu 

OSS 

  
 
 

Os9y



Of=0 
eTSue 

Je 
(YOTYI 

woge*y 
(Ai. 

02 
8T 

9T 

} 
TT 

FO 
umaqoeus 

ABLoUD 
P
a
S
T
T
R
W
I
O
N
 

g°Z 
“BT 

Adisue 
UOI{NSU 

vt 
@ 

OT 
8 

 
 

   
 T 

T 
T 

T 
T 

T 
T 

T   
 
 

002 

009 

QOOT 

OOrT 

OO8T 

0022 

0092 

0082 

(Aew/uetpeiezs/u) ‘xn, yz uoiyneu



?: 
© 

o
T
d
u
e
 

38 
Q
P
T
Y
I
 

wD 
sory) 

ATT 
fo 

umsqoeus 
ABrOUS 

past 
Tews 

(
A
e
)
 

‘
A
d
1
0
U
a
 

u
o
I
y
N
e
U
 

vr 

ON 
6°L 

"BTA 

 
 

  
  

oT T 
T 

O02 

OOp 

009 S 
(nan/uetperezs/u) “mTz uorqneu 

OOZE 

  
 
 

O
O
P
T



Os=0 
oTsue 

3e 
O
P
E
 

UD 
729°Z) 

aTdueSs 
a7 

FO 
WMIZD0dS 

J
Y
B
T
T
F
-
F
O
-
o
w
T
L
 

O
T
L
 

“Bry 

 
 

  

 
 

  
«
 3a he 30 

  
 
 

1300 

1200 

1100 

1000 

900 

800 

700 

600 

500 

400 

300 

200 

100 - 

[euuvys/9 

channel number



ne
ut

ro
n 

fl
ux
, 

(n
/M
eV
) 

3000 

2600 

2200 

1800 

1400 

1000 

600 

200 

  

  

  1 1 4 
  To 

(MeV) 

1 
1? 14 

neutron energy, 

Figo FAs 
at angle ¥=30 

  
Energy spectrum of Fe sample (7.62cm thick)



1800 
  

1600 

1400 

1200 

e °
 
o
 
o
 

800 

600 

ne
ut
ro
n 

fl
ux

 
(n

/s
te

ra
di

on
/M

eV
) 

400 

200       
  

de 9 ay aS 15 7 19 

Neutron energy (MeV) 
Fig. 7.12 Normalised energy spectrum of Fe 

7.62 cm thick) at angle $=30.



  

38¢- 

34qL 

300, 

260- 

iS)
 

nD
 

S 

ne
ut
ro
n 

tl
ux
 

(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

1 Bor 

140L 

100 

60 |.   20     1 1 1 L 1 1 1 1 1 1 1 
8 O OME, AZ Asta 1S” 6 GAGS 1ee 9 30) oa 
  

neutron energy (MeV) 
Fig. 7.13 Normalised energy spectrum of Fe (7.62cm thick) at angle 0=45



lid. 

ne
ut
ro
n 

fl
ux
 

(n
/s

te
ra

di
an

/M
eV

) 

  
13 

ode 

SOL 

1OL   
x10" 

  

L i L 1 i 1 1 1 \ 1 4 
  

Fig. 

is 
LO 12 14 16 18 20 

i neutron energy (MeV) 

7.14 Normalised energy snectrum of Fe (7.62cm thick) at 
angle 0=60 

 



  

2100) 

1900 

1700} 

1s0q 

pans
 

w Q 5 

110¢ 

900 

n
e
u
t
r
o
n
 

fl
ux
 

(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

500 

300) 

100}   
| x 10 

4 

eet 1 te 

  
  

    1 1 
14 16 

neutron energy (MeV) 
18 20 

Fig. 7.15 Normalised energy snectrum of Fe (3.6cm thick) 
at angle 9=30



ne
ut
ro
n 

fl
ux

, 
(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

  

650 L 

wn
 

w oO
 

450 + 

350 | x10" 

250 | 

150 

50 

  

  L 1 1 1 
a oo elo 

neutron energy (MeV) 

re
 

    
Fig. 7.16 Normalised energy snectrum of Fe (3.6cm thick) 

at angle 0=45



140 
  

100 

oo 3 
a 3 T 

ne
ut
ro
n 

fl
ux
 

(n
/s

te
ra

di
an

/M
eV

) 

40 

  
    

Exelon! 

2. 7.17 Elastic 
ctrum 

  
  

  

  4 
neutron energy (MeV) 

 



1400 

1200 

10m 

ne
ut

ro
n 

fl
ux
 

(n
/s
te
ra
dy
an
/M
eV
) 

400 

200 

  

  
  

  

  
  

i 

x 10° 

Fig. 7.18 Elastic Snectrun from LiF 
(14cm thick) at angle 0=30 
(from secondary scatter model) 

1 
4 i; + } Th Th 1 16 

Peutron energy MeV 

 



ne
ut
ro
n 

fl
ux

 
(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

  

3qL 

20- 

a] 
19_%\0 

  ies 1 L 1     

e 4 6 8 
neutron energy, (MeV) 

10 12 14 

Fig. 7.19 , nd) reaction snectrum from LiF (14 cm thick) at angle 
@=30 (from primary scatter model)



120 

100 

e 36 

Ne
ut
ro
n 

fl
ux
 

(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
 

a 3 

40 

20L 

  

  
x 10° 

Fig. 7.20 
LiF (14cm thick) at angle 

(n,n) reaction spectrum from 
30   

(from primary scatter model)       1 1 — 
4 6 8 

neutron energy (MeV) 
ib 

 



150   

3 

  
50'- x 10° 

ne
ut
ro
n 

fl
ux
 

(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

    
  

dhesennt 1 t i. L 

8 10 12 13 14 
neutron energy MeV 

Fig. 7.21 Total flux from LiF (14cm thick) at angle 0=30



  

40C- 

  
20¢- x 10° 

ne
ut
ro
n 

fl
ux
 

(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
 

  
LOO 

    1 —   
  

1 L 
10 11 12 a3 14 

neutron energy (MeV) 

Fig. 7.22 Total flux from LiF (14am thick) at angle 045



1100   

1000+ 

800 

ae 10r 8 
8   

n
e
u
t
r
o
n
 

fl
ux
 

(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

  
200 L     L 1 1. 1 

      

9 10 1l LZ LS 
neutron energy (MeV) 

Fig. 7.25 Total flux from LiF (14cm thick) at angle 060 

14



ne
ut
ro
n 

fl
ux

 
(n
/s
te
ra
di
an
/M
eV
) 

  

15q_ 

10q- 

SO jee xalo®   
    i L   

  
=e 

it 1 13 14 
neutron energy (MeV) 

Fig. 7.24 Total flux from LiF (6.35cm thick) at angle 030



  

  

40 

30q 

8 x 10? 

