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The gamma-rays produced’ in the inelastic scattering of 14 MeV 
neutrons have been studied using a gamma-ray spectrometer employing a 
sodium iodide scintillation detector. The source neutrons are 
produced by the T(d,n)"He reaction using the Radiation Centre Dynamitron 
and.the SAMES accelerator. In order to overcome the large gamma-ray 
background and large stray neutron signal due to the sensitivity of the 
sodium iodide detector to neutrons, heavy shielding around the gamma- 
ray detector is used together with a particle time of flight discrimination 
system based on the associated particle time of flight method. The 
instant of production of a source neutron is defined by detecting the 
associated alpha-particle which enables discrimination between the 
neutrons and gamma-rays because of their different time of flight times. 
The electronic system used for measuring the time of flight of the 
neutrons and gamma-rays over the fixed flight path is described. 

The materials studied in this work were iron and concrete because 
of their importance as structural and shielding materials in the 
construction of both fission and fusion reactors. Several sample 
thicknesses were studied to determine the multiple scattering effects 
in large sample. The observed gamma-ray spectra from each sample 
at several scattering angles in the angular range 0°-90° enabled 
absolute differential gamma-ray production cross-sections and angular 
distributions of the resolved gamma-rays from iron to be measured and 
compared with published data where available. For the concrete sample, 
the absolute differential gamma-ray production cross-sections for 
discrete 1 MeV ranges and the angular distributions were measured and 
compared with cross-sections synthesized from the published cross- 
section data for the elements constituting concrete. 

The number of gamma-rays produced from each sample in the angular 
range studied were compared with the predictions of a theoretical model 
based on the continuous slowing down model and Permi-Age equation, 
Good agreement between experiment and theory is obtained and a single 
parameter found which describes the effects of multiple scattering 

‘in both materials. 
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CHAPTER ONE 

GENERAL INTRODUCTION 

Introduction 

Proposed fusion reactor blanket designs and shields bring 

into focus a large number of problems dealing with the interaction of 14 

MeV neutrons with different materials ,eq,Carbon, oxygen, aluminium, 

titanium and iron are among the materials possibly to be used in the 

blanket. The gamma-rays produced from neutron interactions are an 

important aspect of many problems concerned with nuclear reactor shielding 

and with radiation induced neating. 

As the present work is concerned with the interaction of 14 Mev 

4 neutrons which are produced in the fusion reaction T(d,n) He which is 

closely linked to the possible future nuclear fusion reactors, an outline 

of these reactions and reactors will be given in the followtng sections. 

dl sles Nuclear Fusion Reactions 

Nuclear fusion is a nuclear reaction in which light atomic 

nuclei combine or fuse together to produce more tightly bound heavier 

isotopes. An example of such a reaction is that which occurs between 

the two heavier isotopes of hydrogen, deuterium , D and tritium ; 1a 
1 

De > 3 motel 4 te + Le tL 7S Mey ] 1] 2 Oo 

This reaction releases 17.5 MeV of energy which appears as kinetic



energy of the reaction products (14 MeV with the neutron, 3.5 MeV with 

the alpha particle). 

The fusion reactions of particular interest to fusion reactors 

involve only the very light nuclei, because the larger the charges of the 

fusing nuclei, the greater the amount of energy required to bring them 

together. The main problem in using the fusion reactions tn a nuclear 

reactor is the question of how to get these nuclei to overcome the repuls- 

ive inipvoaniah among themselves and to induce nuclear fusion? The 

straightforward answer would be to accelerate one particle (say deuteron) 

to several 100 KeV energy and direct it onto a target consisting of the 

other particle (tritium), after all, this is the reaction used in the laborat- 

ory to produce 14 MeVneutrons. The main problem with this is the fact 

that the scattering cross-section which determines the number of scatter- 

ing interactions is a million times higher than the fusion cross-section 

which determines the number of fusion interactions; it would therefore : 

be necessary to arrange for the nuclei to collide with one another millions 

of times or they will probably not fuse together. This leads to the fact 

that a different approach is necessary. 

One way to bring the nuclei to the speeds required for fusion 

reactions is to heat them up, since temperature is a measure of the 

average kinetic energy of the atoms in a material. In fact, a gas ata 

temperature T is characterized by an average particle energy of 3/2 KT 

where K is Boltzmann's constant. Hence, it is required to heat the fuel



mixture (e.g. tritium and deuterium) such that the average atom velocities 

are 100 KeV or so. As 1 eV corresponds to 1.3 x 10° oes the fuel must 

be heated to the enormous temperature of 102°C , but since there will be 

a spread of energies about 3/2 KT, even at temperatures of 10°% there 

will be enough energetic nuclei to produce an appreciable number of 

fusion reactions. This scheme of heating the fuel to a sufficiently high 

temperature to induce a nuclear fusion is called "thermio- nuclear fusion". 

The second problem concerning the utilization of the thermo - 

nuclear reactions is that the nuclei must collide with eachother millions 

of times before fusion reaction is likely to take place. Hence, the fuel 

must be contained at this very high temperature for a period of time if an 

appreciable amount of fusion energy is to be released. The twin 

requirements to achieve thermonuclear fusion energy release are: 

des To produce and heat a plasma fuel to thermonuclear temperat- 

80 
ures ( 10KeV or1l0 °C) and 

Dee Confine it for a sufficiently long time in order to get out more 

fusion energy that initially invested in heating the fuel to that 

temperature in the first place. 

These two requirements are usually expressed by a mathematical 

relation known as the Lawson Criterion which can be expressed as a 

condition on the product of the fuel density times the time of plasma fuel 

confinement:



ee nt. ion” Shae T=10 Kev 

oD . ne SS 1° oi T= 100 Kev 

Lawson criterion is simply a balance between fusion and thermal energy 

and as seen above it depends on the type of fusion reaction. 

eZ Fusion Reactor System 
  

The basic principles of the main confinement systems has been 

used to provide conceptual design of fusion reactor assuming that suffictent 

plasma confinement can be achieved. In all these conceptual designs, 

the D-T fuel with an associated blanket containing some form of lithium 

are considered as the main features of the system. Figure (1-1) shows 

a generalised illustration of the cross-section of a possible fusion 

reactor. The plasma at a temperature of 10° LOnbx 10% °K de pending on 

the confinement donde pt is surrounded by a vacuum and a magnetic field 

which confines it and holds it away from the first a This wall is 

surrounded by a coolant (possibly liquid lithium or putassium moving in 

niobium tubes) which is usually part of the tritium breeding moderator. 

The moderator function is to slow the 14 MeV neutrons from the fusion 

reaction in the plasma and convert their kinetic energy to heat which is 

used to power the energy conversion equipment in order to produce 

electricity. In addition the moderator (where lithium is used) breeds 

tritium for refueling the plasma through the disintegration of lithium by 

neutron capture according to the equations



  
1- Plasma 10° OK 

3- Lithium Planket 

5- Lithium Coolant 

7- Lead Ganma-ray Shield . 

Figure (1-1 ) Section of possible fusion reactor based on Tokamak . 

2- Vacuum 

4- Graphite or Lithium 

6- Neutron Shielding ,Water or 

Suitable Material 

8- Magnet ( Super -conducting 

Coils at -268° K ) 

(1)



Li rts b at i at as + i 
Oo i 2 oO 

4 
and Oi FP as gee cre ay ss He 

3 ° 1 2 

The magnet coil is shielded from the 14 MeV neutrons firstly by a lithium 

blanket and moderator and secondly by specially designed neutron and 

gamma-ray shields. The neutron shield should contain mainly light 

elements to be effective against high energy neutrons, therefore, water 

and different types of concrete are used while the gamma-ray shield 

usually consists of lead for its high Z atomic number which makes it 

ideal as a gamma-ray shield. 

138. Reactor Shielding :- 

In the design of a nuclear facility, thought must be yiven to the 

protection of personnel, materials and equipment from the radiations 

associated with the nuclear materials used. Radiation shielding used to 

reduce the radiation exposure to people in the vicinity of the radiation 

sources is called "biological shielding", while other types of shielding, 

e.g. equipment and apparatus shielding are used to protect the core etc., 

or electronic apparatus, i.e. like the Cryogenic magnet coils. 

In the design of nuclear power plants,the gamma-rays and the 

neutrons are the important radiations from the standpoint of shielding. 

Lieu. Neutron Shielding : 

Neutrons are produced in reactors with relatively high energy,



(average 2 MeV in fission reactors and much higher in future fusion 

reactors), and since the absorption cross-sections are extremely small 

in the MeV region, neutron shielding thus involves the process of slow- 

ing down fast neutrons to the thermal range where the absorption cross- 

sections are high. For this purpose, two processes are available : 

see Inelastic scattering by medium and heavy elements for neutrons 

above the (0.1 - 1) MeV range, and, 

Cie Elastic scattering by light elements for neutrons below the 

(0.1 - 1) MeV range. 

A good neutron shield must thus contain heavy elements as 

well as light material. This brings into focus the importance of the 

present work which is the study of the interaction of 14 MeV neutrons in 

iron and concrete with particular emphasis on the inelastic scattering and 

the cross-sections for the production of gamma-rays following the inelast- 

ic scattering. 

