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SUMMARY 

This work is concerned with the investigation of neutron 
shielding materials that are of possible use in future fusion 
reactors. Measurements and calculations have been carried out 

> a mixture of LiF and U for shield of LiF, u2%8 pee 
two region of LiF and y238 The neutron source was a monoenergetic 

points source of energy 14.1 MeV produced by D(T,n)4 
at the centre of a cylindrical shield. 

> anda 

He reaction 

The measurements were made with a liquid organic 
scintillator (NE-213), and the gamma-ray background was rejected 
by pulse shape discrimination using the zero crossing technique. 

Calcuations have been carried out in spherical geometry with 
a multigroup diffusion model where the uncollided flux was 
calculated by the removal model. The cross-section data used came 
from the UKNDL-file, and the YOM-20 cross-section set. 

Measured and calculated spectra show reasonable agreement, and 
do not indicate any discrepancies in the cross-section data used. 

Removal cross-sections at 14.1 MeV have been experimentally 
determined for the four shield assemblies and show a good agreement 
with those used in the calculations which were based on the 
transport cross-sections. 
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CHAPTER 1 

INTRODUCTION 

1-1 Introduction 

The study of the energy distribution of fast neutrons after 

passing through various thicknesses of different shielding materials 

which are of interest in nuclear technology is very important not 

only from the point of view of the theory of neutron penetration 

through matter but also from the design of nuclear reactors, and 

their associated equipment. 

Much work has already been carried out in developing analytical 

methods and techniques to handle shielding problems and in 

obtaining experimental data suitable for design procedures, and 

the test of theoretical calculations, but there are still 

differences between results obtained by experiment and those given 

by calculation. 

Attenuation of fast neutrons is affected by degrading the 

neutron energy by the elastic and inelastic scattering processes, 

until they are absorbed. The initial degradation of the energy 

mainly takes place by the inelastic scattering process except 

for the lightest nuclei, so uncertainties in the inelastic scattering 

cross-section will seriously affect the accuracy of calculations 

of neutron energy distribution(!), 

The 14.1 MeV neutrons are not directly important for the 

shielding and blankets of fission reactor, since these neutrons 

are above the top end of the fission neutron spectrum (about 10 MeV), 

but they are extremely important for the possible future fusion 

reactors, since these will most probably use the D,T fusion 

reactions, thus directly producing 14.1 MeV neutrons.



1-2 The Project Aim 

The objectives of the present work are to study the neutron 

energy distribution spectra of the 14.1 MeV neutron at different 

depths inside different shielding materials, which are of interest 

For the future fusion reactors, also to measure the removal cross 

sections for these materials at 14.1 MeV and see how both the 

neutron energy distribution spectra and the removal cross-sections 

measured compared with those calculated. 

It is important to carry out experimental studies of the 

energy distribution of degraded 14.1 MeV neutron inside the 

shielding materials in order to provide information by which the 

theoretical calculations could be tested, for suitability of 

method, and if the measurements are sufficiently accurate for 

testing cross section data. 

14.1 MeV neutrons from the D(T,n) “He reaction have been 

used to study neutron energy spectra produced after passing 

through different thicknesses of LiF, y238 

238 

» a mixture of LiF and 

u 238 » and a two layer shield of LiF and U The neutron 

spectra were measured with a proton recoil scintillation counter 

using the liquid hydrogenous scintillator NE-213. With this 

scintillator it was possible to reject gamma radiation induced 

pulses by pulse shape discrimination. The number of neutrons 

Produced was monitored by counting the associated alpha-particles 

by using a thin layer of plastic scintillator (NE-102A). 

For the theoretical calculations, the removal and multigroup 

diffusion method was used to calculate the spatial energy 

distribution of the fast neutrons. The cross section data used 

for these calculations was. taken from the 20-group cross-section
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set by Yiftah and Sieger (2) for uranium and aluminium, and 

the (uknpL) (3) data set provided microscopic data for Sui, 4 Li 

and! ¢ which was converted into multigroup cross-sections matching 

the Yiftah-Sieger group boundaries. Only the top ten energy 

groups were used (E,0.3 MeV) . 

1-3 The Application of the Project 

The Lithium fluoride and uranium were chosen in the 

present work due to their potentially useful application in the 

future fusion reactors for LiF, and in the fusion-fission 

reactor for both LiF and uranium. 

The neutron will be produced in the fusion plasma by the 

reaction: 

Ay +n + 17.6 MeV Dts He 

about 80% of the energy released per fusion is given to the 

neutron, which escapes from the plasma. Thus the plasma can 

be regarded as an isotropic source of 14.1 MeV neutrons (4), 

The main purposes of the blanket surrounding the plasma in a 

fusionreactor are the conversion of the neutron energy into 

thermal energy and the breeding of tritium, which is not present 

in nature due to its short half-life (12 years). 

6 7 
Lithium contains 7.56% ~Li and 92.44% “Li, and produces 

tritium by the reactions: 

6). 1.3. 4, 
gti + ont + phe + 4.78 MeV 

Tie aes 4 1 
3Li 1 oT + gHe + on - 2.47 MeV



= Ae 

615 has a very high (n,a) cross section at thermal neutron 

energies, but at 14.1 MeV the (n,na) reaction cross-section 

for 1 isotope is higher than that for the SLi (n,a) reaction. 

Neutrons for these reactions are produced when the deuterium 

and tritium nuclei burn in the reactor by the D(T.n)gHe reactions. 

The neutrons produced are captured by a lithium containing blanket 

surrounding the plasma, which will produce tritium and transform 

the kinetic energy of the 14.1 MeV neutrons into heat (©), 

In several fusion reactor concepts, molten lithium acts as 

both a breeder material and a heat transfer Fluid(®) , Another 

form of molten lithium of possible use is a molten mixed salt 

(LiF = BeF,). This is proposed because of the reaction 

9Be(n,2n) atte, which provides extra neutrons for tritium 

breeding, and also the molten salt mixture has a lower melting 

point than pure LiF. 

The uranium has a high atomic weight and so is a good fast 

neutron and gamma ray shielding material. The neutrons from 

the D(T.n) 5He reaction can be multiplied through fission in a 

heavy element blanket (y238) » surrounding the fusion plasma. 

The concepts which involve the use of fusion produced neutrons to 

ultimately produce fission are called the fusion-fission hybrids (7), 

The hybrid system Fig. [1-1] is an example of the system, 

involving the fusion neutron with fissile material (y238) to 

produce a multiplication of the fusion neutron source strength 

and also producing more energy from nuclear fission. This effect 

increases the energy output of the system, possibly increases 

tritium breeding and also breeds fissile material for use in 

thermal fission reactors. The thermal fission rate due to breed 

plutonium in such a blanket would be low due to the high 8.4 cross - 

section at thermal neutron energies. 
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CHAPTER 2 

NEUTRON INTERACTION WITH MATTER 

2-1 Introduction 

The interaction of neutrons passing through matter is different 

from that of either charged particles or gamma-rays. 

The neutron carries no charge, so there is no Coulomb repulsion 

to prevent its interaction with nuclei and so it is able to cross 

the nuclear boundary even when its velocity is very low. If the 

nucleus is unchanged in either isotopic composition or internal 

energy after interacting with the neutron the process is called 

elastic scattering X(n,n)X; if the nucleus after re-emission the 

neutron is left in an excited state the process is called inelastic 

scattering X(n,n')X*. In referring to these processes it is 

common to say that the incident neutron has been scattered 

elastically or inelastically, since a neutron reappears after the 

interaction. However the emerging neutron may not be the same 

neutron incident on the target nucleus. 

The neutron may be absorbed by the nucleus with an emission 

of gamma photon X(n,y)Y that is called the radiative capture, the 

neutron capture may also lead to the emission of charged particles 

in X(n,p)Y, X(n,a)Y reactions. At higher neutron energies two 

Or more neutrons may be emitted, these are (n,2n), (n,3n) reactions. 

A detailed description of these processes is given below. 

2-2 Elastic Scattering X(n,n)X 

The slowing down of fast neutrons is due mainly to the elastic 

scattering collision between the neutrons and the nuclei of the 

target. In this type of scattering the kinetic energy is conserved
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and the energy level of the target nucleus is the same before and 

after the collision. By applying the principle of conservation 

of momentum and energy it is possible to derive a relationship 

between the scattering angle 9, (where 6 is the centre of mass 

angle) and the energy of the neutron of mass 1 before and after 

the collision with the nucleus of mass A (where A is almost exactly 

the mass number), given by (8). 

A2.2A Cos 6 +1 
ED = ©) te ea 

where 

5, - is the energy of the neutron before collision 

and ES - is the neutron energy after collision 

If y is the angle in the lab.-system then the relationship 

between the angle in C-M-system and the lab.-system is given by:- 

Cos v = 1+A Cos 6 2-2 

/ n242A Cos 641 

From equation (2-1) and (2-2) the neutron energy after collision 

is given by:- 

—E,=E A242/h2-Sindy-Cos wv +Cos 2 2-3 
2 i (Att)? 

when @ = 180° then wy = 180° (unless A = 1 when p = 90°) 

8 = 0° vy =0 

so from equation (2-3) at w = 0°, (Eo) max = E 

i.e. no scatter and the minimum value of ES occurs when jp = 180° so
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2 
me asd Z Cann) A ee 2-4 

The minimum energy of a neutron after a collision depends on 

the mass of the target nucleus. 

Elastic scattering of neutrons can be regarded as being composed 

of two coherent contributions: - 

a - The resonance scattering in which the formation of one 

of the several decaying states of the compound nucleus 

(n+X) whose energies lie within about the level width 

from the energy of the initial (n,X) system followed 

by decay of the compound nucleus with emission of a 

neutron having the energy as that of the original 

incident neutron. 

b - The potential scattering in which the neutron does not 

penetrate the nucleus to form a compound nucleus but 

without sharing its energy with the target nucleus 

is scattered as it would be by a potential well. This 

part may be considered as due to the large number of 

states of the compound nucleus which are far removed 

from the incident energy(?), 

For lower energy neutrons (< 1 MeV) elastic scattering is 

nearly isotropic in the centre of mass system! !9) , as the energy 

increases the anisotropy also increases. For resonance scattering 

the angular distribution is characteristic of the spins and parity 

of the levels of the compound nucleus involved and is more or less 

isotropic!!!) , 

In potential scattering neutrons are forward peaking and this 

becomes more pronounced as energy increases. Figure (2-1) shows the 
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Fig. [2-1] The angular distribution of 6.4 elastic 
scattering [UKNDL] 
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angular distribution for the 5 elastic scattering. 

2-3 Inelastic Scattering X nn) X* 

The inelastic scattering becomes energetically possible when 

the neutron energy 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 Ey and the energy of the first excited level E,. 

The threshold energy which the neutron must have to make the 

inelastic scattering process energetically possible is given by:- 

where 

Een - inelastic threshold energy 

A - mass of the target nucleus 

Ey - the energy of an excited state of the target nucleus 

In general if a monoenergetic beam of neutrons is incident on 

a target nucleus a spectrum of neutron energies is emitted consisting of a 

series of groups corresponding to a transition to different levels. 

The relative intensities of these groups are determined by the partial 

widths for the different modes of decay of the compound nucleus, and 

some of the groups may appear as a continuous spectrum in the region 

where the levels of target nuclei are very closely spaced. 

The inelastic scattering is very important in problems of 

reactor design and shielding. In the first case it is the main 
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Process by which fast neutrons are slowed down below the inelastic 

scattering threshold and furthermore inelastic scattering produces 

gamma rays which have to be considered in shielding problems. 

2-4 Radiative Capture X(n,y)Y 

For neutrons below the inelastic scattering threshold the only 

reactions which occur with appreciable cross-section are elastic 

scattering and radiative absorption. The radiative capture 

process is possible at all neutron energies, but is most probable at 

low energies (less than 1 keV). However at low energies some 

particle emission reactions with very light nuclei, and fission with 

very heavy nuclei can take place(?), 

When a neutron is captured by the nucleus the resulting compound 

nucleus is formed in a highly excited state, because the captured 

neutron adds to the system both its kinetic energy and it binding 

energy (~ 8 MeV). Since the compound nucleus lies above its ground 

state it decays either by the re-emission of a neutron or by emitting 

one or more gamma photons. However the excitation energy of the 

compound nucleus is shared between its nucleons and the emission 

of one of these nucleons is not possible until the nucleon gains an 

energy greater than its binding energy in the nucleus. Therefore one 

can expect that when the excitation energy is shared among a large 

number of nucleons, the average time before neutron emission is much 

More than the average time required for gamma emission, so the 

compound nucleus may decay by emitting one or more gamma rays (10), 

The compound nucleus may release the excitation energy with the 

emission of a single gamma ray and go to its ground state, or it 

may emit several gamma rays of lower energy by going from the 
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excited state level to intermediate levels then finally to the ground 

state. 

The existence of capture gamma rays greatly complicates the 

shielding problem, since it is no longer sufficient to slow down the 

neutron and then capture it, and therefore it becomes more significant 

to use materials as a neutron absorber which do not give gamma rays 

on capturing the neutron. 614 is an isotope which has very high 

capture cross-section at thermal neutron, and on neutron capture 

gives charged particles which are easily stopped. 

2-5 Particle Reactions 

Neutrons may also disappear as a result of particle emission 

reactions, in which the neutron is absorbed by the nucleus which may 

decay by the emission of other particles, and the nucleus resulting 

from these interactions may be unstable and decay by further gamma 

ray or particle emission. 

Particle reactions are most prevalent for neutron energies above 

about 1 MeV. Below that energy the reaction is generally inhibited 

by the energetics of the process or by the Coulomb barriers which 

must be penetrated by the reaction products. However in the case of 

a very light element it may occur at intermediate or thermal energies 

e.g. 'a(n,a)/Li, 8Li(n,a)T. 

The most common of the above types of reactions are:- 

2-5-1 The (n,2n), and (n,3n) reactions 

For an incident neutron with energy greater than the binding 

energy of the last neutron in the nucleus the emission of two or 

three neutrons becomes possible. 

This reaction could be regarded as a type of inelastic 

scattering in which the first neutron comes out with an energy less 
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than the difference between the energy of the primary incident 

neutron and the threshold energy, in that case the residual nucleus 

is in a state having enough excitation energy to be able to emit a 

second neutron. The (n,2n) reaction rapidly becomes more probable 

than (n,n') reaction as the incident neutron energy increases above 

the threshold for the (n,2n) reaction, and 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 most weakly bound neutron in the target nucleus, and 

the threshold energy in laboratory system is given by:- 

_ At] 
Eth =e Qe ea Sl ae mee UIA sos ares 2n7 

where 

Een - is the threshold energy 

A - is the mass number of the target nucleus 

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

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

and (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,3n) threshold at the expense of the (n,2n) cross-section. The 

(n,3n) threshold is so high it ranges from roughly 11 to 30 MeV 

which makes this reaction unimportant in fission reactor calculations, 

but it has some significance in fusion reactors. 

2-5-2 Charged Particle Reaction (n,p), (n,a) 

These reactions are usually endoergic, however in a few light 

10 7 6 3 nuclei they are exoergic as “B(n,a) ‘Li, “Li(n,a)°H, T4ncn.p)!4c.



eles 

These reactions are useful in that they do not give rise to 

energetic gamma rays. 