ne
ut
rg
n 

fl
ux
 

(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

100           L 1 1 + 

11 12 13 14 
neutron energy (MeV) 

nee 
Fig. Total flux from LiF (6.35cm thick) at angle 6=45 

 



  

  

  

<x 

hh 

    

  

            

24, 

c20F : 
2 
Ss 
§ 
al 

B16 + 
oO 3 
a ey 
& 

m2 4 ‘ 
Pa} ~} 
bias { 
S § i 
B 
Boo 107 
eG 

4L 

L cea —— 1 L 1 

Us.f 13.9 

neutron energy (MeV) 

Fig. 7.26 Elastic snectrum from Fe (7.62cm thick) 
at angle 9=30 (from primary scatter model)



ne
ut
ro
n 

fl
ux

 
(
n
e
u
t
r
o
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
 

  

138- 

108- 

724 

  

  

          
  

x 10° 

365 

1 1 oo 1 

L2 L254 12.8 Eee, 13.6 14 

neutron energy (MeV) 

Fig. 7.27 Elastic snectrum from Fe (7.62cm thick) 
at angle 0=30 (from secondary scatter 
model)



25 

ne
ut
ro
n 

fl
ux
 

(
n
/
s
t
e
r
a
d
i
z
n
/
M
e
V
)
 

20'L 

TS xLo” 

Oe 

Sa 

im L ta 1 Ll 1 = 
2 4 6 8 10 12 14 

neutron energy (MeV) 

Fig. 7.28 (n,n') reaction snectrum from Fe(7.62cm thick) 

  

  
  

  
  

at angle 0#30 (from nrimary scatter model)



  

40 

w 2.
 

ne
ut
yo
n 

fl
ux
 

(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

o
 

10 

0” 

    
Fig. 7.29 (n,@an)reaction snectrum 

from Fe(7.62cm thick) 
at angle 0=30 (from 
nrimary scatter model) 

1 i 1 1 1 1     

Z 4 6 8 10 12 
neutron energy (MeV) 

14



400   

  

300 

Ny 3° . - xi0®     

4 
ne
ut
ro
n 

fl
ux

 
(
n
/
s
t
e
r
a
d
j
a
n
/
M
e
V
)
 

So
 

o T 

            1 L 1 2: 1 

sea 13.4 13.6 1328 14 

neutron energy (MeV) 
Fig. 7.30 Total flux from Fe (7.62cm thick) at angle 0=30 

 



400, 
  

  

    

300} 

© °
 
o
 

    

Ne
ut
ro
n 

fl
ux

 
(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

    
100, x10% 

        L (eee poe 1 i L 
1322 13.4 13.6 13.8 14 

neutron energy (MeV) 
Fig. 7.31 Total flux from Fe (7.62cm thick) at angle 0=45 

 



14 
  

  

100] 

        

ne
ut
ro
n 

fl
ux
 

(n
/s
te
ra
di
an
/M
eV
) 

75 x108 

SOF 

Fig. 7.32 Total flux 
from Fe (7.62cm 
thick) at angle 

25 0=60     

              
1 1 

TS22 13.4 13.6 13.8 
neutron energy (MeV)



360   

  

    

300 - 

00 aC) EO° 

n
e
u
t
r
o
n
 

fl
ux

 
(n

/s
te

ra
dj

gn
/M

eV
) 

OO L 

        1 1 Pe 1 1 

in aE ne ern 
. neutron energv (MeV) 

Fig. 7.33 Total flux from Fe (3.6cm thick) at angle ®=30 

 



  

  

  

    

    

      
  

54Q 

5s0oq- 

4oq- x 10 

s 
gq 
§ 
3300 | 
& £ 
o 2 
a < 
& 

5 i a 
S S ie 5 
3 2 

200 L 

100 - 

Fig. 7.34 Total flux 
from Fe(3.6cm thick 
at angle 0=45 

1 1 1 oioat 

13.2 1354 13.6 13.8 14 

neutron energy (MeV) 

 



150 
  

140 |. 

B20 

BR
 oo 

) 

80 |) x 108 

(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
 

a ° T   

Ne
ut
ro
n 

fl
ux
 

>
 ° T 

N °o
 

            
  

L 4 L 

8 10 12 14 “16 18 
neutron energy (MeV) 

Fig. 7.35 Theoretical and experimental spectra from LiF 
(14cm thick) at angle 0=%5 ‘



220 

200 

180 

160 

pa
 

> °
 

nm N °
 

n
e
u
t
r
o
n
 

fl
ux

 
(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

  

  
  

  
    

  

LOOn 

80 

60lloax LOS 

40 - 

L L L i L 1 —. L 1 1 L i. 

8 10 12 14 16 18 19 20 
neutron energy (MeV) 

Fig. 7.36 Theoretical and exverimental spectra from - 
LiF (14cm thick) at angle 9=45



  1100 

1050 

95q- 

85 

75¢- x 10° 

65. 

55¢- 

ne
ut
ro
n 

fl
ux

 
(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

  350 

250| ee 

TSOie 

  
  

50     hi 1 L n 1 1 1 1 1 
8 TO 12 14 16 18 20 

neutron energy (MeV) 

  

Fig. 7.37 Theoretical and experimental snectra from 
LiF (14cm thick) at angle 9=60



ne
ut
ro
n 

fl
ux
 

(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

160   

15@ 

13q. 

ray
 

H = 

oC 

70. 

SOL 

30]. 

10   
x 10° 

  

  
    4 eadlians L 

  

Fig. 7.38 

10 12 14 T6517 

neutron energy (MeV) 

Theoretical and Expverimental spectra 
from LiF (6.35cm thick) at angle 0=30



420 

380 

340 

300 

Oo ° 
N oO
 

ne
ut
ro
n 

fl
ux
 

(g
/s

te
ra

di
aq

n/
Me

V)
 

oe
 3° 

140 

100 

60 

20 

  

            

ie 

L 

Ee 

- 

k LJ 

bee tO) 

1 1 1 1 L L 1 + ai 1 

7 9 ae 1S 1S 7: 

neutron energy (MeV) 

Fig. 7.39 Theoretical and experimental spectra 
from LiF (6.35cm thick) at angled=45 

¥



  

     
    

  

1800 £ 

te 

L e boo 

1400: - 2 

is 
. z 
a & 2 | : < an S 

ss eed £ poo vu 

z 3 oak a 
= 

g E sop 
5 

3 g ww be 

S 
o 
Hy Bee 
2 

zg 10&x [Loo 

400. x 10     100 L j 

L L 1 1 L 1 4 1 1 
8 10 12 14 16 18 19 

neutron energy (MeV) 

  

    
Fig. 7.40 Theoretical and exnerimental spectra from 

Fe (7.62)cm thick) at angle 0=30



ne
ut
ro
n 

fl
ux
 

(n
/s
te
ra
di
an
/M
eV
) 

(E
xn
t)
 

© oO
 

40 

20 

  

  
        

    