Concrete is considered to be the most important shielding 

) -- Ordinary concrete with density (2.2 - 2.5 a ee is 
material a 

the most extensively used shielding material for several reasons. 

Concrete beside serving as a shielding material often serves also as a 

structural material. [tis also inexpensive compared to other shielding 

materials and is a good shield against all kinds of radiation. However, 

the generation of nuclear radiation heat within the shielding concrete can 

be a problem (due to the low heat conductivity of this material) since



abnormal stress concentration can develop inside the material. This 

problem could be solved by cooling the concrete either using water tubes 

embedded in the concrete or air flowing outside the concrete. Further 

discussion about neutron shielding is given in Chapter 4. 

Mee Ble Dis Gamma-rays Shielding :- 

Gamma-rays are produced in the reactor materials by the inter- 

action of 14 MeV neutrons via the inelastic scattering process as well as 

through the capture of neutrons that have been slowed down to thermal 

energies. A detailed knowledge of these interaction mechanisms as 

well as the reaction cross-section would lead to the correct calculation 

of the gamma-ray fluxes produced in the different parts of the reactor. 

The gamma-ray interactions with matter are discussed in detail in 

Chapter 4, but generally the heavier the element (high atomic number Z), 

the better it is as a gamma-ray shield. 

[Iron and concrete are extensively used for shielding purposes 

and they would be an excellent combination for shielding fusion reactors, 

as the neutron slowing down could be achieved by inelastic scattering 

by the moderately heavy iron atoms as well as by elastic scattering with 

the light atoms of the concrete constituents. [t can be shown, however, 

when a shield is suitably divided into alternating regions of iron and 

concrete in such a way that the attenuation of gamma-rays and neutrons 

proceeds at more or less the same rate through successive layers, the 

overall size and weight of the shield is reduced over that of concrete



4) 
shield alone ¢ ° 

L4, The Research Programme 
  

The aim of the research programme is to study the differential 

cross~sections for gamma-ray production following the inelastic scatter- 

ing of 14 MeV neutrons in possible shielding materials for future fusion 

TEAGLOTS « Since it is experimentally impossible to study all the relevant 

materials, attention is focussed on two materials, viz. iron and concrete 

since they represent the most favoured shielding materials as can be 

seen from the previous sections. Although several measurements (5,6,7) 

have been reported on iron differential cross-sections measurements for 

gamma-ray production and corresponding angular distributions, these 

measurements broadly fall into two categories: a) those using very 

thin scattering samples, and hence do not include the multiple scattering 

effects which are encountered in thick reactor shields, b) those specially 

designed experiments for fission reactor shields where the average neutron 

energy is about 2 MeV, hence the inelastic scattering processes do not 

predominate. From the literature survey undertaken at the beginning of 

the work, limited experimental data only was available concerning the 

effects of multiple scattering on the measured cross-sections, although 

the theoretical work on the subject using complex analysis with Monte- 

Carlo techniques has been reported in many papers (8, 9). 

Por iron, the differential cross-sections for gamma-ray prod- 

uction and the effect of multiple scattering at a neutron energy of 2.56



MeV has been measured by Day 619) and later by Kellie, etal., (11) 

for neutron energies of up to 9 MeV. The scattering sample thickness 

in these experiments did not exceed 0.5 mean free paths of the incident 

neutrons. Pourmansouri (12) studied the gamma-ray production 

cross-sections and the multiple scattering processes in flat iron plate 

sample with thickness of 4 cm corresponding to about one mean free path 

of a 14 MeV neutron in iron and reported the gamma-ray production differ- 

ential cross-sections per MeV. 

For concrete there is an absence of data available on the 

differential gamma-ray production cross-sections and most of the re ported 

aes) ; : C13 5T4 work is in the form of the measured dose or flux behind concrete shields 

Also information is given on the attenuation of neutrons in concrete 

shields (15,16) ' 

Schmidt (17) has reported analytical radiation shielding 

calculations for concrete based on removal diffusion theory. The macro- 

scopic removal cross-sections were synthesized from the published cross- 

section data for the elements constituting concrete. 

The aim of the present work is to provide data on the angular 

distributions for iron and the effect of the multiple scattering in thick 

samples on these angular distributions. It also provides data on the 

differential cross-sections per MeV for gamma-ray production from 

concrete, In addition, it tests the possibility of producing a simple 

mathematical model based on slowing down theory and the use of the 

10



published cross-sections for the published data on concrete constituents 

to synthesize the cross-sections for the neutron interactions in concrete. 

To obtain, the required data, a time of flight spectrometer was 

used and it is described fully in Chapter 3. 

11



CHAPTER TWO 

INTRODUC'NON TO NEUTRON INTERACTIONS AND SPECTROMETRY 

ZH. Interaction of Neutrons with Matter 
  

Since the neutron is electrically neutral, it interacts directly 

with the nucleus without being affected by the atomic electrons or by the 

positive charge of the nucleus, even when its velocity (or energy) is very 

low. Neutrons may interact with nuclei in one or more different ways, 

if the nucleus remains unchanged in either isotopic composition or internal 

energy after interacting with the neutron, the process is called "elastic 

scattering" abbreviated by the symbol (n,n), while if the nucleus is left 

in an excited state after the interaction, then the process is called 

"inelastic scattering" denoted by (n,n' ) symbol. Since the neutron 

reappears after the interaction, it is common to say that the neutron has 

been scattered elastically or inelastically when referring to the above 

processes although the emerging neutron may not be the same neutron that 

was incident on the target nucleus. 

Another class of interactions is known as absorption reactions 

in which the incident neutron is absorbed by the nucleus leading to the 

emission of one or more gamma-ray photons. This type of reaction is 

known as "radiative capture" denoted by (n, y ). The neutron capture 

may also lead to the emission of a charged particle such as a proton or 

an alpha-particle. Such interactions are known as the charged particle 

reactions and are denoted by (n), and the symbol of the charged particle 

12



produced, e.g. (n,p) reaction and (n,a ) reaction. 

At higher neutron energies, i.e. 10 MeV, neutron producing 

reactions of the type (n, 2n) and (n, 3n) occur, these reactions are clearly 

endothermic reactions since one neutron in the (n,2n) reaction and two 

neutrons in the (n, 3n) reaction are extracted from the target nucleus. 

eee Tneories of Neutron Interactions with Nuclei 
  

Zee The Compound Nucleus Theory 

(17) This theory proposed by Bohr is based on the postulate that 

nuclear reactions proceed in two stages: i) the formation of a compound 

nucleus by the fusion of the incident neutron and the target nucleus, 

followed by (ii) its decay into the reaction products in a manner inde pend- 

ent of the method of compound nucleus formation, and excitation depend- 

ing only on the properties such as the spin and parity of the com pound 

nucleus system. During the first stage, the energy of the incident 

neutron and its binding is snared between all the nucleons by a series of 

multiple collisions inside the nucleus resulting in high excitation of the 

compound system, eventually all or part of the incident energy is concen- 

trated in a particle near to the nuclear surface leading to the decay of the 

compound system by the emission of the particle concerned. 

At incident neutron energies of less than about 10 MeV, this 

theory has been found to yield good fits to experimental data(18,19) for 

example, it is able to account for large capture cross-sections and 

narrowly spaced resonances shown by nuclei under bombardment by 

a3



neutrons having energies of a few MeV. 

As the shapes and anisotropies of the angular distributions of 

the gamma-rays emitted in neutron inelastic scattering depend strongly 

on the properties of the relevant nuclear levels, it is possible to obtain 

unambiguous values by comparing the experimental measurements of the 

angular distributions with the theoretical predictions. For example, 

(20) 
Benjamin et al: , have found the spin and parities of the isotope 

98g) 

In spite of the success of the compound nucleus theory mentioned 

above, it does not provide an explanation of the diffraction structure 

including forward peaking as observed in experimental results for nucleon 

scattering at energies as low as even 6 MeV. 

Ue BOC Dy The Direct Interaction Theory 
  

The shortcomings of the compound nucleus theory gave rise to 

the direct interaction theory. Here an incident neutron would interact 

with the nucleus via the nuclear potential and the probability of absorpt- 

ion into a compound nucleus would be relatively small. Consequently, 

direct interaction may take place within the time period taken by the 

neutron to traverse the nucleus (10— sec). Direct interaction theory 

has successfully accounted for nucleon scattering of neutrons having an 

energy of 10 MeV. The fits to the experimental neutron data are also 

good . (21122523) 

14



In the range of incident neutron energies from 10 to 20 MeV., 

the neutron interactions are best expressed by a mixture of the two 

theories, hence Hauser and Fesbach (24) unified the different aspects of 

the nuclear reaction into a single theory. This theory was developed 

further by Weisskopf (25) and by Feshbach(26s27528.¢ discussed briefly 

below. 

CREE Unified Theory for Nuclear Reactions : 
  

Weisskopf proposed that any nuclear reaction proceeds through 

a series of stages illustrated in Figure (2.1) where one or more of the 

indicated reactions can take place. The first interaction called shape 

elastic scattering will be a partial reflection of the wave function. The 

part of the wave function which enters the nucleus undergoes absorption. 