2-5-3 Fission Reaction (n,f 

In the fission process the nucleus absorbs a neutron and the 

resulting compound nucleus is so unstable that it immediately breaks 

up into two lighter nuclei called fission fragments (12) | The 

probability of neutron induced fission is described by the fission 

cross-section Og and it is a function both of the target nucleus 

and the energy of the incident neutron. 

2-6 Neutron Reaction with LiF 

In considering the 14.1 MeV neutron produced from the 

D(T,n)jHe reaction with the LiF, the most important reactions are 

7 those that produce tritons. The fast neutrons that react with ‘Li 

will with fairly high probability produce a triton and neutron by 

the reaction, 

Drow 1 4 
gti + on +T + gn + sHe 

and the resulting neutron may be moderated by elastic scatters with 

a and 1G nuclei and captured by the oe (n,a)T reaction to 

produce further tritons (13) 4 

The possible reactions of neutrons with lithium fluoride are 

as shown in table [2-1]. 

For the thermal region the high cross-section for the 

SLi(n,a)T reaction makes it the dominant interaction (in natural 

6 7 
lithium 7.56% “Li, 92.44% “Li 98.59% at 0.025 eV compared with 

elastic scattering from SLi and z Li 1.41%). At 1 keV this has 

“ changed to 3.5% (n,a) reactions to 65% inelastic scattering in 

lithium and at 0.5 MeV 2.2% (n,a) reactions to 97.8% elastic 
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scattering. At 14 MeV the (n,a) reaction only has about 0.13% 

TABLE [2-1] The fast neutron reaction with LiF 

  

  

Interaction Fig. of the cross-section 

br: e 
Li (n,a)T Fig. [2-2] 

844 (nsn) Li Fig. [2-3] 
he nea : 

Li (aya )yo ki Fig. [2-4] 

SLi (nynd)u Fig. [2-5] 

814 (np) He Fig. [2-6] 

7La (nstsn)a Fig. [2-7] 

TUG (nn) Li Fig. [2-8] 
Tis Tee : 

Er (nent) ia Fig. [2=9] 

19E (ngnt) 96" Fig. [2-10] 

19 (nan) 9 Fig. [2-11]         

probability but inelastic reactions are now about 30% of the total, 

elastic scattering still being the most important reaction(!4) , 

The cross-sections versus energy for the reactions of neutrons 

with LiF are shown in Figures [2-2] - [2-11]. 

2-7 Neutron Interaction with pers 

238 
U undergoes fission with fast neutrons: This fission is a 

threshold reaction and the fission cross-section varies with energy 

as shown in Figure [2-12]. 

238 y239 (ny) > which The second reaction is neutron capture U 

is one of the important reactions in fast reactor calculations, for 

that reaction there is a need for better cross-section data in the 

keV energy range since this reaction leads to Pu production,



iba 

the uncertainty in the value of this cross-section 2) below 

200 keV is + 15% and between (200-500 keV) is about + 10%. The 

cross-section curve is shown! '3) in Figure [2-13]. 

Thirdly the inelastic reactions (n,n) (n,2n) and (n,3n) occur 

at higher neutron energies if the incident neutron has an energy 

above the threshold for (n,2n) reaction it is likely that a second 

neutron will appear, as a result the (n,2n) cross-section rises 

rapidly above its threshold, and similarly for the (n,3n) reaction 

as shown in Figure [2-14]. 

ee is shown The elastic scatter cross-section for neutrons on U 

in Figure [2-15]. At low energy its cross-section has a constant 

value followed by a very sharp resonance with width usually ~ 1 eV, 

the cross-section rises to greater heights, as moving to higher 

energies the resonances can no longer be resolved and then the 

cross-section becomes a smooth function of the neutron energy! !6) | 
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CHAPTER 3 

FAST NEUTRON DETECTORS 

3-1 Introduction 

A detection system usually consists of two parts, a 

detector for the incident particle and a measuring system to 

Measure the output signals from the detector. The detection 

of nuclear particles and radiation is based on the detection of 

ionization produced when passing through matter so the detection 

of neutrons is in general more complicated than those of charged 

particle because of their lack of charge and consequent lack of 

jonizing power, and their very wide range of energies. 

Neutron interactions with nuclei are of two types, scattering 

or absorption. In the scattering interactions the neutron 

collides with the nucleus and a fraction of the neutron energy 

is transferred to the recoil nucleus. 

In the absorption interaction, the neutron is absorbed 

by the nucleus and disappears so the neutron must therefore 

take part in a nuclear reaction which results in the emission of 

charged particles which in turn interacts with the detector and 

produce ionization and excitation of the molecules. In such 

cases the primary energy of the neutron is dissipated through 

the emission of secondary charged particles which lose their 

energy on passing through matter. Two media may be involved, one 

of which is a radiator (scattering material) where the 

neutron may interact to produce charged particles and another 

one in which the charged particles may dissipate their energies. 

These two components of the detection may be physically 

distinct as in the case when protons are ejected from a hydrogeneous 
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foil by fast neutrons to expend their energy in ionizing a gas. 

In this case the energy dissipated in the scattering medium by 

the charged particles is wasted so if the two components may 

occupy the same space as when the gas itself is a hydrogen. 

Therefore it is an advantage in designing a system with a 

combined reaction and detector medium for the detection of the neutron. 

3-2 The Main Parameter Effect Choosing the Neutron Detector 
  

A great variety of methods have been used to measure the 

energy spectra of fast neutrons(17) , 

(18) 

The techniques include 

3 
» proton recoil telescope(!9) , and ~He filled 

proportional counter(29) | The elastic scattering from hydrogen 

nuclear emulsion 

nuclei which gives rise to detectable recoil protons is the basis 

for fast neutron detection with the organic scintillators. 

For choosing a neutron detector, suitable for certain 

measurements, the following factors must be considered. 

The aim of the experiment and the experimental configuration. a ' 

b - The energy range of neutrons to be measured. 

c - Flux magnitude and its variation. 

a ' Detector sensitivity and energy resolution. 

e - Physical size of the detector. 

f - The presence of other ionising radiations. 

These parameters are defined by the experimental configuration, 

that is where the measurement will be performed (outside or inside 

the medium under investigation) and by the aim of the measurement: 

To give information about the neutron energy or the flux and in what 

energy range the measurement will be performed. The flux magnitude 

and its variation is a critical parameter for choosing a suitable 

detector of known efficiency and cross-section. 

 



22S 

The physical size of the detector is considered as a limiting 

factor (e.g. when the measurement is performed inside the medium 

in the shielding investigation) a large size will perturb the flux. 

The detector sensitivity to other ionising radiations is a 

most important factor when choosing a neutron detector. Since a 

neutron is usually measured in a background of other nuclear radiation 

(gamma-rays), therefore the detector should either be insentitive to 

the background radiations (threshold detector) or give output 

pulses having different amplitudes or different shapes, so it becomes 

possible to eliminate the unwanted pulses either by applying bias 

or pulse shape discrimination. 

3-3 Reactions used in Neutron Detectors : 

A neutron may produce a charged particle either by collision 

or by initiation of a nuclear reaction, therefore most of the 

neutron detectors are based upon one of the following reactions. 

3-3-1 (n-p) Scattering Reaction 

The detection efficiency depends on the (n-p) scattering scross- 

section of hydrogen, which is a smooth function and decreases from 

13 barn to 1 barn in the neutron energy range (0.1 - 10 MeV), and to 

0.5 barn at 20 wey (2), Figure [3-1] shows how the cross-section 

varies with neutron energy. 

The (n-p) reaction is isotropic in the centre of mass system 

so the distribution in energy of the recoil protons produced by 

monoenergetic neutrons is constant from zero up to a maximum value 

of the incident neutron energy and the energy of the recoil proton 

ED is given by:



= 590 

where © is the angle which the recoil proton makes with the 

direction of the incident neutron of energy EY in the laboratory 

system. 

If the incident neutrons are not monoenergetic and have an 

energy spectrum $9 (E,) » recoil protons of energy E will be generated 

by neutrons of energy Eze. 

The number of recoil protons N(E) in a unit energy interval 

is given by: ey 
Bd) 

dE, Ra See Soe 
» (En) (1-8 feiek (E,) (1-€ 

E 
n 

where E 

Z - the macroscopic scattering cross-section of hydrogen 

assuming a pure hydrogen detector 

d - the detector thickness 

A - detector area 

By differentiating the recoil proton spectrum given by equation 

(3-2), we obtain the neutron energy spectrum in the following equation. 

E a N(E 4, (E) ae <r pe ten a3 

The (NE - 213) liquid scintillator detector which will be 

discussed hereafter is an example of proton recoil detectors. 

3-3-2 Neutron Induced Reactions 

The neutron interacts with the nucleus to form a compound nucleus 

which has an excess energy due to the binding and kinetic energy of 

the neutron. This energy may be released by the ejection of an 

energetic charged particle or by the emission of a gamma ray.
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For the purpose of the neutron detection the following 

classification for the induced reaction are useful. 

a - Exoergic reactions 

In this type of reaction energy is released after the interaction 

of the neutron with some specific nucleus. 

The reaction 

She +n >T +p + 765 keV 

is important for the neutron detection because there is a high 

cross-section for slow neutrons, and the product nucleus has no excited 

state so that for each neutron energy there is a single reaction, 

i.e. a monoenergetic neutron source will be represented by a line 

spectrum. The cross-section variation with neutron energy is shown 

in Figure [3-2]. 

For thermal neutrons the energy release is 0.765 MeV, therefore 

the total available energy from the capture of for example a 1 MeV 

neutron is 1.765 MeV which is low enough so that the emitted proton 

(energy 1.324 MeV) and the triton (energy 0.441 MeV) can easily be 

stopped in the detector, while at the same time the energy expended 

by the electrons from gamma ray interactions in a moderate size of 

She filled chamber is considerably less than 0.765 MeV, so that their 

pulses will not distort the spectrum and can be eliminated with a 

suitable discriminator. However there are some disadvantages of 

this detector for the neutron energy above 1.02 MeV that the recoil 

She nucleus from elastic scatters will have energy greater than 

0.765 MeV so She recoiled nucleus will appear above this peak due to 

the capture of thermal neutrons, and in addition that She is relatively 

rare and expensive. Another useful reaction is 

SLi tn >atT + 4.78 MeV
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That reaction has a very high cross-section for thermal neutrons 

(946 barn at 0.025 eV) the cross-section varies as o in the thermal 

region, and has a peak of 3.4 barn at 0.235 MeV, and then drops down 

as shown in Figure [2-2]. The main advantage of this reaction is the 

high Q-value, so that pulses from electrons induced by high energy 

gamma rays will deposit energy in the detector much less than that 

value. 

Lithium is used in scintillation counters as Lil or SLit 

crystals as well as in photographic plates as a Li-loaded emulsion 

for the thermal, slow and fast neutron spectrum measurements (2222322425) _ 

But fast neutron measurement becomes difficult even with very low 

thermal neutron fluxes present, due to the very high thermal cross- 

section. 

b - Endoergic reactions 

For the threshold reaction, the kinetic energy of the reaction 

products is less than the kinetic energy of the initial particles by 

an amount equal to the reaction energy, i.e. energy is absorbed 

rather than liberated (however this is not true for fast fission). 

A direct detection of an endoergic reaction is difficult and one 

normally measures the activity of the radioactive products, therefore 

the radioactive product must have a suitable half-life so that the 

activity after irradiation can be followed for at least two half 

lives. This is important because other sources of activity may be 

present in the sample as a result of irradiation. 

The (n,p) and (n,a) reactions are of interest in neutron 

detection as threshold detectors (26) | These reactions usually take 

place with light elements, since for the heavy elements the high 

coulomb barrier prevents this emission. The main threshold detectors 

of these types are shown in Table [3-1]. 
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Table 3-1 Some of the threshold reactions for 
  

the fast neutron detector 

  

  

Reaction Half-life Loran 

31p(n,p) 21s, 227 hours ea 

325(n,p)p 14 days 2 

27a) (n4p)°™M, 9.6 min 3 

56Fe(nyp)°OM, | 2.6 hour 5 

27a1(n.a)°'N 15 hours 6           
Another threshold reaction (n,2n) is used as threshold detector. 

In this reaction a second neutron is ejected from the nucleus, so that 

the threshold energy is the binding energy multiplied by a correction 

factor (Bly allowing for centre of mass motion (27) , a 
Above the 

threshold energy the cross-section generally rises to a fairly flat 

peak around (3-5)MeV above the threshold. A typical detector is 

®3cu(n,2n)°2cu with half-life of 10 minutes, and threshold about 

11 MeV. 

c - Thermal fission 

233. 4,235 
Thermal fissile materials such as U~~, U ae and Pu are 

usually used for measuring thermal neutron fluxes for many purposes. 

They have considerable advantage over other neutron detectors where 

there is a gamma-ray background, since the energy release per fission 
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is relatively high giving fission fragments with energy about 80 MeV 

compared with the energy of gamma rays. Thermal cross-section is 

about (500-1000) barns which varies rapidly with resonances in the eV 

region. 

For the fast fission reaction detector the fissionable elements 

234 y236 | np22?, y238 and thes? are commonly used. This fission 

process takes place above a certain threshold energy and these 

nuclides are usually used for measuring fast neutron spectra, since 

the cross-section above the threshold energies is relatively flat 

and the threshold energies cover a wide range (0.26 MeV in eon 

3 238 0.32 MeV in Npo?”, 0.70 MeV in U22©, 1.3 Mev in u238 and 1.5 MeV 

in The?) of considerable interest in fast reactor spectra(28) , 

3-4 Neutron Detector used in Present Work 

The organic scintillators are used widely for measuring the 

energy spectrum of different radiation particles. They are available 

either as a pure crystal (stilbene) or in various combinations as 

liquid or solid solutions. The most important advantages of organic 

scintillations are their high speed response ( ~ 1079 sec), high 

efficiency of detection for fast neutrons, and providing exact 

information on the number, time of arrival, and energy of nuclear 

particle. They can give information on the type of detected 

particles from the differences in the decay of the light output which 

is very important if the measurements are to be carried out in 

mixed fields of radiation. 

Therefore the scintillator chosen for the present work was a 

smal] (25 mm x 25 mm) cylinder of (NE-213) liquid scintillator 

because it offers a good compromise between efficiency and resolution, 

and is small enough to fit in the shielding assembly without grossly
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perturbing the system. 

The (NE-213) scintillator is made with Xylene activators and 

POPOP as a wave shifter. Naphthalene is added to enhance the slow 

component of light emission. The scintillator was glass-encapsulated 

and bubbled with pure hydrogen (or nitrogen) to remove the undesirable 

oxygen which selectively quenches the slow component of light 

emission (29) , 

A plastic light pipe 25 mm in length and tapering from 25 mm to 

19 mm couples the scintillator to the P.M. tube. 