+360 360 

& 340 

1320 y 

| 3 300 

3 
+280 se 

= 
2 

r S 
& 

| 240 qd 

6 

L § 
XS 
S 

L200 x 200 

rt 
A: aq 

fa 

1160 : 

a 

r120 

Li00 x 10" 10x {L00 

1 1 1 L 1 (Les J I JL 4 1 1 1 

8 10 12 14 16 18 20 22 

neutron energy (MeV) 

Fig. 7.41 Theoretical and experimental spectra fromFe 
(7.62cm thick) at angle 0=45



H So oO
 

ne
ut
ro
n 

fl
ux
 

(n
/s
te
ra
di
an
/M
eV
) 

(E
xn
t)
 

© o
 

70 

59 

30 

12@ 

T   
  

Fig. 7.42 Theoretical, 

and experimental * 
spectra from Fe 

(7.62cm thick) at 
angle 9=60 

  

  
    

th
eo
ry
 

55 

45x10° 

35 

x10"   
  

14 
neutron energy  



  

  
  

      
  

2000 

1900. 360 

1700 

r 320 

1500. pe 
Q 

L ogo © 
2 

0) 

£ = 
1300 > 

os 2 

5 % 
100 229 6 

o 
~ 

b £ 
a 
£900 |. 3 
% a 
i g i ie 

= 700 L 140 a 
2 S 
os 
o 
S 

lo*y 500L 

L 80 x10° 

300 | 

100 L 120 

1 L 1 — 1 Ll L L 
A 13 15 17 19 

neutron energy (MeV) 

Fig. 7.43 Theoretical and experimental spectra fram Fe 

(3.6cm thick) at angle 0= 30



  

  
   

  

           

1350. 

125d_ 

15. 

950. 

E 5 

85d 

= & 
2 [ 8 a a 
 750b 8 
3 gd 
£ Bs) 
s a 
a & 
ie © 65ch 4 
4 a 
af § 
5 5 
= 550. a 
5 s 

Foe Roo 

450 | 

350 - 

Fig.7.44 
10°x 250 | Theoretical & HLoox10° 

experimental 
spectra from Fe 

| (3.6cm thick) 

150 + at angle 0=45 

5sOL 20 

1 1 4 1 1 oo 1 1 . 
 



  

res 
2 
q e 
a 
g = £ 5 £ a ce 
& 

5 
a 
6 6 L 
= 
= 

10®x25 

Fig. 7.45 Primary and secondary spectra 
fromLiF (14am thick) at angle 0=20   

  
  

  

  

neutron energy MeV 
    



  

300 

200 |_ 

  

ne
ut
ro
n 

t
u
x
 

(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

  10x 100 

  
  

t tl eseae eee   
  

t Z 
10 chil 12 13 14! 

neutron energy (MeV) 

Fig. %.46 Primary and secondary spectra from LiF (14cm thick) at 
angle 0=45



  

          

[75 

ist 
oe 

& | 5 = 
& a 
uv 
co 
Hy 3 2 h 
~ 

8 2 
w 

& 
3 saat 
6 | 25x10® a 
3 a 
5 naa 

i | 2nd t 
i 

epee \ ' \ \ 
10 iI 12 13 14 
  

neutron energy (MeV) 
Fig. 7.47 Primary and secondary spectra from LiF (14cm thick) 

at angle 0=60



ne
ut
ro
n 

fl
ux

 
(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

  

    
  

  

1st 

—— first scatter 

---- secondary 

| 100 scatter 

6 
| 50x10 

ae 2nd 
le 

ot Ties 

1 1 ee ae 

lo ll 12 13 14 i5 

Fig. 7.48 Primary and secondary spectra from LiF (6.35em thick) 3 

neutron energy (MeV) 

at angle 0=30 

 



40   

          
  

| 3st 

30- 

— first scattey 

S ~-- secondary 
S scatter 

w A 
g 
oc 
be 
o p 
a 
S = 2b 
6 
3 a & 
S 
e 
p 
bo 
Oo 
S 

Nox 102 

2nd 
rq 

LAS 

ae ee 

1 sertj” 1 

iL 12 13 1d 
neutron energy (MeV) 

Fig. 7.49 Primary and secondary spectra from LiF (6.35cm thick 
at angle 0=45 e



ne
ut
ro
n 

fl
ux

 
(
n
/
s
t
e
r
a
d
i
a
n
/
M
e
V
)
 

  

- 20 

+ oxo” 

  

  

    

    

  

bo
n 

se
ey

oe
ee

ee
 

  

lst s 

first 
scatter 

f--secondary 
scatter 

2nd 

      

Fig. 7.50 Primary and secondary spectra from Fe 

13.6 "13.8 
neutron energy (MeV) 

at angle 0=30 

1 
Lao) 

(7.62cm thick)



 
 

  
1st 

 
 

  
 
 

   
 2nd. 

  
 
 

—— first scatter 

----secondary scatter 

  

‘14 

 
 

13.6 

neutron energy (MeV) 
Fig. 7.51 Primary and secondary spectra from Fe (7.62cm thick) 

paeeb on il   
 
 

20 

15 

(
A
®
W
/
U
R
T
p
e
t
e
y
s
/
U
)
 

xXNzF 
U
o
T
Q
N
E
U
 

10° x 5 

13.8 31.4 

=45 at angle 6:



 
 

  
? 

p
e
w
 

na 
en 

nnn 
ce 

e
n
n
 

cee e eee 
ens 

  

 
 

  
 
   

   
 

‘imary scatter — pr. 

secondary scatter 

  

——— 

 
 

1 
L 

(7.62cam thick) at angle 
oO 

Fig. 7.52 Primary and 
secondary spectra trom Fe 

ro---4 

   
 

peorns 
oes 

Seal   
 
 

Ise 

60) 

= 
& 

(Aen /UeT 
p
e
e
s
 

/U) 
XNTF 

uoljnoeu 

10° x 15+ 

13.4 13.8 14 

neutron energy (MeV) 
13.2



  

  

      

  
          

oe 
es 

200 

primary scatter 

oi eet secondary scatter 

ee 

g bor 2nd 

= ae 
wo A 
3 
h 
o 2p 
a 
= 

& 

3 a 
Ge 

= lool 
é 
p 
ms 
oO 
a 

1o°x 50 

1 l [__----- 62°0o 7 1 L 
13.6 13.8 14 

neutron energy (MeV) 
Fig. 7.53 Primary and secondary spectra from Fe (3.6cm thick) 

at angle 0=30



  

  

    