Feshbash suggested that the first step in the absorption process consists 

of a two body collision, i.e., the incident neutron interacts with one 

nucleon in the nucleus and raises it to an unfilled level. If the struck 

nucleon then leaves the nucleus, a direct reaction has occurred. This 

process becomes more probable at higher energies because in this case a 

given nucleon would have a good chance of receiving enough energy to 

leave the nucleus. If the struck nucleon does not leave, the incident 

neutron (or the struck nucleon) may interact with a second nucleon in the 

nucleus thus raising this to a unfilled level and under proper conditions, 

the nucleus could be excited to a collective state after which one of the 

nucleons could leave. 

bie
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However, if this does not occur, each of the three nucleons can 

then interact with other nucleons until finally the energy sharing envisaged 

by the compound nucleus theory has occurred. 

2S The Time of Flight Technique 
  

The determination of neutron energy by measuring the time it 

takes to traverse a fixed flight path is a well known method of neutron 

spectroscopy. Although the method is straight-forward, when dealing 

with slow neutrons, a greater precision is required with fast neutrons as 

nano -second timing will be necessary. The time of flight technique 

can be used to produce suitable gating pulses in the study of the gamma- 

rays associated with the inelastic scattering of neutrons to se parate the 

gamma-ray and neutron events and to reduce background. 

This technique requires the establishment of two time signals 

(START, STOP) relating to the neutron production and detection respectively. 

An essential part of the time of flight measurement is the precise deter- 

mination of the time of origin of the neutron production. Two possible 

methods for time of flight measurement for neutron energies above 1 MeV 

are the "pulsed beam method" and the “Associated particle method". 

These methods differ in the manner in which the start pulse is obtained, 

while the "STOP "signal is produced when a gamma-ray or neutron is 

detected. 

The main advantage in applying the time of flight method to the 

study of the gamma-rays associated with the inelastic scattering of neutrons 

17



is the marked reduction in the background radiation contributing to the 

gamma-ray energy spectrum, which in turn leads to a marked improvement 

in the signal to background ratio. 

28 oes The Pulsed Beam Method 

In this method the neutrons are produced in bursts of time of 

duration 4 th a specific neutron can then be said to have originated at 

the given point at a certain time with an uncertainty At If the b* 

neutrons are produced by positive ion bombarding a target to induce a 

nuclear reaction, it is sufficient to produce the positive ions in bursts of 

time A te Consequently, the discussion can be carried out in terms 

of ton beam burst duration with the understanding that at the same time the 

discussion is meant to be about the neutron burst duration. 

Several means of producing the required bursts of ions are 

possible, vi2 (a) plasma pulsing, (b) beam chopping, and (c) beam 

bunching. The first method is perhaps the most direct since it has been 

found that the rf excited ion source itself produces bunches of ions at the 

excitation frequency. (30) However, this method suffers from the dis- 

advantage that it is rather inflexible and not susceptible to precise 

analysis and design since it is built around a gas discharge phenomenon. 

The beam chopping method has been the most commonly employed, 

it has been the first step even for the beam bunching method because with 

the sacrifice in beam required by (b), it is possible to achieve clean 

pulse definition before beam bunching. 

18



  

2.3.1.1. The Beam Chopping Method 

ING Post acceleration beam pulsing :- 

Figure (2 - 2) illustrates a simple technique used by 

Turner(3)) etal., to"chop" out short segments of a steady beam produced 

by an electrostatic accelerator. A sinusoidal rf voltage applied across 

a pair of plates P Sweeps the ion beam across a collimating slit S, so 

that a short burst of ions passes through at each crossing. Typically 

a 5 MHZ signal with a peak voltage of several Kv volts is used for the 

production of neutrons by positive ions in bursts of one or two nano-second 

duration. 

Ss d 
Collimatig limitig slit 

sli 
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Deflected beam P 
Undeflectd beam Deflector plats RF Oscillator 

    

Figure ( 2.2 ) Schematic representation of RF sweeping method for 

producing 10 ns pulses in the nano- second range. 

(From referance ( 31 ) 
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The flight of particles from the bombarded target to a detector 

may then be timed relative to the phase of deflecting voltage (32) or 

i : ‘ : (33) ; relative to the current pulse of the target itself. This methodsuffers 

from the fact i) that efficiency of utilization of a steady ion beam 

decreases with decreasing pulse length with the minimum usable pulse 

length being determined by the intensity of the initial beam and deflection 

efficiency and_ ii) the large background contribution created by the large 

fraction of ions which are discarded from the beam. 

The main advantage of applying this method is that in addition’ 

to defining the production of a neutron with uncertainty of F 1 MSs Le 

provides a time interval of about 100 ns during which the beam is held off 

the targe for the scattering and possible subsequent detection of gamma- 

ray Or neutron. 

Be Pre-acceleration beam pulsing: 

In this method developed concurrently by Parker et al., (34) 

(31) nu nce . and Turner et al., the beam "chopper" is introduced between the 

ion source and the acceleration tube. Since essentially no beam will be 

accelerated with such a system other than the short pulses produced, the 

background problem associated with the post-acceleration type is greatly 

reduced. Purthermore, this method is more efficient and greater ion 

burst peak currents can be achieved. The main disadvantages of the 

method is that pulse duration is longer than for post-acceleration beam 

chopping and the fact that the pulsing instrumentation lies within the 

20



terminal produces special problems such as the power requirements (high 

voltages) and axial space to release an adequate sweep lever arm. 

2.3.1.2. The Beam Bunching Method 
  

This method was first applied for producing burst of electrons 

by klystron bunching. A similar technique may also be applied to positive 

ion beams. However, in most important applications of pulses of ions, 

there is a premium on clearly defined pulses with few ions between pulses. 

Conseguently, most attempts to achieve bursts of positive ions by 

bunching consisted of employing bunching to increase the density of the 

ions in pre-existing pulses. This means that the beam utilization is less 

than 100%, with the exact amount depending in the attempts made on 

convenience or arbitrary choice. 

Bunching always consists of changing in a time correlated 

manner, the energy (or momentum) of a burst of ions in such a way that 

all the ions in the burst regardless of their relative original positions 

arrive at the same instant at some point on which all such ions converge 

tO. focus’ The ion beam is first chopped to produce relatively long 

ion bursts of about 30 ns duration, then these ion bursts are bunched into 

intense short bursts of about 1 ns duration by either a Mobley-type (35) 

magnet (36) 4, Klystron buncher as it has been described by Stelson et al., 

(37) for use with concroft-Walton accelerator, and by Oliver et al., who 

used a Klystron buncher with Liverpool HVC 12 MeV Tandem Van de Graaf. 

36 
In Stelson et al., GP system, a 250 uA deuteron beam was 
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chopped into bursts of 30 ns duration at a frequency 4.5 MHZ. The beam 

was accelerated to 140 KeV. The pulsed beam then passed through a 

nollow tube which served as a signal pickup. The induced signal was 

delayed, amplified and then used to drive a three-stage tuned amplifier 

to provide a sine wave output waich was amplified further by a one-stage 

power amplifier. Tne in turn drove a remote tuned circuit connected 

directly to the Klystron buncner electrode. The beam was then velocity 

modulated in the Klystron tube to less than 2 ns duration with a peak pulse 

intensity of between 3H Aand 4u A. 

(37-6 ported that under typical conditions with the Oliver etal., 

high energy chopper slits opened wide so that they did not interfere with 

the d.c. transmission, 10-12% of the beam is obtained in a 2 ns wide pulse 

with a repetition rate of 5 MHZ. The corresponding figures fora lns 

wide pulse was 6%. The above efficiencies were found to be essentially 

independent of beam energy. 

A full discussion of the methods discussed above has been 

38) More recent work employing the pulsed 

(39, 40,41) 
beam methods can be found in the references where pulses 

made by Neiler and Good. 

have been produced with duration < 1 ns with a pulse frequency of 2 MHZ. 

ZC 2S The Associated Particle Method. 
  

The associated particle method can be used to define the instant 

of neutron production if the neutrons are produced from highly exoergic 

reaction. Two such reactions for the production of monoenergic neutrons 
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are the T(d,n) “He reaction and the Bid wi ie reaction. [In each of these 

reactions the charged particle is produced with sufficient energy to be 

detected hence providing a "zero time" signal for the neutron time of flight 

measurement. The uncertainty in the neutron production time from the 

T(d,n)*He reaction is usually less than l ns. The timing uncertainty is 

a function of the energy loss of the alpha-particles in escaping the target 

and the time resolution of the alpha-particle detector. 

(42) Scherrer‘et al,, pioneered using 1(d,n)*He, associated 

particle method, and they were unable to separate scattered neutrons from 

gamma-rays produced in the sample. The method has been used by 

several workers(22» 44,45) to observe the gamma-rays produced in the 

inelastic scattering of 14 MeV neutrons. The method has three distinct 

advantages: i) ad.c. accelerator is used hence, eliminating the 

complications required by the pulsing methods, ii) with the scattering 

sample positioned such that it subtends all the defined neutron beam, a 

neutron start pulse is obtained only when a neutron penetrates the sample 

and this gives a better signal to background ratio and _ iii) with the 

T(dyn) He and the Di, n) He reactions two particles only are produced, 

resulting in the two detector angles being no longer independent hance the 

direction and flux of the neutrons are accurately known if the position and 

(45) efficiency of the associated particle detector are known. 