The NE-213 scintillator has the following characteristics: 

a - Enhanced emission of delayed light which gives it good pulse 

shape discrimination between high and low linear energy 

transfer particles (2°) , 

b - It has greater hydrogen content than stilbene(3!) , 

c - NE-213 is a liquid so its response to the neutron is isotropic. 

d - Its response to alpha-particles and carbon recoils from 14 MeV 

neutrons is only about half the pulse height that is produced 

with stilbene scintillator(29>32) | 

The scintillator and the P.M. tube are shown in Figure [3-3]. 

3-5 The Scintillator-Photomultiplier Tube Coupling 

The photomultiplier tube chosen in the present work was an 

EMI-9826B tube 19 mm in diameter, having an electron transit time of 

25 ns, and rise time of 2.2 ns. This tube has 12 stages of 

amplification which in spite of their small size are capable of high 

gain (1x107) without loss of stability, and it has a low dark current.
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The voltage divider network Figure [3-4] is for fast pulse 

application, the values of the resistances were chosen to provide 

a series current in the network much greater than the mean anode 

current (33) , The voltage between cathode and focus electrode is 

fixed at 150 v by the Zener diode. Capacitors are required to 

provide peak pulse currents and to avoid pulse distortion.
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CHAPTER 4 

NEUTRON SPECTROSCOPY AND PULSE SHAPE 

DISCRIMINATION 

4-1 Introduction 

In the scintillation detector the mode of decay and the decay 

time of the light emission from the scintillator is important when 

the timing resolution of the instrument is estimated or when the 

physical processes in the scintillator are the subject of study (34) , 

These characteristics achieved new prominence following the report by 

wright (35) that scintillations produced by alpha-particles and 

electrons in anthracene crystals showed decay times of 53 mu sec 

and 31 mi sec respectively. It was subsequently reported (36+37 +38) | 

that some organic scintillators have been used for measuring the 

number, time of arrival, energy, and particle identification of 

nuclear radiations. 

The stilbene crystals and the liquid organic scintillators 

(NE-213) are used in nuclear spectroscopy because they possess 

desirable physical characteristics, good detection efficiency(29), 

large size, high speed and a good discrimination capability (40>41.42; 

43,44) The pulse shape discrimination of (NE-213) is 

independent of the temperature for the separation and width of the 

peak (45) , 

The disadvantages include non linear light output for heavy 

particles and the consequent difficulty of relating the pulse 

spectrum resulting from proton recoils to the neutron energy spectrum. 
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4-2 Discrimination between Neutron and Gamma Radiation 

The technique of pulse shape discrimination in liquid 

scintillation detectors has been widely used to detect and single 

out neutrons when a large background of gamma radiation is 

present (46) , The discrimination between the recoil electron and 

proton pulses during the present work was performed using the method 

of zero crossing technique which has been used by Alexander (47) , and 

many other workers (48249 ,50.51 552) The zero crossing technique 

makes use of information contained in the time dependence of the 

current pulse from the photomultiplier tube. 

In these scintillators the pulse consists of a component with 

a short decay time plus a component with a long decay time. The 

energy contained in the long time decay component is quite different 

for the recoil electron (from gamma ray) and the recoil proton 

(from neutron), assuming equal recoil energies. When the pulses are 

integrated and double differentiated the zero cross-over point is 

different for the neutron and the gamma ray as shown in Figure [4-1]. 

The timing of the cross-over with respect to the start of the 

pulse is sensitive to decay components in the scintillation but 

insensitive to pulse amplitude. 

The time relationship between neutron and gamma ray pulse shapes 

at various points in the pulse shape discrimination system is shown 

in Figure [4-2]. Neutrons and gamma rays interacting with the 

scintillator produce at the pick-off dynode of the photomultiplier 

current pulses having different decay times. After integration and 

subsequent double differentiation, bipolar voltage pulses are 

produced from the dynode current pulses. These bipolar pulses cross 

the base line at different times corresponding to the pulse shapes 

independent of amplitude. Measuring of the zero crossing times of 
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the bipolar pulse relative to the start then uniquely determines the 

nature of the interacting particle(>3), 

In neutron gamma ray discrimination, the nature of the neutron 

source, dynamic range of pulse amplitude and the counting rate are 

important considerations, since they will ultimately determine the 

degree of discrimination that is achieved. In particular measurements 

at high count rates will result in pile-up which may affect the 

pulse shape, also the measurement performed over a large dynamic 

range may be affected by electronic limitations such as 

photomultiplier tube and amplifier noise rather than by intrinsic 

P.S.D. properties of the scintillator. 

A figure of merit for pulse shape discimination may be defined 

as: 

  

where T - The separation between neutron peak and gamma ray peak 

tne ty - F.W.H.M. for the neutron peak and gamma peak respectively. 

An adaptation of the method used by G.W. McBeth et ai (49) is 

used for discrimination between the electron and proton pulses. 

This system operates by measuring the time difference between a 

fast anode current pulse and the zero crossing of a doubly 

differentiated voltage pulse obtained from dynode 10. A detailed 

description of that method follows. 

4-3 Pulse Shape Discrimination System 

The NE-213 scintillator was coupled to EMI-9826B tube as 

discussed in [3-5] and shown in Figure [3-4]. The linear output 

signal is taken from dynode number 10, the current pulses are 

integrated by the input capacitor of the preamplifier. This gives 
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a voltage step of rise time determined by the scintillator decay time 

and the time constant of the amplifier input network which produces a 

decaying pulse with a 50 us decay constant. 

Double differention is accomplished in the main amplifier by 

means of resistance and capacitor network. The main amplifier and 

the zero crossing discrimination must have a small cross-over walk in 

order that the recoil proton and recoil electron pulses at the 

output of the zero crossing discriminator occur at nearly constant 

times measured with respect to the anode pulse as a zero time 

reference for a wide range of pulse amplitudes. The difference in 

zero crossing times is typically ~ 100 ns. 

Small time difference (< 1 us) are commonly measured by time to 

pulse amplitude converters which produce output signals of amplitude 

proportional to the time difference between the input signals. 

The anode pulse after being suitably delayed is used as the start 

signal for the time to amplitude convertor. The stop signal is 

obtained from the zero crossing, the output of the time to amplitude 

convertor gives the neutron-gamma time spectrum. Figure [4-3] shows 

the time relation between neutron and gamma ray pulse shapes at 

various points in the P.S.D. system. 

In the present work the P.S.D. is set up by measuring the counting 

rate at the output of the fast coincidence as a function of the delay 

in the delay and gate generator. The delay and gate generator is 

adjusted to produce a coincidence pulse with a leading edge occurring 

within + t of the leading of the electron zero crossing signals 

(where 2t is the resolving time of the coincidence unit). Any 

zero crossing signals that occur outside this time interval are then 

blocked by the coincidence unit. Figure [4-4] is the block diagram
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of the P.S.D. system. This compares with the system used by McBeth 

et a1 (49) which uses anticoincidence between the falling edge of the 

delayed anode pulse and the electron pulse. He appeared to have a 

much wider time separation between neutron and gamma pulses (although 

without improving the relative separation of the neutron and gamma 

ray time peaks) and this time separation was too great for the 

resolving time of the coincidence unit. It was found possible by a 

simple modification to increase the resolving time to 150 ns instead 

of the standard 100 ns which enabled all the appropriate pulses to be 

measured. Coincidence was used because the leading edges of the 

pulses were sharper than the trailing edges. 

The recoil proton output pulses from the coincidence unit are 

then applied to the linear gate which controls the passage of the 

linear delayed pulses coming from the main amplifier through the 

linear delay amplifier, and the sorted proton pulses from the linear 

gate are passed to the input of the multichannel analyzer (INOTECH 

Type 5200, used as a 512 channel system). Figure [4-5] shows 

the measuring system used. 

4-4 Calibration of the Spectrometer 

The spectrometric measurement is concerned with the analysis of 

pulse amplitude distribution, which is proportional to the number of 

photons in a light pulse arriving at the photocathode of the 

photomultiplier, and so it is related (non-linearly) to the amount of 

energy absorbed in the scintillator, so the pulse amplitude 

distribution is given by:- 

VOB IRTP (EA ea ns ee tore 4-2
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where 

K - is a constant which is the energy relation 

between the pulse height and the light output 

P(E) - is the pulse height of the light yield 

The above relation is sometimes distorted due to the characteristics 

of electronic devices used in the spectrometer, such distortion can 

be taken over by a factor D(E) which depends on energy and therefore 

equation (4-2) will become: 

V(E) = K.P(E).D(E) celeriac =o. 

Therefore for each practical case, especially when adjusting a 

new spectrometer a certain series of measurements should be performed 

to test the linearity of the spectrum. If the calibration result 

is that D(E) = 1, this means the absence of non linear distortion. 

The set of measurements and tests which were carried out for 

the spectrometer are described below. 

4-4-] Spectrometric Linearity 

The spectrometer linearity was tested by means of gamma-ray 

sources Isles. eS Na, the channel number is plotted against the 

maximum energy of the Compton electron (ere which is generated as 

a result of the Compton scattering process with the scintillator, 

the value of the maximum energy for gamma quanta of energy ES is 

given by: 

The value of the maximum energy oa is taken at the half-height of 

the Compton edge (54) | 

X
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Figure [4-6] shows the linearity of the spectroscopy up to about 

first 4 of the scale. 

To check the linearity of the full scale used during the present 

work, the gain of the main amplifier was fixed and the channel number 

of the Compton edge of 22a was found, together with the half-height 

channel number of the 14.1 MeV neutron spectrum edge. Then the gain 

of the main amplifer was doubled and the H.V. on the detector was 

22h was restored to its reduced until the Compton edge of the 

original position. By checking that the 14.1 MeV neutron edge was 

at the same position the system linearity was established over the 

whole range. 

4-4-2 The relation between Recoil Proton and Electron 
  

The relation between the pulse height and energy of the recoil 

proton can be expressed by giving the pulse height in terms of 

equivalent electron energy as follows (°°) , 

For 

E, < 1.85 MeV 

3 Ep = 3.48 Ben en Ne Neeser 4-5 

and for 

E, > 1.85 MeV 

Ep = 1.78 (E, + 1.1) Matetelareis slats 4-6 

for Ee = 1.85 MeV, the Ep = 5.25 MeV 

EA - is the equivalent electron energy corresponding to the 

same pulse size and is proportional to pulse size. 

The shape of this relation should hold for individual NE - 213 

scintillators but the scale may vary slightly. 
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Consequently it is convenient to relate the proton pulse size (P) 

to the recoil proton energy (E,) from equations (4-5) and (4-6), 

since except for very low energies the light output from an electron 

is proportional to energy. 

For ED > 5.25 MeV 

P sctet O61 cme: 9 90 Geeleemanns 4-7 

and for ED < 5.25 MeV eis ieieae ets -. 4-8 

where P 

  

P - is normalized to 1.00 at 14.1 MeV 

The relation between pulse height and energy for recoil protons 

normalized to 1.00 at 14.1 MeV is shown in Figure [4-7]. 

4-4-3 The Standardization of the Gain and the Energy Scale 

The gain standardization has been found to be one of the most 

troublesome problems in the experimental measurements. This was 

een pulse height spectrum at the time of ensured by measuring the 

the neutron experiment when the LiF shielding was in use, and 

adjusting gain to keep the Compton edge in the same position. In 

the case when the uranium shielding was in use (which gave considerable 

gamma-ray background) the check was for the position of 14.1 MeV 

neutron edge, corresponding to an electron energy of 6.82 MeV. 

Figure [4-8] shows the pulse height spectrum for the 14.1 MeV as 

obtained on the P.H.A.
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4-5 Detector Efficiency 

For a cylindrical scintillator length d and area mR with a 

parallel neutron beam % incident normally on the plane face, the 

reaction rate for the first collision proton recoil is: 

Nuo, 
HH 2 ae 

Soincoaheeeite) (se ° HyytNCIe ic 

where 

a= (Nyoy, = Heoe)d 

reaction rate 
ux 

The efficiency = 

Therefore 

Nuo, 
HoH 2 =a 

e= RC eee iol .nceer ote 4-9 
NGC 

In a shielding assembly the flux is more nearly isotropic and so 

the efficiency was calculated from the fraction of incident neutrons 

in a parallel beam interacting in a spherical scintillator of the 

same volume (Gr Ree Red). This efficiency is independent of 

neutron direction and so is more closely applicable to the experimental 

arrangement used. No simple function such as the exponential exists 

for this case, but sufficient accuracy is obtained by the following 

Power series which was derived by expressing the exponential as a power 

series in the integration over the sphere volume. 

Nuo, es LR Gon eke Cee 
* Nagy 8s [Boe aps +65 9 + a00G0 3 

feat Ge aie ee me deee M1 ee: «ee cman 
* Betz 2) - a (A +734 + 75H 4 + BOADG A 

 



coe 

where 

R - radius of the sphere, and 

a = 2(Ny oO, + No o,)R 

The NE-213 scintillator used in the present work has the 

parameters: 

Chemical formula = CH 913 

density = 0.874 gm cm™3 

Nu = 0.048342 x 1024 atom em73, the number of 

hydrogen nuclei 

No = 0.03985 x 10°4 atom cm”? the number of 

carbon nuclei 

The data of scattering cross-section for hydrogen Cn ages 
> 

obtained from the relation\28) | 

(nH) = [5.603/(1 + 7.415E + 0.1105 Ey) + 

a barns/atom 0.8652/(1 + 0.2427E + 0.0028E 

and the cross-sections for carbon Jp were taken from cross-section 

data(2") Figure [4-9]. 

In the above discussion only single scattering events were 

considered. Recoil protons can be produced by neutrons which have 

been already scattered one or more times by carbon or hydrogen, 

double scattering from hydrogen results in the production of two 

recoil protons at 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
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and second collision with hydrogen, this results in an increase in 

the number of protons produced. 

The value of En the detector efficiency was calculated using 

formula (4-10) for neutron energies between (0.1 - 15) MeV and is 

plotted in Figure [4-10]. 

4-6 Correction for the Scintillator Size (Shape Correction) 

The relation between the observed pulse height spectrum and the 

neutron spectrum contain a correction factor which depends on the 

scintillator size and is a function of the neutron energy. The 

second scattering and wall effects must be treated together since 

they both depend upon scintillator size. As the scintillator size 

increases second scattering becomes more important while wall effect 

becomes less important. Both these corrections are given py (3?) 

B= (1 - 0.78%max/, +) + 0.09 Nyb op 4 + 0.077 Nuon 

; ences tae 

where 

Bax - The range of proton which receives the full neutron 

energy mg/cm?. 

E - The scintillation thickness in mg/cm? 

L - The scintillation thickness in cm 

t - The scintillation radius in cm 

Ny - The number of hydrogen atom, atom cm? 

oH - Hydrogen cross-section at energy E 

5'n,H - Hydrogen cross-section at energy 0.68E 

The correction was calculated over a range of neutron energies 

(0.1 - 15) MeV for the NE-213 scintillator and is shown in Figure [4-11]. 

This correction was derived for monoenergetic neutrons but is thought 

to be applicable to a broad neutron spectrum. The corrections
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calculated were applied to the unfolded neutron spectrum to eliminate 

the size effect. 