  

lst 

AH 
200L 

-——— primary scatter 

ar secondary scatter 

S iO 2nd 
2 = 
S 
o rd 

sg 
o 
He 
Oo p 
tn 
= 

& 

3 
rt 
GH 

gs 100L 
5 
p 
3 
oO 
eS 

1Ohx 0 50i5 

1 fie ee eee ‘Sent 1 1           

L 
ME ES 

neutron energy (MeV) 
Fig. 7.53 Primary and secondary spectra from Fe (3.6cm thick) 

at angle 0=30



ew ° 
wm » 
n
e
u
t
r
o
n
 

fl
ux
 

(
n
/
s
t
e
r
a
d
i
 
an
/M
eV
 

200 

2nd Ast 
ee 

5 
t 

primary scatter 1 
t 

~--+-secondary scatter ' 
t 
t 

20). t 
t 

t t 

t 

ae =. 

t i 

i 
Lop ' 

i 
' 
t 
' 
i 
t 
' 
t 
' 
i 
t 
' 
1 

' 
L 1 oe L BI 

13.4 13.6 13.8 14 

  

  

      

        
  

neutron energy (MeV) sj 
Fig. 7.54 Primary and secondary spectra from Fe (3.6cm thick) at- 

angle 0=45



seg 

CHAPTER 8 

CONCLUSIONS 

The results of the theoretical and experimental angular 

energy spectra for the scattered 14 MeV neutrons from ditferent 

thicknesses of LiF and Fe samples have been discussed in Chapter 

7 and the following may be concluded. 

1. Validity of Cross Section 

The good agreement between the theoretically calculated 

spectra and what has been obtained experimentally indicates 

the validity of the cross section data, the angular and energy 

distribution probability data of (U.K.N.D.L.) for S 7 

1g 

bi, Li, 

F and Fe used in the theoretical calculation. Both the 

experiment and theory show clearly that the elastic scattering 

gives the highest contribution to the emerging flux for both 

LiF and Fe samples. The other reactions do not contribute very 

much to the emerging flux and their contributions appear generally 

in the region of the spectrum below the elastic peak. Because 

of the cut-off energy of the neutron detector, a large propor- 

tion of the neutrons due to those reactions are not observed. 

Both samples show a very strong forward peak for the elastically 

scattered neutrons which is most pronounced for the iron. 

2. Validity of the Calculation Method 

The purpose of any computational model is to find out the 

solution to that particular problem as accurately as possible. 

With the primary and secondary scatter models adopted for the 

present work, the theoretical flux has in general been well 

predicted to fit that of the experimental results. The good
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agreement between the theory and experiment made these 

mathematical models very useful ones due to the small 

computer time needed compared with the time needed by the 

other methods. The third, fourth, etc. scatter are not 

considered in the present work due to the large computing time 

involved, however the contribution to the flux from the 

secondary scatter is much less than that of the primary 

scatter except for the iron samples at large angles, and 

it can be deduced from the agreement in theoretical and 

experimental scattered intensities that the contributions 

from the third, fourth, etc. scatter are going to be 

considerably lower than the second scatter. Hence it is 

experimentally justified in most cases to neglect the 

third, fourth, etc. scatter and be satistied with the results 

obtained from the primary and secondary scatter models only, 

especially at low angles. The iron samples are thicker than 

the corresponding LiF samples in terms of mean free path 

and have a very strongly forward peaked elastic scatter. For 

these samples an improved fit could be obtained 

by consideration of higher order scattering at higher 

detector angles but time and suitability of computing facilities 

did not allow this to be carried further in the present work. 

Within these limits the experiments validate the cross section 

data used from the (U.K.N.D.L.) file in particular elastic 

cross sections, total cross section and elastic angular 

distribution data. 

3. Limitation of experiment 

In the time-of-flight technique the associated particle 

method with the use of flat plate geometry shows its usefulness 

in the angular energy distribution measurements of the scattered
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14MeV neutrons. However there is the time resolution 

limitation involved with the spectrometer such as the time 

uncertainty associated with the NE-102A scintillator due to its 

thickness and the transit time spread associated with the 

photomultiplier, besides the time resolution associated with 

the electronic circuitry. A reduction in the time uncertainty 

of the NE-102A scintillator could be achieved by decreasing its 

thickness but there is a limitation due to the decreases in the 

efficiency with the decrease of the scintillator thickness. The 

time resolution could also be improved by increasing the distance 

of the neutron detector as tar as possible so to make the time 

spread in the photomultiplier tube and the associated circuitry 

as well as the scintillator of negligible effect on the whole 

flight time, but the limitation is associated with the require- 

ment of a larger scintillator area to cover the same solid 

angle. Background counts will increase roughly proportional 

to the area of the detector i.e. with the square of the distance, 

and random coincidences may increase so much that the spectrum 

becomes meaningless for practical accumulation times. 

4. Suggestions for tuture work 

For future work the project could be improved from the 

experimental point of view by using a liquid scintillator such as 

NE-213 for neutron detection and energy measurement from the 

recoil proton spectrum applying the pulse shape discrimination 

technique to eliminate gamma radiation and using a similar 

detector as a monitor. The data for the angular spectra of the 

scattered 14 MeV neutrons could be accumulated much faster than 

that in the time-of-flight technique since greater neutron source 

strengths could be used and with improved resolution at the 

expense of complicated and time-consuming technique for unfolding



the spectrum from the pulse-height data. For future 

work it would be useful to study other materials which might 

be used in future fusion reactors as structure and blanket 

materials. Niobium, molybdenum and titanium are likely 

candidates for the wall materials, the material of the blanket 

could be pure lithium metal or a lithium compound such as LiF-BeF2 

(FLIBE) or even both in different blanket layers. Many ideas 

for fusion blankets exist but a choice will probably not be 

made until a sustained fusion reaction has been successfully 

demonstrated.
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MATHEMATICAL DERIVATION OF NEUTRON ENERGY 

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

Referring to figure 4.4 in the main text and to derive 

equation 4.1 consider the following 

let the interaction be written as 

m; + M2 * mg + my + Q 

i) Es Es ) energy and velocity 

Vi 0 V3 Vi.) in Laboratory system 

U1 Uz ug uy velocity in C.M. system 

ui = Vi - U2 

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

could be written as follows 

Before collision 
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After collision 

K.E. (CM) = 4 m3u3 + 4 myug = p Er + Q 

Momentum (CM) M3U3g = MyUy 

uy = Ms U3 
My 
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put V = V3 u = u3 and multiply by 3} m3 
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Relationship between angles in CM system 

  

us cos ¢ tug = V3 cosO3 A 1.3 
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Divide equation A 1.4 by A 1.8 
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The relationship between angles in Laboratory system 

From equation A 1.7 
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=e oy [Eimy E3m3 mi Eim3 Qe = : eee ess ieee eee 

Soran (mi +m) 7 Eymy Bune cs08 ee Eym)my 

        

. =/ Mm {£1 _ | ms /Es +". cosOy, -| ane | =, | a | j cos®, A 1.10



= 202) = 

The anisotropy factor 

  

dae 2m te sin $ tedo 
ce? 