The limitations of this method are not so easy to analyze since 

several sources of background must be taken into account and the exact 

details of geometry and room scattering must be considered. A disadvant- 
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age of the method is that the neutron yield is restricted by the high count 

rate in the alpha-particle detector. 

The application of pulsed beam method depends primarily on 

producing target current burst of high peak value to give a workable signal 

to background ratio. To produce intense ion bursts of 1 ns duration 

requires sophisticated apparatus like those described by Huber et al., (46) 

Haught et al.(4@nd Dickens et al. A7) ‘ For the present work, since 

neither space nor facilities were available, the associated particle method 

was adopted for the time of flight discrimination technique used. The 

experimental arrangement is discussed in Chapter 3. 

2.4. Survey of the Experimental Methods 
  

The experimental methods available for differential gamma-ray 

production cross-section measurements in first neutron interactions are 

governed by the experimental conditions. The dimensions and construction 

of the scattering room determine the amount of shielding required in order 

to achieve a workable signal to background ratio. There are two basic 

techniques i) open geometry which refers to the case where the minimum 

amount of shielding is used in contrast to the ii) closed geometry method 

where fairly massive shielding is used around either the neutron source, or 

the gamma-ray detector or both. 

DAA Sle. The Open Geometry : 

The experiments using the open geometry arrangement need to 

be carried out in a large scattering room to minimize the scattered back- 

24



ground from the walls and the floor of the scattering room. With this 

method, a large scattering sample in the form of ring is used with its axis 

on the line passing through the source and the detector. A shadow bar is 

placed along this line to remove the direct beam. Figure (2-3) shows a 

plane view of a typical ring geometry arrangement. 

The scattering angle is varied either by moving the scatterer or 

the detector along the axis or by using rings with different diameters. 

The main advantage of this arrangement is that greater scattered intensity 

can be obtained for a given angular resolution and scatterer thickness, 

however, the angular resolution for this geometry is generally poor. 

48,49 
The open geometry has been used by many Go aers* 7 but it is mainly 

limited to pulsed beam spectrometers where time related neutrons are 

produced in all directions. 

VAs? : The Closed Geometry 
  

This geometry is usedwherea limited space only is available for 

the experimental arrangement. Usually, the detector is heavily shielded 

from the neutron source, the scattered neutrons and the spurious gamma- 

ray radiations. The scattering sample is in the form of a cylinder or flat 

plate. The associated particle time of flight technique is used with this 

geometry to provide a furtherfeduction in the background as discussed 

earlier. 

This closed geometry method has been used by several workers(90, 51) 

as 
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the scattering room which was available for the present work is relatively 

small, hence the closed geometry method was adopted in the present 

experiments. The scattering samples used were rectangular plates which 

results in a simplification of the calculation of the correction terms in the 

general equation for the differential cross-section. Figure (2-4) shows 

Closed geometry arrangment with flat plate plate scattering sample . 
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C HAPTER THREE 

THE EXPERIMENTAL SYSTEM 
  

As the work is concerned with the measurement of the different- 

ial cross-section of the gamma-ray production following the inelastic 

scattering of 14 MeV neutrons from concrete and iron samples, the 

present Chapter is devoted to the experimental system. The production 

of neutrons, neutron monitoring, the electronic system and the scattering 

samples will be discussed. 

Bical; The Experimental Arrangement for the Associated Particle 
. 4 

Method Using the T (d,n) He Reaction : 

Neutrons were produced from the és n) 16 reaction by 

bombarding a titanium-tritide target with deuteronshaving an energy of 

about 140 KeV produced by the S.A.M.E.S. type J accelerator described 

below. 

3.1.1. The S.A.M.E.S. Accelerator 
  

The accelerating voltage was supplied by a d.c. electrostatic 

generator harm antes dy sealed in a hydrogen atmosphere. The accel- 

erating voltage can be varied continuously from zero to 160 KV. The 

voltage stability as quoted by the manufacturers is about 1% at 150 KV, 

the observed stability is about 4% depending on humidity and temper- 

ature during the runs. 

The ion source, is a 100 MHZR. F. source supplied with 
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deuterium gas through a thermally activated palladium leak. The ions 

were extracted by a potential variable from zero to 6 KV and the maximum 

ion source output current is 600 y A. The extracted beam has a two 

stage potential drop to earth, the focus electrode is adjustable from zero 

to SO KV and an oil immersed Cockroft-Wallton generator supplies the 

power for the focus electrode. The control consul is connected to the 

ion source, deuterium gas leak, beam extraction and the focussing inside 

the high voltage terminal via a 150 KV isolation transformer. The 

S.A.M.E.S. accelerator is shown in Figure (3-1). 

Sel iy The Beam Tube and The Target Assembly 
  

The accelerated dtuterms were passed through a 6 metre long 

evacuated tube tothe tritiated - titanium target in the scattering room. 

The tube was evacuated to a pressure of about 5 x 10 torr with the main 

pumping stage being part of the accelerator and additional pumping stage 

being provided at the target end. The pumps consisted of a backed oil 

diffusion pump with liquid nitrogen refrigerated baffels. A cold finger 

was positioned above the auxiliary pumping-stage to maintain a good 

vacuum in the target assembly and to stop oil and other contaminants 

being deposited onto the target. 

Additional beam focussing was necessary due to the length of 

the beam tube, and this was accomplished by a pair of electrostatic 

( quadrupole which have been discussed in detail by Baynham 

A pair of electrostatic deflector plates further down the tube enabled the 

2g



 
 

The S.A.M.E.S. 

Accelerator 
Figure (3-1) 

 
 

30



target current to be optimised. A typical deflector peak voltage was 

- 1 KV, and the voltage on the quadrupoles was + 1.8 KV. Figure (3.2) 

shows the quadrupole lenses and the deflector plates. The target 

assembly was supplied by Multivolt Limited, anda full description of it 

Ai 50) was reported by previous workers OMS ) The target assembly is 

shown in Figure (3.3). An aperture slit was used to limit the area of 

the target bombarded by the deutrons. The target was water cooled to 

minimize the evaporation of tritium due to the heating effect of the 

deutron bombarding. 

The target consists of an annular disc of titanium loaded with 

tritium, the whole assembly being contained ina stainless steel case 

incorporating a water cooling system. The target had an outer diameter 

of 143 mm was 31.8 mm wide and contained about 6.2 mCi of tritium per 

2 
uber 

Since the bombarding deuteronseject electrons from the target 

and the diaphram, it was necessary to prevent these electrons back- 

streaming to the accelerator, this was achieved by raising the target and 

diaphram potentials to + 200 volts. As shown in Figure (3.4), the target, 

the aperture flange and the main beam tube were insulated by araldite 

Spacers in order to maintain the suppression potentials which were produced 

by taking the target and diaphram currents to earth via large resistors. 

An avometer in series with the target and diaphram suppression resistors 
~ 

enabled the currents to be monitored. 
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Figure (3-3) The target assembly 

33



SMeTs 
Hbupyetnsul-g 

* 
s
j
e
t
d
 
a
m
q
r
e
d
y
 

-/ 

* 
weeq 

uozeqneag 
-9 

“ 
e
q
n
}
 

w
e
e
q
 
U
T
E
 

-<G 

SITPTeAW 
-P 

a
t
o
s
s
e
z
d
d
n
s
-
¢
 

b
u
t
q
t
o
o
o
 

7
e
q
9
e
M
 

-Z 

qe6bre} 
WNTITAL 

-T 

* 
ATQuesse 

2a6TeZ 
oA 

JO 
yAeys 

(p-C) 
emMHTy 

 
 

 
 

 
 

 
 

 
 

  

 
 

  

tj 
 
     

 
 

   
 

  
 
 

 
 

  
 
 

 
 

  y’ 
 
 

 
 

 
 

  
  

 
 

 
 

  
  

 
 

  
  

 
 

 
 

 
 

  

A 
a 

\
\
 

x 
=
 

\ 
x 

% 
ce 

; 
S 

A
 

W
E
E
 

| 
W
h
e
 
S
T
 

e
e
e
 

v 
€ 

(oO 

Ww 

  

34



3. Ss The Alpha Particle Detector   

Alpha-particles can be detected with 100% efficiency because 

they are highly ionizing particles due to the fact that they are relatively 

heavy, doubly charged particles. For the present application, the 

detector had to meet the following requirements; 

Bh A high alpha particle detection efficiency 

Des A low neutron and gamma-ray detection efficiency 

Ce= A fast response time and 

a.- Insensitivity to radiation damage. 

[It was possible to use either a semi-conductor detector or 

scintillation detector and a detailed consideration of the properties of 

( 
each of the two detectors has been given by Baynham j 

The main two advantages of the plastic scintillation detector 

compared with the semi-conductor detector are : 

by The Plastic scintillator is less susceptible to radiation damage 

under long irradiation times and 

Ze. The plastic scintillator has a better response time than that 

of the semi-conductor detector, the rise time in the plastic 

scintillator being about 1 ns compared with about 6 ns in the 

semi-conductor detector With modern electronics , this can 
be reduced to considerably less thar this value . 