The scattering of neutrons from carbon nuclei produces only 

small light pulses due to the low energy (< 0.284 E,)> and short 

range of the recoil carbon nuclei. Pulses from carbon recoils are 

less in size than from protons energy ~ a Ey Neutron induced 

reaction in carbon which lead to charged particles can be ignored 

as the reaction thresholds are high and the cross-sections are much 

smaller than the (n-p) scattering cross-sections. 

4-7 Smoothing of the Experimental Data 

The measured pulse amplitude data contain statistical 

fluctuations. Because it is necessary to differentiate the 

measured data these fluctuations, if ignored, will give fluctuations 

in the neutron energy spectrum which may have a larger amplitude 

than the structure of the actual neutron spectrum, so the measured 

spectrum has to be smoothed before applying the unfolding method. 

In the present work the smoothing is done by a least squares 

fit of a quadratic to a limited number of points which may be 

explained as follows (95) , 

To fit a series of equally spaced points Ys, to a curve 

7 2 
Ysa, + ajX + ax 

There must be always an odd number of points (seven in the 

Present work, ranging from -3 to + 3 in step of one). The least 

squares condition is that the sum of the squares of the difference 

between the computed number 5 and the observed numbers is a minimum 

so 

+3 2 2h ae ¥ 
of [a5 + a,x + ayX - Y,] SMA NAMUM estes ie, 4-13 
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by putting the partial derivatives of equation (4-13) with respect 

to ag» a and a5 equal to zero we get: 

~2y_3 + 3¥_p + by_, + Yq + by, + 3¥9 + 23 

0 21 
  

SoYha PY ora ta + Pot a¥q 

8 

5y_3 2 aMay = 4Y9 = 3y) + 5y 3 

  

  

  

  

  

aa a re Le rn an 4-16 

From (4-14, 4-15, 4-16) in equation (4-13) and 

putting X = -3, -2, -1, 0, 1, 2, 3 respectively we get: 

ved b4y_3 + 3Yy_,+ byes Byy - lzy, ~ bY, + l0y3 ae 
3 Sh EEL aac ae 

30y_, + 24y_, + 18y_, + 12y, + 6y, - 6y. ee! e : ee 4-18 -2 84 

Sy_, + 18y_5 + aay 4 + 2dy, + 18y, + 6y5 - lay, 
a ee 4-19 -1 84 

m2 Y vat 3y_5 + 6y_, + 7y, + by, + 3yn - 2y a ee eee ee 4-20 ° 21 

-l2y_3 + 6y_» + 18 1 + 24yq + 2ay, + 18y5 + by, 
Yous gp A 4-2] 1 84 

~6y_, + 6y_, + l2y, + 18y, + 24y, + 30y Yeesees ! o : £ STA US. cli ee 4-22   

84 

VOy_3 = 8Y_2 ~ 12¥_1 - 8Yy + Gy; + 3Oyy + Bdy, 
3 84 
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In the present work the computer program NEUTRON, Appendix 1, used 

equations, 4-17, 4-18, 4-19, 4-20, 4-21, 4-22 and 4-23 for smoothing 

the data, the forms ¥_3> Yip» ¥_1 were used for the first 3 points 

and Yy> Yoo ¥3 for the last 3 points, all the other points were 

smoothed using the form Yo: Smoothing was carried out four times 

first on the raw data and then a further three times on the 

successive sets of smoothed data. 

4-8 The Unfolding Method 

The experimental data given by the spectrometer measurements do 

not produce directly the desired information on the energy 

distribution of the recorded particles. To obtain such information 

the raw data must be interpreted and unscrambled before an 

evaluation of the quantities which the experiment was designed to 

measure can be obtained. 

In the measurement of the energy spectrum of neutrons whenever 

the detection system is based on the proton recoil technique, the 

experimental pulse amplitude distribution is related to the energy 

spectrum of the recoil protons. An appropriate analysis or unfolding 

method must therefore be performed on the measured pulse amplitude 

distribution to evaluate the neutron energy spectrum. 

In the present work the method of differentiation was used which 

is considered as the simplest (and most accurate) for measuring real 

neutron spectra(°”), Assuming that a scintillator of thickness d, 

received in a unit time a number of neutron ce (E,). The number of 

recoil protons in the unit time due to a single scattering is given by 

@, (leexp (eid) 29 verses. 4-24 

see paragraph (4-5)
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where 

Z - is the macroscopic total cross-section 

for neutrons by the nuclei in the scintillator 

qy - is the macroscopic scattering cross-section for 

hydrogen atoms 

The energy spectrum of the recoil protons due to a single 

scattering is calculated assuming that the n-p scattering is 

isotropic in the centre of mass system leads to P(E.) = _ b 
n 

which is a good approximation up to 14 ney (28) , So the number of 

recoil protons with energy E in the unit energy interval is: 

N(E) = $5[1 - exp (-2d)1/E, waa saree: aoe 
max 

The maximum value of energy which the recoil protons can gain 

from the scattering neutron by the hydrogen nuclei is equal to the 

neutron energy Ew and therefore equation (4-25) will be for a 

cylindrical scintillator 

by 
N(E) = Ag = {1 - exp (-2d)]/E, se... .. 4-26 

If the scintillator received neutrons of complicated energy 

spectrum $ (E,)> the recoil proton of energy E will be generated 

by neutrons of different energy starting from ED = E, so the number 

of recoil protons in a unit energy interval is (see equation 3-2) 

Ey 

mM y 9 (E,) [l-exp(1-2d)] 

ae an 
N(E) =A 

By differentiating equation (4-27) with respect to Ey and dropping 

the subscription we get,



= 68 = 

o@) = —£—__ ) 
A a [l-exp(-£d)] eB 

from equation 4-9 

By 
e = A — [l-exp (-=d)] 

zr 

therefore 

E  dN(E 
| ee | ee a ee 4-28 eas = 

This means that the neutron spectrum can be calculated from the energy 

distribution of the recoil protons by differentiation. 

From the experiment the measured data are the pulse amplitude 

distribution N(V) and not the recoil proton energy distribution, so 

by assuming that the protons of energy E produce pulses of amplitude 

V, the number of the protons in the interval dE should be equal to 

the number of pulses with amplitude V within interval dV j.e. 

N(E) dE = N(V) dV. 

By differentiating with respect to E we get 

dN(E) _ d dv} dv 5 ME) = 5 nog g gee 4-29 

From equation (4-29) on (4-28) we get 

eo ed. i od dV a o(E) = E°a ow [ren #| oa oraeiieeeG 4-30 

Thus the analysis of the results was reduced to a multiplication 

of the measured pulse height distribution N(V) by st for (each 

channel), differentiation with respect to the pulse height scale, 
: ay (58) 

followed by multiplication by ri 
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From equation (4-2) we get 

aV(E) _ y AP(E) 
dE E 

so equation (4-27) will be, including the shape correction factor 

(equation 4-11) as follows: 

2 
_ EK’ dP od dP 

>= ca de ° a wn £ Secrleeoiers 4-31 

In order to minimize the oscillations in the differentiation of 

the experimentally amplitude distribution, Kazanzkii et ai (27) 

suggested the method of least squares for determination of the 

derivative. In that method the spectrum is expressed over seven 

adjacent points with a pitch AV in the form of a second order 

parabola (generally similar to the smoothing method), then 

dP d 
a hw ¢- av f (V4) 

For the central point 

3f, 3+ efi > + ty + Fi ~2F iy St, 
d ead i+3 e ay tly) = SA Se ee 4-32   

generally similar expressions were derived for the first and last 3 

points of the data which could not be central in a group of 7 points. 

Thus the analysis of the results was reduced to a multiplication 

of the measured pulse height N(V) by for each channel, then 

differentiating with respect to pulse height followed by multiplication 

by a normalising factor which is given by: 

F = Q/G x Cl tan eS hee eceae 4-33 
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where 

Q - is the normalised neutron source strength 

G - the geometry factor for the alpha-particle detector 

Ca - is the number of counts recorded by the associated 

alpha-particle monitor 

4-9 Testing the Spectroscopy and the Unfolding Method 

A check on the spectroscopy and the unfolding method technique 

is done by measuring the continuous spectrum from a standard neutron 

source, by analysing the position of the peaks and comparing these 

with known spectrum. 

In the present work a 0.3 Ci eu Am-Be source was used. The 

source is supplied by Radio-Chemical Centre, Amersham, U.K., the 

yield of the source 2.5 x 10° n/sec the source was covered by a 3 mm 

lead sheet to cut off the 60 KeV gamma rays from am?) 

Comparing the measured spectra Figure [4-12] with these reported 

by Radio-Chemical centre (59) which obtain a spectrum for Am-Be 

shows peaks at 3.3, 4.3, 4.9, 6.8 and 7.7 MeV and a shoulder at 

9.5 MeV. However in the present work for the 0.3 Ci Am-Be source 

there are peaks at 4.75, 5.75, 7.25 and 8.5 MeV and a shoulder at 

9.0 MeV. A point which must be made is that (Lock (59) ) experiments 

are only a comparison between a certain source produced at Amersham 

Centre at a given time.
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CHAPTER 5 

NEUTRON PRODUCTION AND THE SHIELDING 

ASSEMBLY 

5-1 Introduction 

Neutrons were produced from the D(Tsn) “He reaction, with 

deuterium ions of energy about 120 keV (obtained by using a S.A.M.E.S. 

type J accelerator) incident on the tritium target, a neutron of 

14.1 MeV being obtained at 90° to the beam direction. 

The spectra of fast neutrons passing through the shielding of 

LiF and ja have been measured for a short cylindrical assembly with 

a point source of 14.1 MeV neutrons at the centre. This was the 

nearest approximation possible to the sphere used for calculation 

Purposes. The measurement was made with the NE-213 detector at 

different distances from the centre of the assembly. The intensity 

of the neutron source was monitored by the alpha particle associated 

with the neutron by a plastic (NE-102A) scintillator. 

5-2 S.A.M.E.S. Accelerators and the Target 

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

accelerator shown in Figure [5-1]. 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 * 14/6), 

The target and shielding assembly are situated at the far end 

of the laboratory (6.5 meter) away from the accelerator. Due to the 

length of the beam tube an auxilliary pumping stage at the target end 

5 
was necessary to maintain a pressure of less than 10 ° mm.Hg, and also
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extra beam focusing was required. This was achieved by two 

electrostatic quadruple tenses (6!) | 

The targets used were of the type TRT-51 supplied by the 

Amersham Radio Chemical Centre. The target has a copper backing 

disc of 2.82 cm diameter and 0.25 mm thickness, a very thin layer of 

titanium of 2.5 cm diameter and 0.257 mg cm is deposited by 

vacuum evaporation 62) 5 This is then exposed to tritium gas which 

is absorbed to give a tritium content of about one tritium atom for 

each titanium atom. There is some uncertainty about the tritium 

distribution in these targets, but these depend on the manufacturing 

technique and condition. However the possible distribution of 

tritium and the average energy and yield are relatively unimportant 

at low poneerana energies from its effects on the emitted neutron 

(63,64) 
spectrum although the absolute yield may be strongly affected. 

5-3 The D(T,n) “He Reaction 

The nuclear reaction: 

fH + SH > : Sue +n + 17.596 MeV 
2 

has been used as a source for the production of neutrons of high energy. 

Because of the high Q-value the variation of neutron energy with 

the incident deuteron beam energy is relatively small. 

The products of that reaction will show the energy of 17.596 MeV 

plus the bombarding energy, nearly as the inverse ratio of their 

(65) masses depending on the angle of emission which gives the neutron ’ 

17.596 x a = 14.1 MeV, and the alpha particle 

T7965 & a 3.51 MeV, at zero bombarding energy. 

The energy of neutrons emitted at very low bombarding energies,
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at 90° to the incident beam is 14.1 MeV with small variations due to 

bombarding energy. 

The cross-section for this reaction rises to a peak of 5.1 

(66 ,67,68,69) 
barn at a deuteron energy of 110 keV as shown in 

Figure [5-2]. 

5-3-1 Kinematics of D(T,n fue Reaction 

In the D(Tn) “He reaction it is possible to compare the energy 

and the angle of emitted particles by using the laws of conservation 

of energy and momentum. The reactions produce two particles, neutron 

of mass m3 and alpha particles of mass My» the mathematical expression 

for the energy of neutron Es as a function of angle is given by the 

  

following expression(/0971) | 

m m, jo ™3 
By = (ue 40) ee EO] ee 2 ics 00 3 1 m3+Mq 1 m +m, m 

  

ie EE 
oe 

eee mins ae ¥ E,2 Sin “> mm, 
m, +m, Ma+My (m3+m5) *) my +m, 

m 5Ey - is the mass and energy of the deuteron, and 

m, - the mass of the triton at rest 

m3 - neutron mass 

My - alpha-particle mass 

 - the angle with respect to incident beam in the hole system 

We 
+m. 

aie 
ma
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Fig. [5-2] Total Cross-Section for D(T.n) “He Reaction
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In deriving equation 5-1, it is easier first to work out the 

mathematical equation for the conservation of energy and momentum in 

the C.M-system and then transfer to the lab-system. 

The variation of the neutron energy emitted from the 

D(T.n) “He reaction for various deuteron energies as a function of the 

laboratory angle is shown in Figure [5-3]. 

5-4 Measurement of Neutron Yield by Associated Alpha-Particle 
  

The expression for the total neutron yield per detected alpha 

particle 4s (63) 

E 

{ oc.mce) SH ae 
ee .. 5-2 

AQ EB dus 
a dX c.M 

— oc .M(8E) aes dE 
an J & “Lab J 

where 

AQ, - is the solid angle subtended by the alpha detector. 

oc.M(E) ,%c.m, (8-£) - The cross-section and the differential cross-section 

for the (D,T) reaction in the c.M. system. 

q the inverse of the rate of energy loss of deuteron 

in the target. 

8 - the angle of emitted alpha-particle in c.M. - system. 

aa - the solid angle conversion factor from the c.M. to 

the lab-system for the detected alpha-particle. 

E - is the incident deuteron energy. 

Implicit in the derivation of equation (5-2) the following 

assumptions must be considered: 
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Fig. [5-3] The Variation of Neutron Energy with the Angle of Emission 
from D,T Reaction at Different Deuteron Energy.
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a - the reaction products are isotropically distributed in the 

centre of mass system for the incident deuteron energies. 

b - # is fairly well known in the region from (0-E). 

c - no scattering of the incident deuteron 

In measuring of the neutron yield by the detection of the 

alpha-particles, it is important to know the angular distribution 

of alpha-particle so we can transform the number of counts to the 

total yield. For deuteron beams of energy used at the present 

work (120 keV) the angular distribution of both the neutron and 

alpha-particle are isotropic in the centre of mass system, so in the 

laboratory system the degree of anisotropy at 90° is equal to 0.9946 

for 3.5 MeV alpha-particle and is equal to 0.9997 for the 14.1 MeV 

neutron at a deuteron energy of 120 keV. The alpha-particle 

anistropy which varies with deuteron energy and angle can effectively 

be eliminated by detecting the alpha-particle at an angle of 90° to 

the incident deuteron beam‘ 72) , since the angular distribution in 

the laboratory system and the centre of mass system is almost the 

same at 90°. 