= 2m sinddd 

"     

: A a typ 2 

dow = 27% Sind Fedbcos($-8) 25 singadd “2, cos (9-0) 
x Re 

if reaction is isotropic in CM system then for 

L-system the simple isotropic yield must be multiplied 

by an anisotropy factor 

  

  

A= dace takes i 
dQe s ce cos($-0) 

2 

as 
To uz 

U3 — jmsV3_ Es =—Es 
ug Tm3us 3m32fuE1+Q my fuE1+Q 

m3+my lins +m. | 

Vive gee Es 
ie 3M3U3 m3 2 (ueuey 

=e M3tmMy 

cos($-9) = cos 0 + sin » sin 0 

Take equation A 1.4 and multiply both sides by sinO; 

u3 sinO3; sing = V3 sin?03 

‘ fe Vv - 
sinO3 sind ae sin?03 

23°



Take equation A 1.3 and multiply both sides by cos03 

  

and the same for |Au| 

[ Ss] 
|Au| a U uti=q! 

  

    

V3 a U2 
cos@3 cosd = —= cosi@3 - —= cosd 3 > u3 x 3 U3 3 

mi M3 1 = Vv s - — 

u2 © inne ini *M2 1 

2S Ge (ie Ei eeeNs) 
u m a E 3 1 [we Own mm, 

ate. - 

Qe ee fe 
u mim ui + 4 1m2 aL at Qy mM; 

M3 +My 

Va. Va 
us eT ) us fi ae 

{ m3+mMy een 

. E3 qm3tmy Eim3 
ad A — 2 =— cosd As] ms lind 3 2 i J Em : 

    cosO,y ] 
Eqmy 
E,ymy at



APPENDIX 2 

PROGRAMME NREACTION: COMPUTING THE MEUTRON ENERGY 
  

AS A FUNCTION OF ANGLE FROM THE T(d,n) “tHe REACTION
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PREGIOD MOOMMEAY! DYSTEUI7/CONPER
, ZVRFACTIUN/ ENERUYsANTSOTROPY OF 

HRUTRON AND ASSOCIATED PARTICLE WITH ANGLES 

TPEALY M1, M2 pN3 0G, O0RS 044, EI eCeANG rp FeDTES ASPES SANGO DUDES IAW eZ; 

NEXT? 
HY TSKRADE 
1yR) 460 NTHENT "GOTO" FINISHE 
M2gEREADE 
ME P=READE 
MGZERFADG 
QpeREADS 
NFWLINE GS 
PRINT(MT, 2,103 WRITETEXTCHCHSID IDG 
POINTENZ 2,1) WEETETEAT CH CHS DUDE 

PRINTCH3S, 2,107 WATTETERTCHCI#ID IDG 
POINTE GyPeT)3 YRTTETEATCHCHOININDG 

PRINT(Gn2, 323 WEETETEATCHCIMEVID NDE 
BUPEMTeNS/CCHTSM2D a CMT ENS) TS 
BALE AGS CONT SMZ) CMT OMIT 
AGAING 
ED,SREADT ‘re! F4<0 HTHENt "GOTO! NEXTE 

CeECh Teh 2/(MTan2 > ear /CMSHNe dE 
NEWLINE C2)5 
MOETETEXTCECUINCIDENTMFNERGYS!)! 
PRINTCE1, 2,422 WRETETEXTCNCINEY 
NEWLINE CAG 
WEI TETEXTC! CI GENSTRPYLXEETERGYLYX ARANGLERX AK ENERGY SERKANSTRPY XX 

FNERGYSKYXRANGLEGN DDG 
‘FOR! AhG;s0 'STEP! To "UNTIL? 181 "Oo! 
"REGING 
UpeANG/57, 2965 
FreeVesIucy 

   

    

4 

  

  
  

  

  

FraFery 
DELEEVe Car h/BIaF iF 
MF Y 03 Et 0 PTHENT 
tReolet 

#5 
bse 
£43,805 
ARG41203 
"GOTO" PASS45 

tENDYs 
ERpECOr Gert Hw SH COS (PHU) F Zeb IASURT COSI *COS (HIF 

ABEESOBT CES! Cewh) D1 Cae MT/ CMI 42) ¥SART CET OM S/ CE S047 4COS (WITT 

EGStE0eE1-E33 
ZpHSQHT CH EL /CHSHEGS) SIRT LMSHES/ CHGHER SII #COS C4) E 

‘ye! 7>0,9949909 ITHENY 
TReGIn! AnG4 i "GoTo! PASSI3 TENDS 

HTFt AS ¢22€0, 0001 P THEN! 
TAEGIN' AvGetsgus TGnTO! PAGSTE TEND'E 
TEE? 7¢=0,999999 "THEN? 
TREGIE! ANGE:=180; "GOTO! PASST; ENO! 
ZpHARCTANCSGATCI=242)/295 

ANGSS=IU*CTMSIGNCZ)IFS7 290 KZF 
PASST: 
DGp=EL eC a3 /BG-FF 
SE? be PLES OF THEN? 

  

  

  

  

‘REGING 

AGte 
160TO.    PASS23 

TeNdts 
Eb pEGeM Sek TAAL COS (2 MU) F2*BAHSGRT (D4) COS (U)} 
AGpESCRT CEG (OHMS) 9 /C4e1/ CM OM2) HSURTCED EMSS CEGHNTIIHCUS CHE 

PASSet 
NEWLISE CYS 
PRINTCAG 2,425 
PRINT(RM 20 4)F 
PRIRTCANG, $0593 
PIB CES 4244) 
PQIATCAS 204) 
DOINTCESS,204)9 
PRINTCANG4, 3/3) 
TENLTY 
HGOTOY AGAINE 
FINISH: 
TENbty 

 



APPENDIX a 

PROGRAMME ONESCAT: COMPUTING THE ELASTIC 

ANGULAR ENERGY SPECTRUM FROM THE PRIMARY 

SCATTER MODEL
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spRogRan® CAXXX) 
fiypuT! 9 = CRO 
‘Snvut* -S TRO 
tCUTPUTY UO = UPA 
*CUTPUT? & = LPY 
TEXTENDE 

     
     

    
eae 
'TRACEte2 
TREGIN! seed . 
SLMTEGEEY WY, NYAQNZ,NZMaXed Ke le NAY PMAN NMATE 
TREAL' XOe Vote THETAN GEN GEO, DENDG>R oCOSNrTH/CSTHETA, PHU STHETAL (DTM GE 

ETH, DE,ENAK, DET Arte DY DZeELD CON We Ce DC eS, UY & 
=. © REANZ TcomnbaT! INET rAL MeEAM NEUTRON ENERGY AT 90 FFG IN MEV 

DENNG Anh ‘COMMENT? CHANGE IN NENTPON ENEROY PER DFEGREFZ  ~ 
EMARESEFAD; OU CONNENT? TANINIM NEUTRON FSERGY IM DATA ANN OUTPUT: _ ’ 