These two properties make the plastic scintillator more suit- 

able for the hano-second timing required in the time of flight technique 
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employed in this work. The alpha- eericies were detected using an 0.5 mm 

thick sheet of plastic scintillator (N 102 A) mounted on a perspex flange 

which acted as a light pipe and a vacuum seal, the perspex was optically 

coupled toa "Phillips" 56 AVP Photomultiplier tube. The scintillator 

was a disc 25 mm in diameter mounted behind an aluminium plate 1 mm 

thick. A rectangular aperture in the plate (11 mm x 19 mm) was used to 

define the solid angle of the detected alpha-particles. The scintillator 

was placed 90 mm from the target this geometry defines the beam of alpha- 

particles detected with semi-angles - 5° and et in the vertical and the 

horizontal planes respectively. 

A thin aluminium foil (0.0044 mm thickness) was used to stop 

the beta-particles produced in the decay of tritium and the deuterons which 

had been scattered through 90° reaching the detector. 

The dynode resistor chain which supplies the dynode voltages 

is shown in Figure (3.5). Equal voltages are applied between the 

dynodes, a design recommended by the manufacturers, for high gain. 

The photomultiplier tube was operated with the anode at zero potential 

while the cathode was kept at -ve H.T., the output pulses were taken 

from the anode via a 50 2: resistor. This arrangement eliminated the 

necessity of an emitter follower amplifier to match the signals through 

the cable to the electronic system. 

Figure (3.6) shows the alpha-particle detector which was 

oO 
positioned in the arm of the target assembly at 90 to the deutron beam 
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as shown in Figure (3.3). 

Steen The Neutron Source :- 

Sia les The Kinetics of The T(d,n) 4 ite Reaction :- 
  

For any nuclear reaction the following conservation laws apply 

in the centre of mass system of coordinates. 

i) Conservation of charge, 

ii) Conservation of the total energy, 

iii) Conservation of linear and angular momentum, and 

iv) Conservation of parity (strong reactions only). 

4 
The T (d,n) He reaction can be represented by a two-body 

collision in both the laboratory and the centre of mass system as shown 

in F@ure (3 67), The mathematical equations relevant to the reaction 

are given’ in Appendix A. 

  

  

aL 

d T 

oa 
°n 

n 

Laboratory system Centre of mass system 

4 
Figure (3.7) The T(d,n) He reaction in the laboratory and the center of 

mass systems. 
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SZ The Angular Range of Neutrons [n The T (a He Reaction :- 
  

As mentioned in Section (3.1.3), the alpha-particles emitted 

at right angles to the incident beam, i.e. (o, = 90°) were observed by 

the alpha-detector which remained fixed in the target assembly, there- 

fore, it was necessary to consider neutron emission angles associated 

with an alpha-particle detector centred at o5:7= 90° 

Due to energy loss by deutrons encountered in penetrating the 

target, neutrons were produced in collisions with the deuterons having 

energies in the range(Eq) in = 0 to(Ed ax. = 140 Kev. 

The general relationship between o, and in the laboratory 
a 

system is given by 

  

  

  

-; Sin 29 + Sin @ yer? - sin’ o 
tan vy Pp n n cs. &) 

- Sen e  $.Cos a4 cay v7) —Sinte. - (Sd 
TY n n mn 

V 
a C Jew 4 ae 

where Y=. where 3V and V_ denotes the velocities 
V Cu n 

n 

of the centre of mass and that of the neutron in the centre of the mass 

respectively. 

For the special case of Fa = 0, the relation becomes 

Wa KOO ce ge (3.1.a) 

In figure (3.8), is plotted vs. for different values of deuteron %, by 
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energies between 0 and 140 KeV, from which for any specified angular 

spread of alpha-particles in the reaction plane, the angular limits of the 

associated neutron can be determined. 

See) The Neutron Beam Profile 

The cross-section of the T(d,n)‘He reaction depends on the 

deutron energy Fa as shown in Figure (3.9). Since different values of 

Eg produce Mier ant values of bn , the neutron yield varies with es : 

This is described by the neutron beam profile which can be calculated if 

the variation of the neutron yield with the deuteron energy yi is known. 

Soak The Neutron Yield :- 

The different cross-section for the T(d,n) He reaction has 

been measured by several workers(53354,55) for different deuteron energies. 

The angular dependence of the differential cross-section of the T(d,n) “He 

reaction in the centre of mass system was found to be isotropic for Ey up- 

to 200 KeV by Allan and Poole (55) and for Eq upto 570 KeV by Argo et al(54) 

The total neutron yield from a thick target per incident deuteron of energy 

Ed per unit solid angle is given by 

Ei ey 
et dw 

ry: = pe pone RE ee ae d Bee (32) 

fe} (d E 4/dx) 

where 

n = no of tritium atoms / cm 
t 

4 
(d o /dw’) = The differential cross-section for the T (d,n) He reaction 
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4 
Figure (3-9) The differential cross section for the T(d,n) He 

reaction vs deuteron energy 
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in the centre of mass system, and 

(d E ,/ dx ) = The rate of energy loss of deuterons of energy Ed in the 

titanium tritiated target. 

Equation (3.2) assumes that the incident deuteron flux is 

constant throughout the target which is an acceptable approximation since 

only a small fraction of the duetérons interact with the tritium in the target. 

Ste Ot: aa Calculation of ny 

In calculating the number of tritium ateneven* . the loading 

factor in the target was considered to be unity. The density of titanium 

is 4.54 sheer and since the volume expansion of the hydride is about 

15%, the density of the loaded titanium can be calculated from 

: (M.W) nip < 

PTT rr PT 
ah 

x (1 - volume expansion) (3.3) 

So the density of the loaded titanium is 

488 oe 3 Pip = 48 x 48 x 0.85 4.1 gm/cm (35:3 <a) 

56 
The percentage error in the calculated density is about 5% ( ). 

3 
Hence the number of tritium atoms per cm’ in the target is 

ome 
£ 

A vir 

4.1 x 6.023 x10°> = eT gare oe = side elOee By 

Hy



3.3.1.b. The Stopping Power of the Deuteronsin the Target 

The rate of energy lossof deuteronsin the titanium-tritium target 

is given by :- 

=) -( Api ) dE . ( Ap ‘ dE, ia) 
3( ee Se 5 

oe (M.w) ” (M.w) * m 
aT Ty wie aT 

  

where (dE/dX) represents the rate of energy loss and the subscripts TiT, 

Ti, and T represent titanium-tritium target, titanium and tritium 

respectively. 

(56) 
Benvensite et al., obtained (dE/dx) by using Warshaw's 

measurements on the rate of energy loss of protons in various elements 

in the energy range 50 to 350 KeV and assuming that the energy loss is a 

function of the velocity of the particle only, i.e. 

(2E) (3.6) ales ak (E) = (dE/dx) 

The stopping power for deuterens in tritium has been found from 

(57) 
the rate of energy loss data in hydrogen by Reynolds et al., and also 

from Phillips measurements on proton energy losses in hydrogen and 

helium. 

The stopping power in the titanium-tritium target was found by 

combining the stopping powers in both materials using equation (3.53; 

and the result is shown in Figure (3.10). 

45



‘ee 
mired a 340.) 

(Kev /m/Cm* . 

3007 

260. 

22.0 

180. 

1404 

100   
  x 1 T : T " T Y t 

1.00 200 300 400 500 

Eq (KeV) | 

Figure (3-10) The.stopping power of deuterons in 
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Using the above, the neutron yield per incident deuteron per mit 

solid angle can be calculated from equation (3.2) and applying numerical 

integration, ie. 

do dE 
Y a t. > {43 yf ae | AE (352 sa) 

E 

    

This has been evaluated numerically in 25 KeV steps from Es = 0 to Ey = 

\ (56) 
500 Kev and the result is shown in Figure (3.11). 

The neutron beam profile is finally calculated from Figures 

(3.10) and (3.11). The calculation is performed in one degree (1°) 

steps for each value of +. in the range $e = Py to ? = ee 

Figure (3.10) was used to determine the yield that this range 

of values of deuteronenergy can produce. This was done using the area 

under the curve in the relevant range of Ed, the areas are then normalized 

so that the maximum yield is unity. The resultant neutron beam profile 

is shown in Figure (3.12). The full width at half maximum is about 12 

degrees and the total width of the beam of the associated neutrons is 1 

degrees. 

Soe ae The Anisotropy Factor 

The relation between the solid angles in the centre of mass 

and the laboratory systems is called the anisotropy factor, i.e., | 
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awe Siti. 6 a (Chwtat 
dw sin @ do (Lab.) 

The relationship between 6 and “) is given by 

m 2 2 + f 
a a ! = Sin @ = ~27Cos b al - sin”, | (3°08) 

  

  

  

where 

Vv. 2 m (rs am) m 
ae ae ( as ) ee d T z oe 

2 : ms d i Vo .M mn m4 my * Mer . 