The associated alpha-particle emitted from the D(T sn) “He 

reaction which has an energy of 3.5 MeV was initially detected by 

the (NE-102A) plastic scintillator placed inside the beam tube at a 

distance 55 cm from the target in the backward direction at an angle 

of 175° to the deuteron beam, the scintillator was coupled to an 

external photomultiplier tube with a light pipe. This was done in 

order to simplify construction of the shield. It was noticed 

however that the detector gave very high counting rates following 

a high voltage trip. This could not be tolerated as it meant that 

the recorded alpha-particle counts were unreliable. No satisfactory



= 980 = 

explanation of this effect has been found, tests showed that light 

leakage or earth loops were not responsible. It may possibly be due 

to the badly defocussed beam which occurs as the voltage collapses 

causing strong production of D-D neutrons by the drive in target 

effect very close to the (NE-102A) alpha-particle detector. However 

this was mostly overcome after trial and error by using a flight 

tube at an angle of 90° to the beam tube. In this arrangement the 

target was inclined at 45° to the direction of both the incident 

deuteron beam and the axis of the flight tube, in order to give 

minimum absorption to the alpha-particle energies from the target 

as shown in Figure [5-4] and Figure [5-5]. 

In addition a relay system was arranged to break the inputs to 

the alpha-particle scaler and the pulse height analyser at the 

occurrence of a high voltage trip. This was also arranged to give 

simultaneous start and stop to the two detector inputs. 

5-5 The Alpha-particle Detector 

The alpha-particle is a doubly charged particle so it does not 

easily penetrate to the nucleus and its primary interaction is with 

the electrons and the Coulomb field surrounding the nucleus. The 

alpha-particle loses energy to the surrounding medium primarily 

through ionization and because of the intense ionization produced it 

can be detected with 100% efficiency. 

In the present work the NE-102A plastic scintillator was chosen 

because it is readily available in thin sheets, has a high light 

output, fast decay time, a low neutron detection efficiency for thin 

sheets and being an organic material with ow Z number it has a 

low detection efficiency for gamma-rays, and a most important 100% 

detection efficiency for the 3.5 MeV alpha-particles. The range of 

alpha-particle in NE-102A scintillator is shown in Figure [5-6]/° 
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-82- 

 
 

 



=re3 = 

  

Ra
ng
e 

mm
 

  

Qo
 

  
  

  

i 

Va 

/ 

/ J 
/ 

o 

A 
Ls ue 4 

a 
oe 

L ! 1 

1 1.0 10,0 100,0 

Alpha Particle EnergyMeV 

Fig. [5-6] The Alpha-particle Range in the NE-102A Scintillator
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which gives a range of 0.025 mm for 3.5 MeV alpha-particles. 

The scintillator used was 0.5 mm thick and was coupled to an 

EMI-9524B photomultiplier tube. The scintillator was placed inside 

the flight tube at a distance 33 + 0.1 cm from the target, the 

interior view of the scintillator and the photomultiplier tube is 

shown in Figure [5-7]. A very thin foil of Aliminium (0.0015 mm) 

was used to cut out light and to prevent scattered deuterons from 

reaching the scintillator. The output pulses from the photomultiplier 

tube were fed to a charge sensitive amplifier and then to a scaler. 

In order to determine the real number of alpha-particles and 

in turn the absolute number of neutrons, the number of alpha counts 

recorded by the detector have to be multiplied by a factor G (the 

geometry factor), which depends on the solid angle that the alpha 

detector subtends at the source. 

Assuming C, is the alpha-particle count recorded by the 

detector at a distance R, so the source strength Sy is given by: 

Cc 
ai a my So = (an/aay sierarereia ersten 5-4 

where 

S_- is the source strength of an isotropic alpha- 

particle source in the laboratory system, and 

AQ - is the solid angle subtended by the detector of a 

diameter D at a distance R from the source, and 

given by 

os area 
AQ = Teneo 

(distance) 

2 
AQ = ae (provided that D << R) 
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Assuming that R is large and the target area is small enough so 

it is effectively a point source, therefore 

2 
sh 16R 

Se a Cy De 

and 

S, =o Sic gee Shs ete eee 5-5 

2 
_ 16R 

where G fei 

The value of the geometry factor was calculated to be equal to 

TeiSex 10°. This value was used in the computer program (Appendix 1) 

written for analysis of the data to normalise all the measurements 

to the same source strength. The 14.1 MeV neutron spectrum from the 

4 
D(T,n) ‘He reaction is shown in Figure [5-8] and was derived by 

using the computer program neutron (Appendix 1). 

5-6 Neutrons Produce in the Experimental Assembly 

a- Neutrons from the (0,D) reaction 

This reaction is described by the equation: 

2p + 3He + Ih + 3.28 MeV 2p + 

The angular distribution of the neutron from such reaction is 

not isotropic and the degree of anisotropy, which is forward peaked, 

varies with deuteron energy. Using lower deuteron energies, the 

spectrum of neutron at 90° is approximately monenergetic with an 

energy of about 2.5 MeV if a thick target is used(©9) | 

Because of the target assembly used for the tritium and the 

beam tube material used in the present work the (D,D) reaction can 

occur due to the drive in target effect and the spectrum measured
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using a plain copper target instead of the tritium target is shown in 

Figure [5-9]. (There is no direct correlation between the vertical 

scale of Figure [5-8] and Figure [5-9] since currents were low and 

difficult to measure accurately). 

b - The Spontaneous Fission Neutron 

In the uranium shielding spontaneous fission neutrons are 

produced. About 23 nuclei per gram suffer spontaneous fission per 

(74). For a full load of uranium this is about hour on the average 

3.2 % 10° fast neutrons per second from fission. Figure [5-10] shows 

the spectrum of spontaneous fission neutrons and Figure [5-11] shows 

the fission neutron spectrum measured by the (NE-213) detector and 

unfolded by the use of computer program neutron (Appendix 1). 

5-7 The Shielding Assemblies 

The assembly is 86 cm overall length 82 cm effective length 

and made in a hexagonal shape of 7.725 cm centre to corner for the 

inner hole so the beam tube can go through and a maximum 29.35 cm 

centre to corner outer boundary, seven layers of the shielding 

material being possible with LiF and uranium. The assembly 

supporting frame is of aluminium. It supports the ends of the tubes 

to minimize disturbance of measurements and itself supported on 

rails so it is very easy to move the whole shielding assembly to 

allow for other experimental uses. 

The hexagonal shape was chosen to be close to cylindrical 

geometry and is easy to build from rods. A cross-section of the 

assembly is shown in Figure [5-12]. 

The design was governed by the shape and size of the uranium 

rod available (81 cm in length and 3.09 cm in diameter) so the same
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Shape and size of aluminium tubes was chosen for the LiF which 

filled the tubes up to 82 cm length, the remainder being 

aluminium end caps. The average density of the LiF inside the tube 

3 which is much lower than the density of a was about 0.87 gm cm 

LiF crystal, but the powdered form would not pack more densly. 

The assembly was designed with the tubes touching rather than 

having a supporting lattice plate in order to minimize the air 

voids in the system. Figure [5-13] shows a view of one of the 

experimental shielding assemblies.
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Fig. [5-12] Cross-Section Through the Shielding Assembly 
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CHAPTER 6 

THEORETICAL CONSIDERATIONS 

6-1 Introduction 

The neutrons move about in the shielding material in a 

complicated zigzag path due to repeated collisions with the nuclei. 

This motion is similar in some aspects to gaseous diffusion or 

the diffusion of the heat. The fundamental difference between the 

theory of the diffusion of gases and that of neutrons is that the 

molecules of a gas collide with each other whereas neutrons collide 

with the nuclei of the medium in which they diffuse and not with 

themselves because the density of neutrons is extremely small even 

in high power nuclear reactions (79776) | 

The treatment of these collisions can be described by the 

transport method formulated by Maxwell and Boltzmann in which one 

can predict the neutron flux distribution throughout the medium. 

The transport method has been widely used for several years 

for the study of attenuation of monoenergetic neutrons, therefore 

the study of a wide energy range must be represented by a group 

structure. The inaccuracy in the average group cross-section can 

lead to unacceptable error in the estimation of the neutron flux 

behind the shielding, even if the effective group cross-sections 

are known with a good accuracy, since the value of the effective 

group cross-section of an interaction can be changed with the shielding 

thickness if the groups are too wide in energy, due to changing 

neutron spectrum. 

The application of the Boltzmann transport theory to practical 

design calculation was made by empirical methods. These methods
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are mainly based on the results of experimental studies of the 

transport equation to the study of neutron slowing down problems by 

(77) and E. Fermi (78) | L.S. Ornstein-Ohlenbek 

In the past 30 years, the technical development of high speed 

computers with large storage capacities has led to a wider 

application of numerical methods for solving the transport equation. 

This has resulted in several hundred different reactor codes which 

were written for many types of digital computers‘ 72), Unfortunately 

where the computational techniques of these codes are discussed in 

the published papers usually the name of the code is mentioned 

only, so the choice of a method which is suitable for a certain 

application is difficult. 

6-2 The Transport Theory 

Three view points of different degrees of complexity can be 

used in establishing the basic equation of transport or diffusion 

theory. 

In the first (kernal method), the probability that a neutron 

appears at a given point with a given set of properties after 

appearing at some other point with other properties is weighted 

with a general transfer function (kernal) usually determined 

experimentally. 

The second view is the integral transport theory which seeks to 

relate the collision density after n collision to the collision 

density after n-1 collisions. 

Thirdly is called the general transport theory (Boltzmann) it 

seeks to compute the distribution of the neutrons from a general 

integro differential equation into which only macroscopic cross-sections 

and no other experimental information enter(7°),
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The Boltzmann transport equation is given py(80) 

2.98(r,U,2) + £,(r,U).6(r,2,U) 
ae 

U 

= { du' { daz ,(rU)O(r,2' ,U") i gq (2! ,U':2,U) 

Ure. 

U 

+ [ au [ ava,(ru') Grau: 9; (@' ,U':2,U) 

U-e 

SO SRCERUT) tT Prk,” ah a iat meas cae. ec aes 6-1 

where 

Zyolyo2y ole -are the macroscopic, total, elastic, 

inelastic and fission cross-section respectively 

O(r,U,2) -is the angular neutron flux 

Ure, -represents the lowest lethargy from which 

neutrons may be elastically or relatively 

scattered into U 

S -is the external neutron source 

v -the number of neutrons produced per fission
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6-3 Method Used for Solution of the Boltzmann Transport Equation 
  

Methods of solution of the transport equation are inherently 

complex due to the integro-differential form of the equation. An 

exact solution of the equation is limited to a few highly specialized 

problems, and the most practical techniques are approximate methods. 

In recent years considerable progress has been made in the 

solution of one speed neutron transport equations. K.M. case(8!) 

in 1960 found a complete set of eigen functions for one-speed neutron 

transport equation for the case of isotropic scattering. This has 

been extended by J. Mika (82) to include anisotropic scattering and 

(83) has been used by J. H. Ferziger et al to solve some thermalization 

problems. J.J. Metnerey(®4) found a solution of the space-energy 

angle dependent neutron slowing down problem by a method parallel to 

those developed by Case. 

In general the methods and techniques used to solve the 

transport equation are described hereafter. 

6-3-1 The Spherical Harmonic Method 

The spherical harmonics method theory for approximation to the 

Boltzmann transport equation has been developed in various reports, 

(85) | and its simplified form for 

(86) 

in a tensor form by C. Mark 

spherical and plane symmetry 

87) 

Avery's much simplified method is 

given by Davison! > for use with complicated geometeries. 

The spherical harmonics method approximation consisting of a 

series of differential equations which are independent of the 

angular direction. This is done by expanding the function 

9, de» 9; and Ge in equation (6-1) in terms of spherical harmonics by 

a - Assuming that these functions can be written as an infinite 

power series in the variable up with coefficients that depend on Z. 
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yu = Cos 6 

where 

8 - is the angle between the Z-axis and Q. 

b - Assuming that the medium is isotropic and homogeneous so that 

the cross-section is independent of Z, and the scattering is 

azimuthally symmetric about the initial direction of motion of 

the neutron 

Go(u's Ul: uy U) = g(U's Us up) 

  

ay eel 5 ; 

"Ede Seeh(U' UDP Cg) vrseseeees 6-2 
=0 

and 

ee eT ays L (U'SU)P, (ug) oeeeeee 6-3 
=0 

where 

Pr - the Legendre polynomial of degree L, and 

=Q-Q' = Uy = 2-2 Cos 8, 

The angular neutron flux is expressed as follows: 

  a(Zuu) = 2 Bg (zu) Pu) veeeeeeeee 6-4 
L=o 

and 

2 214+ $, (Zsu,U) = t Spe Se (ZU PH) ene spc 6-5 
L 

we have for the Legendre polynomials 
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Substituting equation (6-2 - 6-5) into the transport equation and 

using the relation in equation (6-6), we get the spherical harmonic 

form of the Boltzmann transport equation. 

6-3-2 The Discrete Ordinates Sy Method 

In 1953 cartson(88) improved the Sy method and used it to solve 

the transport equation. To compute the numerical solution of the 

discrete ordinates equation efficiently these methods must fulfil 

two essential requirements (22) - 

a - The equation relating to the central flux and the two end points 

fluxes should provide a good approximation of the true variation of 

the flux in the neighbourhood of the cell. 

b - An additional equation combined with the discrete ordinate 

equations must produce a final set of equations that can be solved 

easily and quickly on the computer. 

The Sy method was originally developed for the case of 

isotropic scattering and has been extended to take account of 

anisotropic scattering by using the transport cross-section given 

py(29) | 

+1 
0, = 9, - { Lie CUR O Po tet dsntcoek ose 6-7 

where 
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of) 55 = The transport and scatter cross-section respectively 

te (u) - The angular distribution of scattered neutrons 

In this method the integral in the transport equation is 

approximated by a discrete ordinate quadrature, the solid angle is 

divided into N segments and discrete direction and weights. For a 

plane and spherical geometry the range of u = -1 to u = +1 is 

divided into equal intervals, and o(u) is taken to vary linearly with 

u in each intervals, then the range of integration over u is divided 

into equal sub-intervals N. Let the points which define these 

sub-intervals be, 

(hie 0, Wyeth covers Ms 30 that 

oe -1 and uy = +1 

The number of intervals N define the order of approximation, 

so the angular flux for a certain energy group i is given by 

(u-u,_7) 
9 (rou) = Tn) » 9 (rsuy) 

Tyna) %; (rsu,_7) Pee eeeaioe 6-8 

This approximation is then used to reduce the one velocity 

transport equation to a set of N equation in N +1 variables 

2(r.u,)- The additional equation to be combined with it is 

obtained by setting u = -1 directly in the one velocity Boltzmann 

transport equation, the resulting set is then solved numerically 

for the fluxes. 

The method is now one of the most important analytical tools 

in the reactor shielding calculation, it has the advantage of being 
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more suited to large digital computers(21) , 

6-3-3 The Slowing Down Theory 

The description of the Fermi age theory is available in the 

published literature (9229394) | The conditions for this theory to 

be fulfilled are firstly, inelastic scattering is assumed absent, 

the elastic scattering is spherically symmetric in the centre of 

mass system and, thirdly the effect of chemical bonding is neglected. 