BINISREAD: TCOMMENT® HINTMUM NEUTRON ENERGY IN OUTPUT? s = 
FAD; 'COMMENT' MIMTHITA NEUTRON ENERGY TN ATA? dl ay 

Ear; 'COMMENT' FNERGY INTERVAL TN OUTPUT CEMAX-EMIN) MUST RE 
: INTEGRAL NUMRER TIMFS DEF 

TAD: —QOMMENT? ENERGY INTERVAL TN MATA CEMAX“ELD) NUST BE 
TuTEGRAL KUMBER TIMES DFTS 

EAL; MCOMMENT! COSIuf INTERVAL IN DATA 4/0C MUST BE AN INTEG 
PRAD: 'COMIENT! NUIRLR OF MATFRTALS IN SAMPLE? ee 
EMTPER CCEAARMEMIND/DE*O, 107 if et eee : 3 

a NTIERCCENAX=FLDI/DET SOLIDE 
KESENTIERCS/0049,493 
*HEGINE 

"REAL" TaAkRAY! FLOSLMAX], TCeSCCt 
. FECT NMAT.O; Olt HHATIOCTLO 
‘FOR’ tyet 'sTro' 4 *UNTIL® NeAT ‘00! 
NWEGING 

    

  

   

    

  

  

      

    

      
    oG 

NNATS 

  

  

  

          

        

       
   
         

FoR’ M20 "step! 4 Try) Je pAe = 7 e 3 

‘aFGIN! re I i 

TCLLOMJS=SHEADE COMMENT! TOTAL GROSS SECTION IN BARNS? = 

SCL SMIE=SREAD: "COMMENT FLASTIC CROSS SFCTION IN BARNS; 
"FOR' Nrek 'sTee? vuNtEL? f "pot 

  

CL eM yn) Eant MENT! ELASTIC SCATIEQING PEUBY AS FN OF COS? 

 



PaO m= 

      

  

   

  

eq "STEPS <1 TUNTY 
READ] "COMMENT! FRAC EXERGY CHANGE ON SCATT AS 

       

  

   

    
tsst fsrre€ 4 "UNTIL ft 
SFEANS COMMENT? NUMMER DENSITY TIMES $0-24; 
3=9 ‘sree’ 4 ‘usTEL’ J trot = 

  

SUEGING 
crt) 
"FOR 4. 
*REGIRE 
CTUMD TEC TOMDeTCUL MIONDELIE 
FOR* Mesh "STEP! 4 “UNTIL? K tDO! 

o             

  

=1 "STFe! 4 fuNTIL NMAT "DOF 

      

      

  

CSELensh CULeMPeNOCL I ep E ly tend 
HeEnty 

" PENONG = 
"FoR? & 

  

a Step! 7 funTyL! Vv toot 
"HEGINE : 
NEMLINE C1)? 
PRINT COPIAX@MRDET) » 204) F_      
PRINTCOTE 1 eO)2 
ENDING 
*FOKT L 

      

TSTEP' 4 SUNT IL! NMAT "008 

    

  ~ REG IN! 
VEWLINE C2) 

  

  

    
PRINTCRECLI G16 z 
ron oO street! a tuntyes J eo! 
HREGT EE 
NEMLINE CL): 
PRINT CCR AY mre DET) 6204 z 

*hORt need tspePt =4 tusTILE O Mot 
* PRY CUM 60E 

te ae 
NEYLINE CT 

‘FOR? wrex ‘STEPPE 
DRIMTCRFEL N11 6693 
CEND NE 
ahs 

          

     
         

  

      

   

  

   

    
"Cound! roTAL WeuTRO? 1NpyT : 
"CUNHENT! SOURCE DISTANCE FROM SCATTERER INNER FACE 
"Coeiturt SCATTERER THICKNESS; 

FANG pe ee 2 eon 

Meonmesy! Git OF NEUTRON REA N=2eNYMAK*DY; 
ROMMENT! 7MAX MUST BE FVENZ 
WENT! HELGHT OF NEUTRON REAMB2#NZMAXADL? 

  

    

    

    

  

  

  

  

    NEwLIe 
WURITETEZT CHCl gs 
PRINTCOH 9D, 493 

“NRULISE CY 
URUTETERT CHO 
PRINTCTE 2,193 

NESLT ARCA 
URITETERT CY CHXG 
PRINT OX 62,995 

“wel ae 
ARTTETEE T COCO RERMZUTDT 

PRINT CCE WNVEAX EDT) 26407 
NETUINE 

  

tae 
        

      

     
    

               
Tres ARE TGHTS 

PHAN D29 6 DOADE bi 
    

              OURGAING 
PuIsshEsO?  'COMMENT! OE 

  

   
  

  

TOR ANGLE ih DEGREES FROM MAWMAL TO SCATTER 

     



  

3 
1S 

= 107 

    

   
    

  

    

  

— Th pos .y_DIRECTION, 
TF* PHIEA "THEN" "GOTO" LAST? _ 

NEWLINE (2) 3 = = 
WRITETFYTCHC DUT SIDI), 
PRINTCPEL, %o4 

_ MRETETEXTC*C*neGaeesty "3 
PATS SPHI/57,2963 es z 
"FoR? O'step' 4 TUNTEL® LMAX "D0 FELI:= 

  

    

    

   

    

  

"FOR? YMAX OSTEP' 4 "UNTIL" NYMAY MnO? 
TRORT We R2NAX 'STED' 4 PUNTIL' NZMA¥Y tO! 
"HEGIN' : : a ye 
VrsnYany; 

nZone 
"TRY ABS Gn 7)> 
    

NAYN/E2) UTHENY We=2eCT@ARSONZ)INZMAX) "FLSE 
TCONMELT! o TS VEIGHTING FURSTION FOR NONUNIFORM NEUTOON BEAU 
THETANSEARCTANCY/SORT (KOH COFZ97) D2 
RPSSURTCYO eXMAY AY S72); 
CUSKIENU Sat i ae ee - ERTSEQ*THETANS37,2964REN IG; Sse 

  

      
    

    

ATS CER AS=tu)/DET] 
JSRENTIFR OAD? 
AreArd: 

SCCTI I) eC1-arserryst dary /cos ic 
COMETATECOSCPHT Hy O/ RSS ECP EI HY/RE 

CSTHE ASDC; 
ENTIF H(A) G 
ews 

Fox' pn 
"REGINY cs 
EUSIEELY (EECH KI *#(V@R)SERIN Ket eH) Fo 
TTF! ENSepeIn ITHEN! IGOTHY PASSIs 
CpaCS Une ds¥ le C1~Ad a (1-8) 9F SEN tT Cm Ad OB 

FUSE Wedel KT eAe (Tan SCS +e Ket denen 
LISENTIFRCCERS~E4IN)/ E49, 5) 5 
VESCEBAA@ENS) IME + 

ENTIRE CY); Ee 
svi; 
COTE Ie Cl-vo eer Cnet der /COSCPHI)S 

SEEY ARS COMSEISTNY < 0,07 STHENG ou 
FULJ*C+EXP Cat TX)*Tx*U/COSN 

  