(3.9) 

From equation (3.7) and (3.8) 

/ BL Pe 2 
, e(Cos F ea gyi Bin: oO ) 

ec a (3.10) 
dw . . : 

e ps - Sin” <¢ 
y 

/ ‘ 

) for the alpha-particles, ie. fos equation (3.10) 
dw ‘ 

  To find ( — 
dw 

can be used with 

  

m m T m P Q 

af) s = ( ¢ ah E | (3.9.a) 

Equation (3.10) has been evaluated as a function of on and °E. “the 
a 

results are shown in Figure (3.13) from which it can be seen that in the 

deuteron energy employed in these experiments, the anisotropy factor can 

be taken as equal to unity. The error introduced by this approximation 
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is less than 1%, especially in the calculation of the neutron line shape 

to be discussed in the following Section. 

O95 Oe The Neutron Line Shape : 
  

The energy distribution of the neutrons at any particular 

laboratory angle is referred to as the neutron line shape, and is of a 

particular interest since it shows for a specific experimental geometry, 

the energy spread of the neutrons striking the sample. The dependence 

of the neutron energy on the angle of emission . and the energy of the 

incident deutron is given by, 

  

  

m m 

En (Fa. a! gee ) I r 5 Ce ,) : qr a Md 

2 Cos >, 

(ase ae ee 
fan. Oe ae . m., + nite m,+m, d ™p ; 

a a 
2 2 

mg mm : in, Eq Q| f mm Eg Sin’ 9 | 
ad = 

Con’ etem) (my +m) m q Bg * Q-(m,tm,) 

When the values of the masses and Q are substituted in (3.11) the 

~ 

resulting formula is 

-+- 

EL (Eg. o,) = 0.08 EgCos (2 >) + 0.84 10.6 Eg t 17.6) = 

/ Ea Sin? 7. 
0.4 Cos ot. bee, Fd (0..6.Eq + 17.6)-(1- 79 (0.6 Ey 7.8) 

al 

  

(3.12) 
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The ordinate of the line shape can be either the evaluated neutron yeild 

or the relative neutron yield, ie. a quantity proportional to the yield. 

The quantity plotted as the ordinate is 

(do(E) / dw) dw? 
A (6, 5) a { ( ) (3.13) 

(a EB Saxg dw 

  

  

Figure (3.14) shows the resulting neutron line shape for different values 

of by Figure (3.15) shows the same parameter for .. = es" : 

Useen. The Scattering Sample 
  

3.3.4.1. The [ron Samples 

The iron samples used were alloys containing 90% iron, 

the other elements present in these samples were nickel, and impurities 

such as carbon and oxygen, but these materials introduce no interference 

with the experiment due to the small amounts present and the different 

Y -rays they produce as it can be seen in Table (3.1). 

Table (3-1) Gamma-ray energy levels from iron, carbon and oxygen 

  

  

  

Element Gamma-ray energy levels Mev 

os gnd 3rd 

SF. 0.84 1: 2A 1.81 

2 | ee 9. 

16 

: 6,05 6.14 a          
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The samples were rectangular in shape with dimensions 20 x 17 

cm and thicknesses of 2, 7.6 and 10.4 cm for the three samples used 

corresponding to 0.5, 1.66 and 2.33 mean free paths respectively at 

the neutron incident energy of 14 MeV. 

p 3 
The density of these samples was taken as 7.6 gm/cm’. 

3.4.4.2. The Concrete Samples 
  

The concrete samples used were ordinary concrete specially 

treated by ultrasonic waves to increase the density to 2.5 Fen” 

This treatment has no effect on the chemical composition of the concrete. 

The chemical composition of concrete is so complicated that it is rather 

impossible to predict a chemical formula that would describe a hypothet- 

ical concrete molecule. 

Table (3-2 ) below gives the main compounds entering in the 

composition of Portland Cement which is only one of four materials which 

constitute portland concrete namely cement, gravel, sand and water. 

Table (3+2) The chemical composition of Portland Cement as given in 

  

  

(86 ) 
reference ° 

Description + Chemical % in Composition Percent 

Abbreviation Formula Cement*|c-0 SiO, Al.O.. fe,0 
a 2 23 2238 

  

Tricalcitum Silicate | 3Ca 0.Si0 5461 Toe, 23 - - 
oO 2 
wo           Continued. 
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Di calcium Silicate |2 Ca 0.Si0, t 62.6 6a.) 34.9 ~ - 

(C,8) 

Tri calcium Aluminate 

(CA) 3.Ca0.Al,0,| 10.8 | 62.3 S873 

Tri calcium Alumino- 9.2 

ferrite 

(CA F)             

The samples were rectangular plates in shape with dimensions 

23 x 15 cm and the thickness of each plate was 2.5 cm. The different 

samples consisted of 2, 5, 8 and 10 plates giving sample thickness of 

9, 12.5, 20 and 25 cm respectively. 

55.0% The Electronic System 
  

As the time of flight technique was used to discriminate between 

neutrons and gamma-rays, the electronic system used consisted of two 

main parts, namely, 

Le, The time of flight electronics, i.e. (Timing Line) 

a The Y-ray energy measurements, i.e. (Linear Line) 

SO les The Time of Flight Electronics 
  

The original timing circuitary has been reported by Conne] 5°) 

then modified by Allenby (OB)? £6 give better time resolution, the circuit 

at



used by Allenby is shown in Figure (3.16a) while the circuit used in the 

present work is shown in Figure (3.16b). 

The gamma-timing pulse was taken from the anode and fed 

through coaxial table to the Ortec 463) unit which incorp arates a dis- 

crimination level and a constant fraction discriminator circuit which 

triggers at a constant fraction f of the input pulse height, thus elimin- 

ating the "walk" problem as the circuit triggers on the same phase point 

( 58,59), 
on each pulse This timing pulse was used to start the time 

convertor. 

  

‘Vv 

Voltage of 

input pulss w n 

Triggering 
level £ 

cS
 

ct
 

oh
 e

at
en
     t 

| 

ke 
  

Tire (t) 
Fig. (3.17) Timing error At due tothe "walk problem. 

The alpha detector has been altered as discussed in Section 

3.1.3, the second timing pulse was taken from the alpha detector 

(anode pulse), and fed to delay generator which can provide a continuously 
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variable delay from 100 nS toll04u S. This delayed signal was used 

to stop the time convertor. 

The time convertor used (NE 4670) manufactured by Nuclear 

Enterprises had a variable time conversion range which could be varied 

between (0-50) nS to (0 - 200K S). The output provided from this time 

convertor ranged from 0 to : 10 volts depending on the output polarity 

required. 

The y-ray pulse was used to start the time convertor as the 

% -ray line has the lower count rate than the alpha line ( 104 counts/ 

sec. compared with 8 x ie count/sec), so the dead time of the time 

convertor is reduced and consequently the random coincidences are reduced. 

The time resolution obtainable with this system is shown in Figures 

( 3-18  ) through to Figure (3-20  ), and the results are 

shown in Table (3-3) 

  

  

  

TABLE (3~3) 

Sample Scattering angle Bg nas Ms Coe: 

Poet Moc. | t/t PMC, 

= 0 3319 nS 9ns 

Iron 2 cm 50° 6.7 7.5 9.5 12.5 

° ‘ 40 10 15 16 24 

Concrete 2" 30° 7 10 7 21 

Concrete 3" 700 12 12.5 17 _                 

Table 3.3 Time resolution obtained using the electronic system 
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Figure (3-19) Typical time-spectrum from thin iron sample at 

scattering angle of — Sample thickness= 2 cm. 
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The pulses due to the detection of neutrons can be seen also 

to form several peaks, with the main peak due to the elastically scattered 

neutrons with an energy of 14 MeV as can be verified from the time 

difference relative to the gamma-ray peak. 

As the detector sample distance was kept constant through all 

the measurements at 140 cm, the obtained resolution was adequate to 

allow the gamma and neutron peaks to be completely resolved, 

O80 eis Setting the Discriminator Levels 
  

Figure (3 -21) shows the spectrum obtained from the alphas 

particle detector before applying any discrimination level. The (ORTEC 

436) unit was used to eliminate the low energy noise and to pass the 

4 
3 MeV a-particle pulses from the T(d,n) He reaction. 

The detector output was amplified by using the ORTEC 485 

linear amplifier and then gating the resulting pulses by the discriminator 

output which is governed by the discriminator's level as shown in 

Figure ( 3-22 ). As the discriminator's level was increased pulses 

below this level were not passed and therefore, the linear gate remains 

closed, thus, the low energy end was removed. Figure (3-21 ) the 

dashed line shows the resulting spectrum with the discriminator's level 

Set ati] .o. 

The gamma-ray discrimination level was set in a similar way 

using the circuit shown in Figure ( 3+23 ), gamma-ray sources were 
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Figure (3-21) The alpha-particle pulse height spectrum from the 

(Gem) ‘. reaction . 
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used to set the discrimination level at a value appropriate to the gamma- 

: : ; : 137 ats 
ray energies being investigated. Cs YV-ray source emitting 0.66 

MeV Y -rays was used to set the discriminator level for the iron measure- 

60 ; ee 
ments and Col.17 MeV Y-ray peak was used to set the discriminator 

level for the concrete measurements. 
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Figure ( 3.23 ) Setting the gamma-ray discriminator level. 
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31.0%. « The Linear Line (Energy) Electronics 
  

The y-ray pulses for energy measurements were fied from 

the ig dynode and matched into a coaxial cable by an (ORTEC 113) 

preamplifier. The output of the preamplifier was then amplified by a 

linear amplifier (ORTEC 485). The pulses are then gated by the output 

of an (ORTEC 420 A) single channel analyser which has its window set 

over the gamma-ray peak in the time spectrum and finally analysed by the 

pulse height analyser. 