The theory treats the succession of discrete energy losses in 

individual collision by which neutrons are actually slowed down as 

equivalent to a continuous slowing down process which results in 

the same average rate of energy loss. In the Fermi theory it is 

assumed that diffusion theory is valid at all energies (24) , 

The arrival and departure of neutrons with lethorgies between 

U and U+dU in the volume element at a position r, may be expressed 

in terms of slowing down density q(r,U) which is defined as the 

number of neutrons crossing a lethargy level U per cubic centimeter 

per second. The number entering dU is q(r,U) and the number 

leaving dU is q(U+dU,r) 

Thus, 

SCURdUt=-q (es U) Ese qC rN du) | mi ces 9 eS emt eats 6-9 

d_(U,r) 
ON eS (U0) ec ae Cen ae Pe 6-10 

dU 

Combining equation (6-9, 6-10) with the diffusion equation 

Dveg4S = 0, we get 

d,(r5U) 2 eg L DUDE NEE Ue ho aaa aatie 6-11 
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The relation between the neutron flux and slowing down density 

is given by: 

gr. 

d 
Ory athe pes Ea ol a ees 6-12 

From the above discussion, the Fermi theory applies to a medium 

in which there is no absorption of neutrons, but it is found that for 

a weakly absorbing medium a sufficient approximation is: 

q*(U) = p(U) + q(U) 

where 

p(U) = The resonance escape probability for a 

neutron of energy U. 

6-3-4 The Moments Methods 

This method was proposed by Spicer et a1(95) , and used by 

Goldstein and witkin( 28), for extensive computer calculations to 

obtain build-up factors and differential energy spectra for 

infinite homogeneous media as a function of the penetrations. 

The polynomial method in a semi-numerical technique which has 

been used to give quite accurate solutions to the Boltzmann 

equation. In this method the angular flux is expanded in a series 

of Legendre polynomials, and assuming that the scattering is 

spherically symmetric in the centre of mass system. By this it 

reduces the original equation containing three variables 

(Q,r,U) to a sequence of coupled integro-differential equation of 

two variables (r,U), then these equations are multiplied by py (2) 

and integrated over all solid angles. In this way one obtains a 

double sequence of linear integral equations for the spatial moments
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of the Legendre coefficients. 

The solution of Boltzmann equation by using this method has been 

carried out for both neutrons and gamma rays in an infinite 

homogeneous media with a simple source(79) | However the solution for 

neutrons is more complicated than that for gamma rays and that is 

because of the rapid change in neutron cross-section with energy 

and because neutrons undergo many collisions before absorption. 

The main advantage of the method is the determination of the 

fast neutron space energy distribution after considering the 

anisotropy of elastic scattering. 

6-3-5 Monte Carlo Method 

The Monte Carlo method is a technique for solving physical and 

mathematical problems by using random of sampling of an analog 

nature(97) f The most extensive and successful applications have been 

to physical problems that are inherently statistical. 

The problem of neutron transport is basically concerned with 

random events such as_ the behaviour of neutrons when interacting 

with matter. In this problem 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 and the energy, and direction of the neutron after the 

collision. 

The Monte Carlo result however is exact only when an infinite 

number of independent estimates of a given result have been obtained. 

Any answer that derives from a finite number of tries has a 

statistical uncertainty. 
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The Monte Carlo method has the major advantage of allowing 

even complex transport problems to be formulated rather easily, and 

can obtain an exact solution to the Boltzmann transport equation‘ 28) , 

The main disadvantage of the method is. that its results are 

statistically uncertain. 

A survey for the application of the method for shielding and 

(94) reactor calculation is given by Goertzel et al > and the 

(97) application to the transport problem by Kalos et al and 

Arnecke et al (3) ‘ 

6-3-6 The Diffusion Theory Method 

The diffusion method is a simplified method for solving the 

Boltzmann transport equation by assuming that all neutrons have the 

same lethargy (U) and under the conditions that, the scattering 

processes with nuclei do not involve any change in the neutron 

energy. The basic assumption of the elementary diffusion theory 

is the validity of Fick's law. 

The relationship between the flux and the current are identical 

in form with Fick's law, which has been used for many years to 

describe diffusion phenomena in gases and liquids. For this reason 

the use of that law in reactor theory leads to a diffusion 

approximation !®) | 

Fick's law states that the current density vector is 

proportional to the negative gradient of the flux. 

UCR Sse D grad Oi(r)i Ro en venous 6-13 

where 

D - The diffusion coefficient having the 

dimension of length.
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The above relation is valid only for the diffusion of neutrons 

in regions which are not closer to boundaries than two or three mean 

free paths, the absorption cross-section is very small, and the 

neutrons are scattered without loss in energy. 

From the continuity equation, the diffusion equation in the 

steady state dn 1 ao _ 0, is given by 
dt v dt 

bve- 2, o+S=0 see .. 6-14 

where 

ve - the Laplacien operator, and 

qa - the absorption cross-section 

The absorption cross-section can be determined from the macroscopic 

scattering and capture cross-section and the average cosine of the 

scattering YH which is given by: 

ay 
Wy = 35 wok Cee On Lo 

where 

A - the atomic weight of the element of the diffusion medium 

In case of mixture of elements in which the ith element has 

an atomic scattering cross-section 9; 

z exc) 
a 12 
HT. = eevee seats, 0-10) 

°F N94] 

where 

Ny - The number density of the ith type of atoms in the mixture. 

The most important type of boundaries occurring in reactor problems 

are between comparatively dense media and essentially vacuum, and to 
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handle such problems a boundary condition at the surface of the 

medium is assumed of the form: 

aA alg
 

tl 

aj
— 

where 

d - the extrapolation length 

The value of d is chosen such that the solution to the 

diffusion equation satisfying equation (6-17) matches as nearly as 

possible the rigorous solution given by transport theory in the 

interior of the medium’ '©), d is given by 

d = 0.71 Aer Crewe cae 6-18 

where 

er - the transport mean free path of the medium and is given by 

For the treatment of a continuous energy spectrum the energy 

range is divided into discrete groups and each group is treated 

separately with its appropriate parameter. 

6-4 The Removal Diffusion Method 

Albert and Welton‘ 100) introduced the concept of removal 

cross-section to describe the attenuation of neutrons by the removal 

collision. The removal diffusion method is a process in which the 

neutrons slow down by firstly removal collision and secondly a 

diffusion process, so the penetration of the forward neutrons is 

described by a removal process which consists of an exponential and 

a geometrical attenuation factor and the diffusion theory then 

predicts their migration following such collisions.
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The neutron flux can be obtained from the knowledge of the 

removal cross-section and in cases where it is not available one can 

use the transport cross-section( 101) | which is given by: 

emis = i 5,1 (8) OSC: iS es ie ckrnace 6-19 

4n 

where 

Crt the total cross-section, and 

941 (8) - the elastic scattering cross-section for scattering 

jin a solid angle dQ in the direction of 9. 

In this method the energy range of the neutrons is divided into 

a number of energy intervals and it is assumed that the monoenergetic 

diffusion theory is applied to the neutrons within each interval. 

The removal method can be applied with the age theory to predict the 

subsequent slowing down after a removal collision. 

The removal cross-section for the material used in the shielding 

must be determined, and it has been shown they are roughly % of the 

total cross-section‘ 102), It has been suggested that the removal 

cross-section is effectively the same as the transport cross-section 

Tews 

wejsie's'e« 0-20 

where 

u - is the mean cosine of the scattering angle and is 

(16) given by . 

Au an 
——— 2 ('8)) COS: 8 SIN Cd) 8 iaiereareteiwse 6-21 o, s 

oO
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where 

6 - is the angle of scatter in lab. system 

The distribution of monoenergetic source neutrons above a certain 

threshold for most shielding materials may be conveniently 

described by the following expression 103) , 

\ 

= ene eae 6-22   (rE) = 
° 4nr 

where 

Q - the strength of the source 

d - the shield thickness 

r - the distance between the source and detector 

a the macroscopic removal cross-section 

p (108)e used the removal calculation in conjunction with Avery et a 

the multigroup diffusion theory to describe the penetration of the 

forward directed neutron and the diffusion theory to predict where 

their angular distribution is nearly isotropic. 

6-5 Choice and Comparison of the Calculation Method 

The spherical harmonics oe approximation method and the 

polynomial Sy method are widely used for multilayered shields (104), 

The application of the spherical harmonics technique to the transport 

equation is difficult and becomes formidable for multigroup energy 

cases. The method has been extended to cover the anisotropic 

scattering and the approaches have been applied in the Ps and Pe 

approximations (105: nee) In general the PF approximation seems to 

offer no particular advantage over the Sy method, however it is 

more suited to modern high speed computers.
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The Sy-method produces good neutron penetrating results in 

simple geometries with less computer time than the other accurate 

method. But the geometry of the problems to be solved was not 

sufficiently simple and the suitable computer is not available for 

use so this method had to be rejected. 

The Monte Carlo method is considered as the most developed for 

practical design calculation. In principle that method can 

incorporate any arbitrary geometry, source anisotropy, and 

scattering properties. In addition it is able to handle three 

dimensional geometries for the multigroup cross-section‘ 107» 108) 

However the Monte Carlo method has some limitation due to the 

time needed to build up accuracy and the large amount of computer 

store needed. 

In the present work the available codes developed for the 

method could not be used because they were unsuitable for running 

on the available computer due to the large amount of storage space 

needed and length of calculation as well as incompatibility of 

certain sub-routines with the available computer. Consequently 

a method had to be used which was compatible with the restrictions 

of the computing facilities. 

The removal diffusion theory is a good method for reactor 

shielding design, some reasons for using the multigroup theory 

es 109) F 

a - The neutron flux spectrum may change rather rapidly in the 

vicinity of interfaces between materials with differing 

shielding properties, the multigroup method can to some 

extent take account of this. 
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b - Because of scattering resonances in the cross-section of 

certain materials, neutrons can stream through large 

thicknesses without much attenuation. A suitable choice of 

the energy groups in the multigroup model can allow for this 

behaviour. 

c - The multigroup diffusion equations are easily adaptable for 

solution by the computer. 

The main disadvantage is that the neutron flux has to be 

assumed to be isotropic in each group except the highest energy 

group, which is treated by the removal method. This may not be a 

good approximation for small shields or for boundaries involving 

large changes in material constants and the main justification 

will be how closely theory and experiment agree. 

In the present work the removal diffusion method was chosen and 

the description of the method follows. 

6-6 The Multigroup Method 

In the multigroup method of calculation, the energy range is 

divided into a number of intervals, the higher the number of groups, 

the higher accuracy is acheived providing that the data are 

accurately known. 

A comparison of methods in general use show that these rely 

largely on numerical solutions of the relevant multigroup equation‘! 19) | 

Recommendations for the optimum use of diffusion theory vary from 

choosing an empirically obtained multigroup neutron cross-section 

data set (Avery et aly), to choosing a correct diffusion constant 

for each energy group! !12+ 113) |
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For the solution of the multigroup equation assuming G neutron 

energy groups, there are G roots to the solution of the equations: 

2 - Divo; - Egy * Oe eM eR sepsis. 

where 

J - indicates the energy group and ranges from 1 - G 

leg - the removal cross-section given by 

G 
Ds tat +f eee elise in 

Z.- the macroscopic absorption cross-section 

- the macroscopic elastic scattering cross-section el yy 

from group j to group k 

G 
ay - the macroscopic inelastic scatter = e Lin jek 

k=J+1 

Sj - the neutron source given by 

G j-1 J-1 
Sa =X SI (Use) pep + hb Oct he | 

J J 1) fekick kel el k+jok kel ing K 

To solve equation 6-23, one of the following methods can be used. 

6-6-1 Fundamental Mode Method 

This method only applies to an unreflected system of uniform 

composition, by using either an eigenvalue or final source option’! '4) , 

Because of the unreflected system of a uniform composition one can 

assume that all the group fluxes have the same eigen function so: 

assume a value of Se (unity is usually chosen), then uncouple the
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dependence of one group on all the others and therefore for 

Se = 1 

2 J-1 
“0, + 6,-2.0, +5 Gao 4 8, Ey o% +x, 20 J J rdvd ely, o-1 kel iMag K J 

Wena. 6-25 

The General solution of (6-25) is given by: 

J-1 

xopiceime csi)" cer ingen 
ois a ee 6-26 

2 oO sake: 
J ry 

A value for ue is first made and using the equation (6-26) to 

evaluate %) to 25 in turn, since the fission source is assumed equal 

to one. 

The fission source S¢ is then calculated from 

M
Q
 

Se yay eer 

So if the value of ue is correct then the value S¢ will be one, and 

if not successive values of NG are tried until the value that makes 

Se = 1 is found. Such a calculation can be used for fast reactors 

to compute a histogram of the Multigroup neutron energy spectrum. 

6-6-2 The Finite Difference Method 

For the purpose of the present work the finite difference method 

was used. By choosing sufficiently small intervals it is possible to 

obtain a solution to the multigroup diffusion equation which is 

sufficiently accurate such that any errors can be attributed to the 

diffusion theory approximation, rather than to the numerical 

approximation procedure(!?5) |
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The solution of a second order differential equation of the 

(116) 
form is as follows: 

2 
= Diva et Boos ie te NE Wo ateetaicar eee 6-27 

For the spherical geometry: 

ve, = 48 , 2 de 6-28 A a iad anh ict) ea ees ies ee 

  

do _ “ntl n-1 
(Par 2h 

do | net * net — 2h 
dr? ne 

r = nh, so equation 6-27, will be 

_2 ol 20 iy) ] =( 4] ot eS ze, Fe fi + Tea 

or
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Consequently a set of such equations exist for each mesh point. 

The method of solution, together with the treatment of inner 

and outer boundaries as well as internal boundaries is given in 

Appendix 2. 

The spectra of fast neutrons which have passed through LiF and 

y238 
shielding at various thicknesses inside the shielding have 

been calculated by using the combination of the multigroup 

diffusion theory and the removal diffusion equation using the 

method described above. 

6-7 The Multigroup Constants 

To obtain the average values of the group constants in a 

particular group, it is necessary to know the neutron spectrum within 

the group. That spectrum may be known in thermal system being 

Maxwellian for thermal neutron and have a F variation for slowing 

down neutron, when 6(U) is taken as a constant. In the fast system 

there is no such well defined spectrum and several groups are needed 

for correct representation. 

In a multigroup calculation the entire range of neutron lethargy 

is divided into G groups which may or may not be of equal size.
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The flux % (r) of the neutron in the gth group is defined by: 

Ug and U are the upper and lower lethargies of the group 
g-1 

respectively, and 

 (r,U) - is the lethargy dependent flux at the point r. 

6-7-1 Cross-Section 

The neutrons may disappear from a group either in an absorption 

interaction or as the result of elastic or inelastic scattering 

which increases their lethargy to that of another group, the average 

cross-section in general is defined by: 

Ug 
= 1 oe 

9° 8% 

Ug-1 S 

EAU omc wee es 6-35 

6-7-2 Diffusion Coefficient 

The diffusion of neutrons within each group is described by an 

average diffusion coefficient given by: 

Ug 

| D(U) v*  (r,U) aU 
lee oe a ne ek 6-37 

g Ug 

7 6 (ru) dU 
Ug-1 

2 
Vv" - the Laplace operator
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The value of Dg is usually a function of r, unless the 6 (r,U) 

can be written as a function of r and U 

® (r,U) =F (r) + @ (U) 

where @ (U) - is the lethargy dependent part of the flux. 