     
    

  

     

  

"STEP’ 4 "UNTIL' MAT tO = 

  

       

        

  

     

   

    
    

  

            

   

    

NEWLIBECL): 
WHITETRAT CO! GYUAZELINID YDS . 
"POR" Lre0 "STEP! 4 YuNTIN® LtAX ‘po! 
"REGING = 
NEMLINE CT): 
PRINTCORMI N41 OnE), 2,277 2 PRINT CELL IONS CS#NYMAXENZNAX#DED 2006) 80 2 ce az 
henv'; 
“GOTO 
"ERD! 
LAST 
En 

   
      AGATAG 

  

    
LEEGTIN 4543 
4h vseo 

RAKYN FC



APPENDIX 4 

PROGRAMME TWOSCAT: COMPUTING THE ELASTIC ANGULAR ENERGY 
  

SPECTRUM. FROM_THE SECONDARY SCATTER MODEL  



= 108 = 

TPROGRANY CAXXX) 
YINPUTE 0 = CRO 
‘Input! 3 = TRO 
‘ouTPUT? O = LPO : 
touTPUT! 4 = LP4 35m | 

TEXTENDED DATA! 

  

wee 
*TRACE! 2 
‘BeEGINY 
VINTEGEEY NETS LNAX NANG Tod eKyLoMsNXMAX sNYMAXGNZMAX ONS ¢NXENVeNZe 

GrWsNeNPATE 
EALT EO EL eE2e DET SDE QM, OX DV DZeTXsHMY PMT ARUPRICRZ/RSPXeVe Ze We Ce Delle 

THETA1,THETAZ NORM, EMIN( CS4eCSOPPANG FLD GOTT eCT2cAr Br EMAXe NCI CTOsCPrSPI 

READ; 'COMMENT! INITIAL MEAN NEUTPON ENERGY AT 90 DEG IN MEV? 

EAD? ICOMMENT® MAXIMUM NEUTRON ENERGY IN DATA AND OUTPUT? 

Ean} SCOMMENT# MINIMUM NEUTRON ENERGY IN OUTPUT? 

READ; NCOMMENT! MINTHUM NEUTRON ENERGY IN DATA 
UCOMMENT! ENERGY INTERVAL IN ONTPUT CEMAX@EMIND MUST BF 

INTEGRAL NUMBER TIMES DES 
EAD: 'COMMENT! ENERGY INTERVAL IN DATA (EMAX~ELD) MUST BE 

INTEGRAL NUMBER TIMES PET? 

DCr=READ; "COMMENT! COSINE INTERVAL IN DATA 4/DC MUST BE AN INTEGER? 

NMAT;=READ; COMMENT! NUMBER OF MATERIALS IN SAMPLE; 
LMAX:SENTIER CCEMAXEMIN) /0E*0.1)3 

ATIERCCEMAX@ELDI/DETHI VE i { 

NTIERCH/DC#O,194 
j 

'REGIN! 
TREAL' "ARRAY? FLMSLMAX],TCeSCLUENMATsOsd)ePLVINMAT/O2Se“Kik Ie 

EECTENAT -KiX]/NOLISNMATI,CTCOSIT¢CSEAINMAT ORS e“KIKIT 

    

          

            

  

            

"eOR! Lyst 'STEP’ 4 TUNTEL' NMAT "pO! 

‘BEGIN' 
‘FoR! ‘grep? 4 tunTict J #00" 

-. 'BEGIN! é 
TCELeMIGa2FAD; MCOMMENT! TOTAL CROSS SECTION IN BARNS; 

SCELpMIU=READS COMMENTS ELASTIC CROSS SECTION IN BARNS? 

"FOR! WN "step! 1 "UNTIL! -xK "DO! 

PLL MeN 

  

EAD! 'COMMENT! ELASTIC SCATTERING PROBY AS FN OF COS) 

  



Ose 

  

TENDS; 
"FOR! wi=K "STEP! m1 UNTIL? ~K IDO! EECL NJ t=READZ "COMMENT! FRAC ENERGY CHANGE ON SCATT AS FW OF COS; FENDI; 

= *FORY La=t "STFPE 4 TUNTIL® NMAT "OOF NOCLI:sREAD; 'COMMENT! NUMBER DENSITY TIMES 10°24; _ *FOR' wyeQ 'Srep' 4 tyNTIL' J tpor 
‘BEGIN! 
Crimjs=0; 
TFOR' Lust 'STEPI 4 TUNTILY NMAT ‘DOF 
‘BEGING 

CTUMIr=CT(M]oTCCL MIHNDEL); 
TFOR' Nrak "STEP! o1 TUNTIL =k ‘pO! CSLLeMANTsaSCELMIONOCLI*PEL eM, ND? 
YENDt; 

  

NXMAXZ=PEADZ = FCOMMENT! THICKNESS=(NXMAXO4) @DX], OYS=READS ‘COMMENT’ Y=DINENSION OF SCATTERING CELL? 

NYMAXZ=WEAD? 'COMMENT! WIDTH= (2#NYMAy 41) #DY3 DZ:=READ; = "CoMMEN 
NZMAXZEREAD; COMMENT? HELGHT=(Z*NZMAX#4) eD2Zy CNXMAX+1 ©DxX;  COMMENTE THICKNESS; 

CNYHAX*O.5)#0Ys "COMMENT! HALF WIDTH? ERAX@EAD/DETE 
NTIER CHS 

    

    

      

' 2=DIMENSION OF SCATTERING CELL? 

  

EAD} ' COMMENT! TOTAL NUMBER OF NFUTRONS INCIDENT ON SAMPLES EAD; 'COMMENT! X-DIMENSION OF SCATTERING CELL; 

a) 
CTOL=CTESI#CimAyterldet I Ag 
AGAT 
PHIS=PEAD; COMMENT! ANGLE BETWEEN DETECTOR AXIS AND X*AXIS.IN 

  

DEGREES, DETECTOR IN X=¥ PLANE? "If' PHI<O 'rHEN' ‘Goro! LAST; 
NEWLINE(2) 3 
WRITETEXTOOCEPHT EH) ht), 
PRINTCPHT, 304)3 
WRITETEXTC!CIDEGREFS!D ID 
PHIZ=PHI/57,2961 
CP:=COS (DHT); 
SPE=SINCDHI); 
TFOR! Lyad 'STePY 4 TUNTIL® Lax tpor FUL :=05 
"FOR wSpso ISTEP? 4 HUNTIL' NXMAX "DOF 
"BEGIN! “ 

ROZ=(NS#0,5) 90x; 
'FOR' KXt=O ISTEP" 1 "UNTIL" RXMAX "DOF 
"BEGING 

Xr=CNX80, 5) 0x; 
Wr=X=RO} : ae 
"FOR' KY ,=-NYMAX ISTEP! 4 SUNTIL! NYMAX tno? "REGING 
YreNnYeoy; 
TFOR' NZpR-NZNAX 'STEP! 1 TUNTIL? NZMAX FOF 
‘BEGIN’ 
Zp=NZ*pZ; 
RV PEWHbtVoytze2e 2 