The completeetectronic system is shown in Figure (3,24) 

S.o04, Energy Scale Calibration 
  

The radioactive sources listed below were used to calibrate 

the energy scale, the circuit used for the calibration is that shown in 

  

  

Figure (3-23) , with the discriminator level set at minimum. 

Source Gamma-ray Energy (MeV ) 

nS Tes 0.662 
223 O07 Styl 228 

Os Pilasee £3 32 

Am-Be 4.43 (3.92, 3.41 escape peaks)         

Table (3-4) List of radioactive sources used for energy scale calibration. 

A linear calibration relating the channel number to the gamma-ray 

energy was obtained . 
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3 Ose The Energy Resolution :- 
  

The energy resolution of sodium iodide detector is measured 

by the peak to valley ratio obtained in the energy spectrum of plete 

The energy resolution depends on the crystal size and the photomultiplier 

tube employed. The detector used in the present work employed a 76.2 

x 76.2mm Nal (TI) crystal optically coupled via a 100 mm long 

converging light pipe of perspex to a 56 AVP photomultiplier tube which 

has a 55 mm (2") diameter photocathode. The system achieved a peak 

to valley ratio of 1.17 : 1 as shown in Figure (3,25). A full account 

of the gamma-ray detection system is given in Chapter (4). 

O10 Or The Energy Spectrum 
  

The complete electronic system used to accumulate the gamma- 

ray energy spectra is shown in Figure (3.24). The single channel 

analyser was set such that only the pulses in the Y -ray peak in the 

time spectrum produces output pulses from this unit to open the linear 

gate, thus pulses due to neutrons are cut-out anddonot contribute to the 

background except in random coincidences. 

The number of incidentneutrons was obtained by counting the 

associated alpha particle pulses on a scaler, at the same time, the 

gamma-ray energy Spectrum was accumulated on the pulse height 

analyser. The process is then repeated for the same alpha count (total) 

with the sample removed and the P.H.A. in the subtract mode in order to 

subtract the background. 
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Figure (3.25 ) Gamma-ray spectrum from Co-60 source showing the 

Peak-to-Valleyratio . 

44



The process is repeated until the number Of counts’ in the 

accumulated energy spectra is high enough to reduce the statistical error 

to an acceptable level. 

The gain of the system was checked between each run and 

there was no appreciable shift in the gain over a period of 12 hours. 
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CHAPTER FOUR 

GAMMA-RAY INTERACTIONS AND DETECTION 
  

INTRODUCTION 

A gamma-ray photon is uncharged and creates no direct ioniz- 

ation or excitation of the material through which it passes, the gamma- 

ray detection is therefore, critically dependent on causing the gamma- 

ray photon to undergo an interaction that transfers all or a part of the 

photon energy to the electron in the absorbing material. The photon 

interactions in the context of their influence on the response of gamma- 

ray detectors are discussed in the following sections of Part I of this 

Chapter, while Part II, deals with the gamma-ray detection system. 

PART 1 

4.1 Interaction of gamma-rays with Matter 
  

Although a large number of possible interaction mechanisms 

are known for gamma-rays in matter, only three major types play an 

important role in radiation measurements, namely, photoelectric absorp- 

tion, Compton Scattering and Pair Production. All these interactions 

lead to the partial or ectete transfer of the gamma-ray photon energy 

to electron energy. The result of this energy transfer is that the 

photon either disappears entirely or is scattered through a large angle 

losing a large fraction of its energy. The behaviour is in marked 

contrast to charged particle behaviour which slow down gradually through 

continuous, consecutive interactions with many absorber atoms. 
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al] Photoelectric Absorption : 
  

The photoelectric absorption is an interaction in which the 

incident photon gives all of its energy to one of the atomic electrons; 

the gamma-ray photon disappears and the electron called "Photo- 

electron" is produced with an energy Ey given by 

E. . hye ED (4-1) 

where hY= the incident photon energy and Ey is the binding energy 

of the electron in its original shell. 

Por typical gamma-ray energies the photoelectron is most 

likely to emerge from the K-shell for which typical binding energies 

range from a few’ eV for low atomic number (Z) materials and tens of 

KeV for materials with higher atomic number, for example, the binding 

energy E for K-shell electron in hydrogen is 13.6 eV and in neon b 

Ey = 20 KeV. 

The vacancy created in the electron shell as a result of the 

photoelectron emission is quickly filled by electron rearrangement. In 

the process, the binding energy is librated either in the form of a 

characteristic X-ray or Auger electron. The characteristic X-ray may 

travel some distance (typically < 1 mm) before being absorbed through 

photoelectric interaction’ with less tightly bound electron shells of the 

absorber atoms. 
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The photoelectric process is the predominant mode of inter- 

action of gamma-rays (or X-rays) of relatively low energy ( 400KeV) 

and it is enhanced for absorber materials of high atomic number ( e4 

An approximation for an analytical expression for the probability of 

photoelectric absorption per atom over all ranges of EY and Z is given 

by 

gn 

Ttowies «(Constamt) sx ay (4-2) 

where n varies between 4 and 5 over the gamma-ray region of (60) 

interest. The severe dependence of the photoelectric absorption 

probability on the atomic number of the absorber is a primary reason for 

the predominance of high-atomic number constituents in many detectors 

for gamma-ray spectroscopy and in gamma-ray shields. 

Photoelectric absorption is an ideal process for measuring the 

energy of the incident gamma-ray, the total electron kinetic energy 

equals the incident gamma-ray energy. For mono-energetic gamma- 

rays, the differential distribution of electron kinetic energy for a series 

of photoelectric absorption events will be a simple sharp gaussian as 

shown below in Figure (4-1). The single peak appears at a total 

electron energy corresponding to the energy of the incident gamma-rays. 
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dN 

  
  me 

(hv-E,_)=hv 
“b Energy       

Figure (4-1) The pulse height spectrum from mono-energetic gamma- 

ray source as a result of photoelectric absorption proc- 

ess. 

432 Compton Scattering 

Compton scattering is the predominant interaction mechanism 

for gamma-ray energies typical of radio-isotope sources (0.5-2 MeV), 

and it takes place between the incident gamma-ray photon and an 

unbound or free electron in the absorbing material. 

As it can be seen in Figure (4-2), the incident photon is 

deflected through an angle @ with respect to its original direction after 

transferring some of its energy to the electron which is assumed to be 

initially at rest, and is then known as the recoil electron. 

Because all angles of scattering are possible, the energy of 
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Recoil electron 

\\) Scattered Photon 

* 
Bony       

Figure (4-2) A sketch illustrating the Compton Scattering. 

the recoil electron can vary from zero to a large fraction of the gamma- 

ray energy. The expressions relating the energy transfer and the 

scattering angle for any given interaction can be derived by writing 

simultaneous equations for the conservation of energy and momentum 

using the notation defined in Figure (4-2), it can be shown that 

be ag nv / ( l eae a (4-3) 
s. mM C 

where moc” is the rest mass energy of the electron = 0.511 MeV. 

Figure (4-3) shows the variation of the scattered gamma-ray energy with 

the Scattering angle. 

The energy of the recoil electron is therefore 

  

2 
- - sis (iY 7 Boo) 0 Cos 6 |) ES hy hy hv( i + hy Jin”) aatioe 2) (4.4) 

tf



  Photon Energy 
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0.4   
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Scattering Angle (degrees) 

Figure (4-3) Variation of scattered gamma-ray energy with scatt- 

ering angle . 
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The minimum energy transfer occurs for the case of grazing 

angle scattering in which 9 = O where equations (4-3) and (4-4) 

predict h . Wey ang Eo = O while the maximum energy transfer 

ll occurs for 9 7 and using the same equations yield 

  

  

Vc tetnyice e hy ; (a) 
1 +2 (hy /m_cé4 ) 

y (4-5) 
2 : VA ee | 

Es (max) nv +2hvy Cy mc* (b) 

In normal circumstances, all scattering angle will occur in the 

detector, therefore, a continuum of energies can be transferred to the 

electron ranging from zero upto a maximum energy predicted by equation 

(4-5-b). 

The angular distribution of scattered gamma-rays is predicted 

by the Klein-Nishina formula for the differential scattering cross section 

ho 7.8 8) 

  

3 

dg sy? Ce, inched) )) (;. a + Cos" 9) 

a2 2 
(1 - Cos 9) as 

fa m (1 + Cos 6) Feces) sm 

where a = (h +) a 
t 

and rs is classical electron radius 

(r= 2.82 x waa cm). 
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The above angular distribution was evaluated for a set of 

gamma-ray energies and the result is shown in Figure (4-4) which 

illustrates the strong tendency for forward scattering at high values of 

the gamma-ray energy. 