This approximation must be made in order to carry out the group 

calcuation, and that Dg will be given by: 

1 2 
Dg isa { DCU) oO (UCU Ue celeron arene ae . 6-37 

Ug-1 

In the case of isotropic scattering in the lab. system which is 

true only at low energy the value of Dg can be calculated from the 

method of transport and is given''6) 

utr 7 
Dae te, Sila ae = Pa tight Garena sexs) 6238 

But for anisotropic scattering this quantity is decomposed 

into many terms by the number of collisions which the neutron suffers 

in the course of it is flight from a region i to a region gC?) , 

So for the anisotropic scattering and for strong absorption, Dg 

should be determined from the following equation!) 

  

where 

- are the macroscopic total, scattering and Zhe ss z 
a 

absorption cross-section respectively. 

ul - the average value of the cosine of the 

scattering angle in the lab. system.



Tae 

6-7-3 Group Cross-Section 

The transfer neutron from gth group to the (g+i) group 

(i=1,2,3 ..) as a result of elastic or inelastic scatter can be 

described by the group transfer cross-section which is given by: 

=f +E z . ; 
gogti Sgogti Ma gH 

The average elastic scattering cross-section for the gth group is 

defined by: 

U 5 g 

Dog 4, | Ea (U)N (Udy) oy yee eas 6-41 

Ug-1 

De - is constant in the group, and 

25g - is the actual macroscopic scattering cross-section 

at any lethargy within the group 

The neutron transfer by scattering from one group to another 

described by = , these are defined so that £ (r) is 
gegti grgti®g 

equal to the number of neutrons which are transferred from the gth 

group to the (g+i) group per cm? sec’! at the point r. 

The value of the elastic scattering cross-section depends on 

both the nuclear properties of the materials in the system, and 

the number and width of groups used in the calculation. If the 

maximum increase in lethargy of a neutron undergoing an elastic 

collision is less than the width of energy group, the neutron can 

only be elastically scattered into the adjacent group, and the 

groups are said to be directly coupled. The constant Ze gegtl? 

can be computed from 6-40 assuming that Bog78g is the total number 

of scattering collision per cm?.sec | jn the gth group.
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If . is the average lethargy increase in an elastic collision 

in the gth group, the neutrons require Ug/E, collisions on the 

average in order to traverse that group. If there are Xoq°%y 

collision cm”? sec”! in the gth group therefore the number of 

neutrons scattered out of that group will be equal to Beg Og/Ug 

-1 
em 3 sec Since these neutrons must enter the (g+]1) th group in 

the directly coupled case the cross-section is given by 

eS 
: Sg sg 

sgogt] 
g 

The group transfer cross-section for inelastic scattering is 

straightforward. Consider the lethargy interval dU' in the 

(g+1) th group. Since neutrons can be scattered into dU' as the 

result of collisions at any lethargy in the gth group, the number 

arriving per cm”? sec! in du' from this group is the number 

Ug 

scattered into dU = dU' | Z. (U) ® (U) p(usu') dU. 

Ug-1 

It follows that the total number of neutrons transferred from the 

gth group to the (g+1) th group is 

Ug+1 Ug 

= Z5(U) © (U) p(Usu') dU du" 

Ug  Ug-1 

and this number is equal to Lan -%, SO 
g+gt] 

Ug+1 Une 

Sin Gan % EB, (U) & (U) | P(USU') dul du 

J 
Ug Un
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where 

P(U+U') - the probability distribution fraction for 

inelastic scattered neutrons 

The source of the cross-section data, and the inelastic 

scattering probability for the multigroup calculation was the 

Yiftah Sieger et at(2) and the UKNDL Fite(9) which covered 11 

groups of neutron energy ranging from 0.3 MeV up to 14.1 MeV. 

For the (n,2n) and (n,3n) reactions in the uranium the 

group constants were calculated from UKNDL and added to the upper 

energy group of the Yiftah Sieger et alte), since these were 

originally absent. 

For the SLi, 1G and i F the group constants derived from the 

uknoL (3) on the assumption that the neutron lethargy flux is 

constant (@ (E) a & because the form of the flux is not known. 

Since the lethargy intervals are small (< 0.5) the constant is 

not very sensitive to the flux form used. 

A computer program DATA was written for the macroscopic data 

preparation (Appendix 3), and two computer programmes were used in 

the present work based on the method explained in Appendix 2, one for 

One material region (Appendix 4), and the other for two regions 

(Appendix 5). 

6-7-4 Fission 

If fissile materials are present in the system it becomes 

necessary to define the average fission cross-section for each group 

as in 6-35.
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The prompt fission neutrons are emitted with a continuous 

energy spectrum, and so 

Ug 

Xg = | RU ao omy Uae seve e 6-44 

Ug-1 

x (U) - is the fission spectrum normalized to one emitted 

neutron 

The average number of neutrons emitted for fission depends upon 

the energy of the incident neutron, and for fission induced by 

neutrons of the gth group is given by: 

Ug 1 % 7 3 U (Uo (U) dl eee. we. 6-45 
Ug-1 
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CHAPTER 7 

EXPERIMENTAL AND CALCULATED RESULTS 

7-1 Introduction 

Fast neutron spectra have been measured at different radii 

from the 14.1 neutron source situated at the centre of the shield, 

which was constructed of LiF and uranium. An NE-213 scintillation 

counter using P.S.D. to reject the gamma ray background was used 

for the measurements. 

ALL the measurements and calculated results were normalized 

to a neutron source strength of 1 x 10° neutron per second for 

comparison purposes. 

In addition to 14 MeV source strength, degraded neutrons from 

the target assembly and from the D-D reaction were considered and 

fed into the spectrum calculation for each energy group‘ 118) | using 

experimentally obtained values. The spontaneous fission neutron 

source was also included when uranium shielding material was used. 

The removal cross-section for the first energy group 

(14.0 - 14.1) MeV, for LiF, Uranium, a mixture of LiF and uranium, 

and a two region system (inner region LiF and the outer uranium) 

have been determined experimentally and compared with the values 

used in the removal calculation. 

7-2 Fast Neutron Spectra in a LiF Shielding Material 
  

The neutron spectra were measured for neutron energies between 

1.35 and 14.1 MeV inside a LiF shield at distances of 9.3, 12.4, 

17.8, 18.6, 21.7 and 24.8 cm from the point source in the centre.
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The measured and calculated spectra are plotted as neutron flux 

wey"! versus neutron energy in MeV and are shown in Figure [7-1 to 7-6]. 

The figures show that the neutron spectral shape does not 

change very much with shield thickness. It is seen that there is 

generally good agreement between the measured spectra and those 

calculated by the removal diffusion method above the (2.225 - 3.0) 

MeV neutron energy group, and as the shielding thickness increases 

there is some difference at the neutron energy group (10 - 12) MeV. 

For the first energy group (14.0 - 141) MeV, there is good 

agreement between measured and calculated total neutron flux 

compared at different thickness inside the shielding material. 

The comparison was made by finding the area under the calculated 

first energy group and also the area of the rather broad measured 

peaks centred on 14.1 MeV. 

Table [7-1] represents the total calculated and measured flux 

for the (14.0 - 14.1) MeV energy group at different thicknesses 

inside the LiF shielding assembly. 

Table [7-1] The Total Flux for the First Energy Group at Different 

thicknesses inside the LiF Shielding 

  

  

  

      

Total neutron flux (n em72 sec’!) for a source strength 

Thickness of 1 x 102 n sec”!, 
in cm 

Calculated Measured 

9.3 8.314 x 10° 7.76 x 10° 

12.4 3.83 x 10° 3.58 x 10° 

17.8 1.308 x 10° 1.2886) x 10° 

18.6 1.148 x 10° 1.1063) x 10° 

Ze7 6.879 x 104 7.1516 x 10° 

24.8 4.315 x 104 4.466 x 104   
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The difference between the measured and calculated spectra may 

be due to the difference in the experimental and theoretical 

geometries (cylindrical and spherical respectively), the use of 

diffusion theory and the uncertainties in the group constants, This 

comment applies to all the systems investigated. 

7-3 Fast Neutron Spectra in Uranium Shielding Materials 

Figure [7-7 to 7-16] shows the measured and calculated neutron 

spectra inside uranium shielding material of thicknesses of 9.3, 10.1, 

12.4, 15.5, 17.8, 18.6, 20.2, 21.7, 24.8 and 27.9 cm, from the 

central source. 

The form of the spectrum for neutron energies below 6 MeV does 

not change as the thickness of the shielding increases. From the 

figures it can be seen that in that energy region the number of 

neutrons is higher compared with that measured in a LiF shield. This 

is because for the lighter element elastic slowing down is important, 

whereas for heavy elements such as uranium the slowing down of the 

neutron by inelastic scattering is the main interaction which 

produces directly more low energy neutrons. 

As shown in the figures the calculated and measured spectra 

at all the measured points are in reasonable agreement. 

For the first group there is a good agreement between the 

calculated and measured total neutron flux at a different thickness 

inside the shielding material as shown in Table [4-2].
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Table [7-2] The Total Flux for the First Energy Group at Different 

238 

  

  

  

Thicknesses inside the U Shielding 

Total neutron flux (n em™2 sec!) for a 

source strength of 1 x 10? n sec”! 
Thickness 

in cm 

Calculated Measured 

9.3 7.693 x 10° 7.29 x 10° 

10.1 5.999 x 10° 5.63 x 10° 

12.4 3.036 x 10° 3.45 x 10° 

15.5 1.363 x 10° 1.91 x 10° 

17.8 7.901 x 10° 7.42 x 10° 

18.6 6.64 x 10° 6.94 x 10° 
20.2 4.739 x 10° 5.66 x 10° 

21.7 3.423 x 10° 3.35 x 10° 

24.8 1.838 x 10° 1.95 x 104 

27.9 1.019 x 10° 1.04 x 104         
  

7-4 Fast Neutron Spectra in a Mixture of a LiF and y238 

The shielding was built up from 88 LiF tubes and 88 uranium 

tubes (1:1 in volume). The spectra for the fast neutron inside the 

shielding were measured at radii of 9.3, 10.1, 12.4, 15.5, TB; 

18.6, 20.2, 21.7, 24.8 and 27.9 cm from centre of the shielding 

assembly, and with the calculated spectra are represented in 

Figures [7-17 - 7-26]. 

From the figures it can be seen that the general shape of the 

spectrum does not change with thickness and there is an agreement 

between the measured and calculated spectra for all the energy group
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down to 2.225 MeV. Below this there is a difference as in the 

Previous measurements because the P.S.D. system fails to fully 

distinguish between gamma ray and neutron pulses, which move into 

the gamma ray region at lower energies. 

For the first energy group there is a good agreement between 

the calculated and measured spectrum as shown in Table [7-3]. 

Table [7-3] The Total Neutron Flux for the First Energy Group at 

  

  

  

  

        
  

a Different thicknesses inside a Mixture of LiF and y238 

Shielding 

Total neutron flux (n m=? sec”!) for a 

iniekness source strength of 1 x 10° n sec”! 

in cm 

Calculated Measured 

9.3 7.998 x 10° 7.87 x 10° 

10.1 6.359 x 10° 5.94 x 10° 

12.4 3.411 x 10° 3.240 x 10° 

15.5 1.655 x 10° 1.81 x 10° 

17.8 1,014 x 10° 1.03 x 10° 

18.6 8.712 x 10° 8.86 x 10° 

20.2 6.463 x 104 6.44 x 10° 

21,7 4.852 x 10° |" 5.03 “x 10" 

24.8 2.816 x 10° | 2.98 x 10t | 

27.9 1.687 x 10° ecie7s elo, 

238 7-5 Fast Neutron Spectra in a Two Region of LiF and U 
  

Shielding Material 

A two region of the shielding built from LiF inner region 72 tubes 

in a three inner layer and 150 yess tubes the outer region four layer
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(1:2 in volume) . 

The measurements were carried out at radii of 9.3, 10.1, 12.4, 

15.5, 17.8, 18.6, 20.2, 21.7, 24.8 and 27.9 cm inside the shielding. 

The measured and calculated spectra represented in Figure [7-27 - 7-36], 

shows reasonable agreement between the measured and calculated spectra, 

the slope and the shape of the spectra does not change with the 

increase of the shielding thickness. 

For the first energy group there is a good agreement between 

the measured and calculated spectra and the total neutron flux at 

different thickness inside the shielding assemblies represented in 

Table [7-4]. 

Table [7-4] The Total Neutron Flux for the First Energy Group at a 
  

Different Thicknesses inside a two layer of LiF and 

y238 

  

  

  

Shielding 

Total neutron flux (n cm=2 sec!) for a 

Aeneas source strength of 1 x 10? n sec! 

in cm P 

Calculated Measured 

9.3 8.314 x 10° 7.9 x 10° 

10.1 6.74 x 10° 6.57 x 10° 

12.4 3.83 x 10° 3.44 x 10° 

15.5 2.009 x 10° 1.94 x 10° 

17.8 1.258 x 10° 1.21 x 10° 

18.6 1,058 x 10° 1.09 x 10° 

20.2 7.548 x 104 7.37 x 10° 

21.7 5.45 x 10° 5.46 x 10° 

24.8 2.928 x 10° 2.88 x 104 

27.9 1.623 x 104 1.48 x 10°           
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In the inner region the spectrum is very close to that measured 

and calculated in the LiF shielding assembly which in the outer 

region is more like that measured and calculated in the uranium 

shielding material. 

7-6 The Removal Cross-Section Calculation 

The removal cross-section is used to determine the number of 

neutrons which are removed from the first energy group (14.0 - 14.1) 

MeV by the removal collision, we have that: 

® (r,E,) =e exp [- Zyaqt] sea tbawees mI 

The value of the removal cross-section can be determined if the flux 

values at two or more different radial positions are known. From 

equation (7-1) 

- Q 2 
cemt = log, as log, (@.r°) 

tate rs 

= Q 
)e- ems o t Samo + log, (| Pevincete ees Vac 

From equation (7-2) it is clear that the determination of the 

log, (or? 

removal cross-section does not need the knowledge of the absolute 

source strength of the neutrons, and so the uncertainty in the 

absolute efficiency of the detector does not enter in the evaluation 

of the removal cross-section. 

In the calculation and measured result the value of the inner 

radius which is the distance from the neutron source to the inner 

layer of the shielding material which is equal to 7.6 cm was added 

to the shielding material thickness.
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Figure [7-37 - 7-40] represent the total flux for the four 

shielding assemblies at different shielding thickness and shows how 

for the first energy group (14.0 - 14.1) the neutron flux varies 

with distance in the shielding. 

The values of the measured neutron fluxes inside the shielding 

materials for the first energy group multiply by R, with the value 

of the shielding thickness (R) was fitted by the method of the 

least square fit from which the slope gives the removal cross-section. 

A computer program (Appendix 6) written for that purpose. 

Figures [7-41 - 7-44] represent the fitting curves for the 

measured and compared with that calculated. 