R1<0,004 '"THen' 'GoTa! Passa: 
QReTeRt); 3 Bis 

‘TRY PHI=0 "THEN! 
"BEGING 
R2LETKeX; : 5 a : 
‘GOTO’ PASSiz 

    

   

  

 



SO = 

HENDIy 
R2r=(TxRX)/CPY 
R3r2CHWY=Y)/Spy 
"TF' R3<R2 "THEN! R2geRSy 
PASS 
Arsu/ (pl *00); 
Ap=0, 990 eAG 
Tp=ENTIFP CAD] 
ArzArly 
DI=CWHCPsVeSP)/(RIMDC)E 
D1=0,9999epF 
GIEENTIFR(D)E 
Dr=O~GF 

"Foe! Last 'sTep! 4 VUNTIL' NMAT ‘DOr 
"BEGIN! 

EL,:=EOwCEECL/TI#(1 A) SEECL 141) 8AD] 
‘LF! €4 TLE? CEMINGO,1*DE) 'THENT "GOTO! pASS3T 
CSOL=CSEL eT IHC VmAIHCTMADSCSEL odo T pT IaBe (IMA) 

CSL ede THT Ja C1 aA eAeCS (Leder plat lenaay 

    

   

CraCEMA¥mEq) /DETS 
NESENTIFROC)S 
Creceon; 
CTYS=CTINI a (1-C)*CTEINel Je 
"FOR! Kyat 'STEPT 4 TUNTIL'! NMAT "OOF 
"BEGING 
E2,=E Te CEE(KeG)*(1=D) EEK, G44 )#D) 5 
"FY €2 Mle? CEMINSO,1#DE) 'THEN' 'GOTO! PASS4E 
CSTIEACSEK Ne GI¥CT—CI#C1=DIFCSE KNOT 1GIHC#C1=D) 

SCS ERIN, G41 10 (THC) HDeCSEK INH Gat JeCuds 
UrsCEMAX=E2)/nETH 
Hi=ENTIFR CUD? 
UpRURHy 
MESENTIFRCCEQ@EMIND/DESO,5)F 
CT2:SCrLH)w(tandecr Cher deny 
UseCTO*POscTisRiecretpae 
FUMI2=FUM)eCSO*CS1HEXP CHU) /CRIR1)G 
PASS4: 
"END 

    

PASS3: 
"ENDIG 
PASS21 
"END 
"END'D 
TENDING 

  

X*Dx*DY#OZ#QN/DEF 
NEWLINECS)Y 
URITETEXTC! CVENERGYXEXFLUXID TD 5 
‘FOR! MiaQ "STEP! 4 TUNTIL' LMAX "DO! 
"BEGIN? 
NEWLINECT) 3 
PRINTCCENINGMSDE) ,242)7 
PRINTCE LM) NORM, 0,693 
"END? 
"GOTO! AGAIN) 
ENDIS 
LASTS 
ENDIy 

x LENGTH 1437 
ITS USED 36 
WAX FC 

 



APPENDIX 5 

PROGRAMME SPECTRUM: COMPUTING THE ANGULAR ENERGY 

SPECTRUM FROM THE (n,no), (n,n?), (n,2n) REACTIONS 

USING THE PRIMARY SCATTER MODEL



ee 

IneGInt 
HINTEGERS go, LeNMatT 
VREAL® FMAM SENTN (MES sO 2 QNsTXeSCoPHT PS sCSsAs EAT Sou ; = 

ENAMT=PEADT 
ENINPSRFADS 

= 

DESSHREAD? COMMENT! CFAAXENIND/DES MUST BE AN INTEGERT - 

JEREATIFR CCEMANMEMIND /DESSOI)T Desh S See 

NAATESREAD, MCOMM4ENT! NUMAER OF MATERTALSE 3 
VREGING 
TREAL! "ARRAY! SPEGCToFEA PST KOC INMATIT 

TrORT A "syrp! 4 MunTILt J 10! Creed =O) 

tror? k ‘gree? 4 TUNTIL! WHAT "DO! 
"BEGIN! 
NDLKJZ2FE Ans COMMENT! NUMHER DENSITY TIMES 10-265 
‘roe! yyat tstep? 4 "untrer y #00! 

‘REGING 
CrazEAD} 'COMMENT! TOTAL MICROSCOPIC CROSS SECTION) - 
CTCLILSCTELIecenDEKID 
YEND'S 

: eres 

tends 
QurskEAn; ‘COMMENT? HUMBER OF INCIDENT NEUTRONS) 

TXp=HEAD TCONMENT! SCATTERER THICKNESS) 
NEWLINECA DY 
PRINTCTX2,2)5 
NEXT? : - 

KEEREADE I COMMENT! LDENTIFIES ISOTOPE INVOLVED IN REACTIONS 
THE? Kel MpHEn? HqnTO? PASS3E 
SCy=READ? "COMMENT! PEACTION CROSS SFCTIOND ene 

'Upet "sree! 4 TuNTILt J 100! SPFCELYIAREAD) as are 

NENT! EMTSSTON SPECTRUM OF REACTION} 
AGAIN: 
PHLTr=READ: 'rOMMENT! DETECTOR ANGLE IN DEGREEST 
VER! PHIED tyHeN! HGOTO' PASS2y - ee = 

NFWLINEC2)E 
PRINT(K 42,008 
PRINTCSC,1,4)1 
DRINTCPHT 20297 

EAD} "COMMENT! NIFFERENTIAL REACTION PROB AT ANGLE PHID 
CorsenDEKd? i : 

1CUS(PHI/57 29694 
: 

EXP CHCTEITeTXIE 
trog! Laat 'stee? ¢ TUNTIL' J 1DOT 
WheGtht 
THEY SPECELI<A, 000001 I THFNT 
TREGINE 

      

    

    

      

  

     

        

      

  

   

  

FULI2=03 
1GoTo' PASSTT 

bis = : 

exo? 
VIET ANSCOTCIIHCTCLI*AD#TXSO,01 TTHENT FOL) s2QN*CS#TX*EASSPEC(L) 5: 

TELSE? 
5 

FcL) hel g* CEAMEXDCHCTELIGATTXID/CCTEL #AmCTLIII*SPECELYD : z a - 

  

PASS'3 
NEWLINE CH)? 
PRINTCCEMIN® (Lm 1 SDESI 220207 PRINTCCRMINSL®DES) 220207 

PRINTCRCLI,0046)7      

WEOTO! AGAING 
PASS23 
GOTO" NEXTE 
pASSS1 
tend’? 
VEND'D



10. 

dee 

12's 

13a 

14. 

La. 

16. 

Lye 

SAL ee 
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