The removal cross-section for the different materials is 

represented in Table [7-5]. 

Table [7-5] The Removal Cross-Section for the Different Material 

  

  

  

Removal cross-section cm! 
Shielding 
Material 

Calculated Measured 

One-region LiF 0.0640 0.054 + 0.003 

One-region yes 0.1100 0.1068 + 0.0042 

One-region |itixture LiF,u°°} 0.0894 0.0834 + 0.0027 

LiF 0.0640 0.0624 + .0093 
Two-region 238 ¥, 

U 0.1100 0.116 + 20059           
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CHAPTER 8 

CONCLUSIONS AND DISCUSSION 

The results of neutron spectrum measurements and calculations 

238 | a mixture of LiF and 
238 

at various radii inside shields of LiF, U 

y238 
» and a two region system of LiF and U have been presented 

in Chapter 7. 

The following conclusions may be drawn: 

1 - Cross-Sections Data-File 

The agreement between the calculated and measured indicate the 

general validity of the cross-sections of the UKNDL file for Sui, 

i 195 and the modified YOM-20 data set for U°°? and aluminium. Li and 

It is not possible to look for detailed errors in the data because 

the flux is low apart from the 14.1 MeV flux and similarly it is not 

possible to carry out meaningful sensitivity calculations for the 

cross-section used for the shielding. 

2 - The Calculation Method 

The good agreement between the calculated and measured spectra, 

indicates that the calculation method used with its built in 

approximation of isotropic flux except for the 14.1 MeV neutron is 

valid for the experimental system used and the available data. The 

small computer time used during the calculation is especially an 

advantage. 

For the overall spectrum shape the neutron flux per unit 

lethargy was plotted against the energy for both the calculated and 

the measured spectrum in the present work and compared with the result 

119) 
of B.Y. Underwood et al! , who carried out similar measurements in 
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a 1.25 m diameter sphere of LiF, Fig. [8-1]. There is no 

direct correlation between the values along the vertical axis, 

since the measurements are at different radii, but spectra drawn 

in the figures show good agreement in general shape, especially 

for the calculated spectra. 

This gives some confidence in the removal diffusion method, 

since the shape compares closely with transport calculations, 

although for a more precise check the removal diffusion calcuations 

would need to be performed for the large LiF sphere. 

It will also be noticed that Underwood's experimental and 

theoretical spectra do not agree exactly, even though his results 

were analysed by the more precise response function matrix method. 

This may indicate some possible errors in cross-section. 

The over-all spectral shape shows, for the shielding materials 

studied, that the lowest neutron intensity is in the energy group 

(12-10) MeV, and that is because the only neutron source at that 

region is from the 14.1 MeV inelastic scattered neutrons. The 

neutron intensity for lower energy groups increases. This is to be 

expected as the asymptotic slowing down flux tends to : in the 

absence of absorption. In the uranium shielding the lower energy 

groups in shields containing uranium have a higher intensity than 

the lithium fluoride shields because of the fast fission neutrons 

produced in the shielding assembly. 

3 - Comparison of the Shielding Assemblies Used 

Measurements have been made for neutrons degraded in energy down 

to about 2 MeV. The LiF is more effective at lower energies because 

of the high elastic scatter cross-section, while for the uranium 

shielding it is noticed that the neutrons degraded from higher energy 

groups are more than for the LiF due to the fast fission neutrons 
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generated in the uranium and (n,n), (n,2n) and (n,3n) reactions. 

The elastic scattering will be the best mechanism over the 

whole energy range for light materials such as LiF, but the inelastic 

reactions are very effective for the higher energy neutrons 

particularly for heavy atoms. 

From the above it appears that no single shield material is ideal. 

The ice is very effective in the energy range where the inelastic 

scattering process is predominant while one can find that LiF is 

best in the energy range where the elastic scattering is important. 

Fast fission of yes increases the number of neutrons in the few 

MeV range and down to thermal energies and so would require additional 

shielding in this range. 

Another form of the shielding assembly is the mixture of the 

LiF and yore which is effectively better than that of either 

material separately over the whole energy range down to 2 MeV 

investigated. The two layers were arranged with the yee on the 

outside in order to give better absorption of the gamma rays produced 

from inelastic scattering and neutron capture. 

4 - The Removal Cross-Section 

The removal cross-section was calculated for the different 

shielding assemblies for the first energy group (14.0 - 14.1) MeV, 

by assuming that it is equal to the transport cross-section which is a 

function of the elastic cross-section. 

2 
The removal cross-section measured for the yess 

38 

> a mixture of 

LiF and ue ae , and for the two region of LiF and U are in 

agreement with those used in the calculations within the experimental 

error. 
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The microscopic removal cross-section for the yess calculated 

from the measured removal cross-section is 2.96 barn, compared with 

Caan 3.20 barn and tone 2.86 barn used in the calculation. 

This indicates that the use of the transport cross-section for the 

removal cross-section is not right in the experimental measurement 

because of the poor resolving power of the detector used. 

The source of the error mainly could be due to the detector 

efficiency in this energy range which might be due to uncertainties 

in hydrogen and carbon total cross-section used for the scintillator 

efficiency and shape correction. The other point which affects the 

comparison of the result is the different geometries used in the 

calculation (spherical) and those used in the experimental work 

(cylindrical with a point source). 

For the LiF removal cross-section there is a material difference 

between that used in calculation and that measured experimentally, 

and that may be due to either of the following points. 

a - From the measured removal cross-section a microscopic value for 

EiE. of Con 1.60 barn is obtained. This compares with 

= 1.967 barn, and o = 1.311 barn obtained from the 
trans non el 

UKNDL data and is in between these two values. From Figure [8-2]u, 

mean scattering cosine for 1 (Oui is not so important due to its 

low isotropic abundance) from ENDF/B-1V files agrees reasonably with 

that used in the calculation (UKNDL-file) but from Figure [8-3] the 

UKNDL file has only one elastic scattering angular distribution for 

19¢ to cover the range 7-14 MeV, and consequently at 14 MeV may 

really be higher leading to a lower value of Geom:
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Figure [8-3] also shows yi from the ENDF/B-1V file which has 

a value of 0.693 at 14 MeV. This reduces (1-H) ¢,, to 0.265 for 

19 F and to 0.545 for LiF giving o = 1.864 barn which is closer 
tran 

to that calculated from the measured 24) (1.60 barn). 

b - With the broad peak for the 14.1 MeV measured the removal by 

elastic scattering could be even less than the (1-1) py and the 

total removal not much more than the o This effect would 
non el* 

be more important in LiF where (1-u)o, is over 30% of the transport 

cross-section, whereas in y238 it is only 14%. So because of the 

poor resolution of the detector and the large range of the energy 

group the removal cross-section used should be less than the 

transport cross-section, but greater than the non-elastic cross-section. 

5 - Suggestions for future work 

For the future work the project could be improved from the experimental 

point of view as follows: 

a - The pulse-shape discrimination fails to discriminate adequately 

between gamma rays and neutrons below about 2 MeV neutron energy and 

the neutron spectra were cut off below 1.35 MeV corresponding to a 

group boundary. So to study the neutron spectra removed from the 

14.1 MeV neutron to below 0.5 MeV the pulse-shape discrimination 

method used by P. Speir et ay (120) > (which uses the zero crossing 

method with a specially designed amplifier in a single unit) or the 

pulse shape discriminator model 5010 manufactured by Link Systems Limited 

(which uses the charge comparison method) could be suitable. Both 

systems claim to have good discrimination between neutrons and 

gamma rays below 0.5 MeV, and can cover a dynamic pulse range of 

S005, We
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b - Because the LiF density inside the tubes is very low compared 

with molten LiF it is important to try to increase that density. 

This might be possible by compressing the powder into pellets in a 

hydraulic press. 

c - The alpha-particle detector should be restored to backward 

direction at an angle 175° to the deuteron beam, if the noise 

problem can be overcome, so it will simplify the construction of 

the shielding assembly. A change to a silicon surface barrier detector 

might have advantages due to its small size. 

d - Remove as much scattering material as possible from the 

experimental area (not easy because of other uses equipment), so as 

to decrease as far as possible the back scattered neutrons. 

e - Decrease the beam tube length and build it up from stainless 

steel so as to decrease the neutron production from D,D reaction 

(the results of a recent MSc project suggest that the yield of 

neutrons from a drive-in target is much less for stainless steel 

than for brass). Also decrease as far as possible the amount of 

metal near the target to reduce the number of degraded neutrons 

input to the system. 

f - Build up a more nearly spherical shielding so it will be 

comparable with that used in the calculation. This could be done by 

using different lengths of tubes containing LiF. 

g - From the point of view of shielding a three region shield could 

be tried. The first from a heavy material ex ) for rapid energy 

degradation by inelastic scattering, and increase the neutron yield 

by fast fission and so aid tritium breeding, the second from a
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lighter (LiF) material for slowing down by elastic scattered and 

Produce more tritium, and the outer region from a heavy material to 

absorb the gamma rays produced in the previous layers. 

h - If improved calculation methods could be adopted a single slab 

shield could be tried. The main advantage of this would be economy 

in materials and ease of construction. 
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APPENDIX 1 

PROGRAM NEUTRON: Transform of pulse 

amplitude distribution into neutron energy 

distribution by differential method.
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Equation 6-30, Chapter 6 

a1y 9-1 + 22n #, + a3, eel Se aeneenesice OF SU 

For the inner radius when n = mh, we get for no neutrons current 

(i.e. no internal neutron source), at the inner radius 

ye = om 

(ayy + Ay) %y + aati SHO ee ee oe ee Deca Ael 

and for n = M+ 1, and n =M + 2, we get 

(41 m4) 4 + Aomay Omer * 29me1 2me2 = Smet fevisececes A2@=2 

+ a. 81m42 mat * 22m42 P42 * Fameo 2Me3 = Meo ssi“(‘(iws tt tte eee 

and so on up ton =N 

ayy Sy-7 + Gon Py * Fay yar = Sy siwewevejeee AL=4 

for the outer boundary, the flux becomes zero at a distance 

(the linear extrapolation distance) given by a 

A = 2.13d beyond Nh = 

therefore oa 

|ja—A —1



= EM 2 

equation A2-1, A2-2, A2-3, A2-4, A2-5, build up in a matrix form 

as follows: 

aiyteg gy 0 0 0 0 oy Sy 

Amel 220 834d : 0 O 1} Smet} [Smet 

0 aimee 32 cee O 1) S42) [Suez 

Oe irs ea? 3ame3 1) %y43!= {Sues 

0 0 0 ay ay aay oy Sy 

0 0 0 0 Anges TTT uaa} | 

] - divided row 1 by ay + ary 

1 ot 0 o| | a a 

ay M41 ap S3MeT Ole eNel SM 

let 
a 

Ay = oo Reh lady A2-6 

and 

S 
By = et ee A2-7 

Ay jis the negative of Ay used in the computer program 

Appendix 4 and Appendix 5. 

2 - multiply first row by May and added to the second row. 

\1 A 0 0 | 4 By 
M M 

0 S a97By 21Me1 8 3Mat Smet] [Smet *y 21M 
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3 - divided row two by diagonal element, and let 

a 
3M+1 

Auge ee ES erence A2-8 
MET ap Baie 

and 

— Swat 7 Byam 
Bie = seshaaeee nt ue tc een ens A2-9 

2 ~ Ay®ime1 

1 Ay 0) 0 Sy By 

Oe ee ete lee Qua |= [Bue 

0 aimee 22 «aus 842) |Bue2 

4 - by repeat steps 2, and 3 for each line in turn and 

in general but 

a 
3n 

A oh eee eae » A2-10 
ein 

= Boe ayn 

ave te aceeeeeurhenld) 
e nelain 

  

These recurrence relationships can be used from 

a " M to N for A and 

cs ut M to N+] for B, by defining 

o
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This gives the anxiling matrix equation 

1 Ay 0 0 0 0 0 0 oy By 

0 ] Amst 0 0 0 0 0 Oey Buy 

0 0 1 Auso 0 0 0) 0 Oyo Buse 

0 0 0 1 Aus3 0 0 0 Og Bug 

0 0 0 0 0 [eA ae ye) [Bye 

0 0 0 0 0 0 1 AN oy By 

0 0 0 0 0 0 0 1 Oy Bua 

Hence 

yar = Bua 

but 
Ba eeee) 

A N 2. 13d B = evececesee Hole 
een. ) 

N 2.13d 

and 
® 

, = — #1 — eeaee vous A2-13 
(1 = “72.134) 

therefore 

By y= ——> Roser gas A2-14 
1+ Ay(1- /2.13d) 

and it is therefore not necessary to find Oued or Bute 

Py + Ay-1 y= 2y-3 

®y-7 = By-1 7 An-1 ny 

and the general relationship is 

Cs eC ie he ORR a eciaocbnci: 
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If there is a source of neutron 6 at the centre of the sphere, 

  the current at the inner boundary is ® > which is equal to 
4nh2M2 

do - OD de 

Oy 4 - oy) do _ , (m1 7 
BO a eet, ll 11 SNORE ata s'a)sis Sian ie A2-16 

The equation (6-29) for the inner boundary (1- = Mh) is now 

[- 2 (1q) - G + 2)] oy - z (144) yey 

o il = Sy + —s5 (1- a) eeueeeecny (AC= Uh 
M anhoMe M 

or 

(Bay Fl dou) ty Ba ses (@=) A2-18 1M 2M7"M 3M “M+1 M ‘nhoMe | ore eer 

This leaves Ay unchanged and 8, can be calculated by putting 

For the two region, the boundary between materials 1 and 2 

at n = J, equation 6-31, 6-32 and 6-33 becomes 

ol 1 Bese Vicia 6 Aes a aera A2-19 

  al +4) + Poe oe, eat Oa so A2=20 

and
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TRACE2 
MASTER ZAIN 

DIMENSION X(20),F(20),2(29) 
READ (3,12)NUM 
FORMAT (12) 

SUMZ=C .0 
SUMX=0 .0 
SUMX 
SUMX . 
SuMO=9.0 
DO 14 I=1,NUM 
READ (3,18) FCI) ,X (1) 
RORMAT (FS .1,F 5-1) 

ZCLDSALOG CECI) &x C1) #*2) 

SUMZ=SUMZ4+Z(1) 
SUMX=SUMX+X (I) 
SUMXZ=SUMXZ+X (1) #201) 
SUMK 2Z=SUMX2+X (1) *x (1) 

CONTINUE 
2M =NUM &SUMX 2-SUMK *SUMX 

(NUM *SUMXZ—SUMX*SUMZ)/T 
B=(SUMXZ*SUMZ—~SUMX*SUMAZ)/ 
dO 20 1=1,NUi4 
D=CA*X (1) 4+ (8-201) )) *2 

SUMD=S 
CONTI 
DALTA= 
WRITE(6,11)A,5,CALTA 

FORMAT (1X,F6.4,2X,F10.3,2X,F 6-4) 

DO 15 121,20 
READ(3,146)18 

Tt2) 
X2CAxIR +5) /TR**2 

WRITEC6,13)18,FLUX 
FORMAT (1X,12,2X,65 4) 

CONTINUE 
STOP 
END 

. 
»O
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