Figure (4-5) shows the shape of the distribution of the recoil 

electrons predicted by Klein-Nishina cross~section (equation 4-6) for 

several values of incident gamma-ray energy. 

For any one specific gamma-ray energy, the electron energy 

distribution has the general shape shown in Figure (4-6). 

The energy difference between the maximum Compton recoil 

electron energy and the incident gamma-ray energy is given by 

bos 4huwe E. | = hv/ [1 +2 thy /mic”)] (4-7) 

O=7i 
2 

For hv >> (mo¢ /2), this difference tends towards a constant value given 

by 

td
 iH I 0.256 Mev (4-8) 

The above analysis is based on the assumption that Compton 

scattering involves free electrons which is not the case in actual 

detector materials where the binding energy of the electron prior to the 

scattering process can have a measurable effect on the shape of the 

Compton continuum especially for low incident gamma-ray energies. 

These effects involve a rounding-off of the rise in the continuum near 
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Figure (4-5) The shape of Compton continuum for various 
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its upper extremity and the introduction of a finite slope to the abrupt 

drop of the Compton edge. These effects are often masked by the 

finite energy resolution of the detector, but can be evident in the spectra 

from detectors with high energy resolution. 

  

nv 

  
  

N(E) 

0 =r 

61= 0 

-— Fi, 

.— Compton continuum 4 y 

Compton edge —# 

    
Energy E     

  

Figure (4-6) The general shape of the electron energy distribution for 

Compton scattering 

43 Pair Production 

The pair production process corresponds to the gamma-ray 

giving all its energy to the creation of an electron-positron pair and it 

must occur in the field of a nucleus of the absorbing material (in order 

to conserve the momentum of the system). 

2 
Because an energy of 2m )c_ is required to create the electron- 

positron pair, the pair production process has a threshold energy of 
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1.022 MeV below which it cannot take place. For gamma-ray photons 

with energy above the threshold, the excess energy appears as kinetic 

energy shared by the electron-positron pair. The process therefore 

essentially converts the incident gamma-ray photon into an electron 

and a positron with kinetic energies. 

2 
+ = Rey - ES Eat hv -9 mc (4-9) 

For typical gamma-ray energies, both the electron and the 

positron travel a few millimeters at most before losing all their kinetic 

energy to the absorbing medium. The sketch below shows a plot of the 

total charged particle (electron + positron) kinetic energy created by the 

incident gamma-ray. 

  

221: SC 
Oo 

      
  

The pair production is complicated by the fact that the positron 

is an unstable particle, and once its kinetic energy becomes very low 

(comparable to the thermal energy of normal electrons in the absorbing 

material), the positron will annihilate with a normal electron and at this 
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point both disappear to be replaced by two annihilation gamma-ray 

photons each of energy of 0.511 MeV. (m.c”). 

The annihilation radiation appears in virtual coincidence with 

the original pair production interaction since the time required by the 

positron to slow down is very small. 

There is no simple expression for the probability of pair prod- 

uction per nucleus, but is magnitude varies approximately as the square 

of the absorber atomic number (Z) and rises rapidly as a function of 

energy above the threshold in the region below 10 MeV. 

The relative importance of the three processes described above 

for different absorber materials and gamma-ray energies is illustrated 

in Figure (4-7), the lines at the left represent the energy at which photo- 

electric absorption and Compton scattering are equally probable as a 

function of the absorber atomic number. The line on the right represents 

the energy at which the Compton scattering and the pair production are 

equally probable, Thus, three areas are defined on the plot within 

which one of the processes is predominant. 

Figure (4-8) shows the scattering and absorption cross-sections 

per electron for light and heavy elements as a function of energy. 

4.4, The attenuation of gamma-rays in matter 
  

As discussed in the preceeding sections, the cross-sections for 

gamma-ray interactions are determined primarily by the atomic number of 
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Figure (4-7) The relative importance of the three major types 

of gamma-ray interaction. 
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the absorber, and the gamma-ray energy. 

The total cross-section for gamma-ray interaction is the sum 

of the cross-sections for the above mentioned processes, i.e. 

2 a, + oO + 0 (4-10) 
pe c PP 

A macroscopic cross~section can be defined by multiplying 

in equation (4-10) by the atom density N which is the number of absorber 

atoms per unit volume, and traditionally this macroscopic cross-section 

is called the attenuation coefficient of the material and denoted by y . 

Thus, 

won 2H Oe ay ee Oe Oe (4-11) 
pe cS pp 

where yy is the total attenuation coefficient and has units (unit © 

length wy and WU ber u a and > are the attenuation coefficients of 

the three interaction processes. 

Use of the see attenuation coefficient is limited by the fact 

that it varies with tne density of the absorber even though the material 

is the same, so it is more convenient to introduce the mass absorption 

coefficient defined as the linear attenuation coefficient per unit density 

ie., (u/p) and given by 

(usm CRE Lat Che/ Oe een mee) 6-12) 

where p is the density of the absorber. 
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Since uw and p have units of (length 7 and ieidcs//lenath’) 

respectively, it follows that (u/o) has the units of ee.” need in 

the c.g.s. system the units of (/p) are (cm_/gnt while in the M.K.S 

system it has the units of OP ls 

Extensive tabulation of the linear and mass attenuation coeff- 

icients for various elements and materials can be found in the literature 

(3,4,62,63) . Figures (4-9) and (4-10) show the mass attenuation 

coefficients for some elements in the gamma-ray energy range (0.01 - 

100 MeV). The mass attenuation coefficient of a compound or mixture 

of elements is given by 

u u 

( ) i " 5 i ee, 2 / 
0 Mixture i: p A 

or compound . 
a 

where w factors represent the weight fraction of element i in the com- 

pound or mixture. For example, the mass attenuation coefficient of 

water (H, ©) is given by 

a 2 edb. ‘ ( u/o 4,0 oe LOR has Te (USO), (4-14) 
  

In the case of perfect geometry, i.e. narrow beam of monoenergetic 

gamma-rays incident onto an absorber with attenuation coefficient tig lke 

CO is the intensity (gamma-rays per unit area per unit time) of a mono- 

energetic gamma-ray beam striking a target of thickness x , then the 

intensity of the photons that penetrate the target without having a 

collision is given by 
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Figure (4-9) Mass absorption coefficients as 

as a function of atomic number and 

gamma-ray energy for 

(Ey = 0.01 - 1 MeV) 
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a t= 1 aos (4-15) 
Oo 

or in terms of the mass attenuation coefficient 

pe Ged OF ox 
. (4-16) 

The quantity (o X) is known as the mass thickness of the absorber and is 

equal to the number of (unit mass) contained in (unit area) of the target 

using the M.K.S units ( 9X) has the units of (Kgm/meter ee 

Under poor geometry (broad beam), the attenuation law becomes 

bs m (USP PERS ok B(X,E,) . e (4-17) 

where the factor B(X EL) is called the build-up factor which is depend- 

ent on the type of gamma-ray detector used because this will affect the 

relative weight given to the direct and scattered gamma-rays. The build- 

up factor also depends on the specific geometry of the experiment. 

However, as an approximate rule, the build-up factor for a thick slab 

of material (absorber) tend to be about equal to the thickness of the 

(62) 
absorber measured in units of mean free path of the incident 

gamma-rays, provided that the detector responds to a broad range of 

gamma-rays. 

PART IT 

420. Gamma-Ray Detection 

The properties to be considered in the choice of a suitable 

gamma-ray detector are, the detection efficiency, the spectral response, 
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the energy resolution, the response time and in the case of the study of 

gamma-rays produced by the inelastic scattering of neutrons, an addit- 

ional proerty to be considered is the neutron res ponse,. 

4.5.1. Possible gamma-ray detectors 

The two most commonly used detectors for gamma-ray spectro- 

scopy are: 

A- The sodium iodide (thallium activated) scintillation detector 

and B-_ the lithium drifted germanium. (GeLi) semiconductor detector. 

A detailed discussion of the properties of each of these two 

detectors can be found in the references (60; 62, 64) 

since the gamma-ray yield from the inelastic scattering of neutrons is 

small as estimated from the calculated values of the reaction rate, the 

detection efficiency was considered of a prime importance in the detector 

choice. The detector response and sensitivity to neutrons was the 

second major property to be considered because of the high neutron flux 

used throughout the experiments. The two detectors mentioned above 

are considered briefly from the view point of detection efficiency and 

neutron response. 

a; Detection efficiency : 

As the interaction processes which lead-to the subsequent 

gamma-ray detection are strongly dependent on atomic number (Z), it 

follows that the sodium iodide crystal containing iodine with atomic 
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number 53 is more efficient than the Ge-Li detector containing germanium 

which has an atomic number of 32. 

The photoelectric, Compton and pair production cross-sections 

are proportional to" N:-Z%: | NZ and N 2 respectively, so as the 

interaction probability (cross-section) are on average proportional to 

N Z it follows that for the same detector size the ratio of the detection 

efficiency of the Na I (Tl) detector to that of Ge-Li detector is 

— ( 33 My - On consideration of the number of atoms per unit 

volume (N), which is larger for Nal, and the fact that Ge-Li detectors 

are manufactured in small sizes only (maximum size 100 an, then 

the sodium iodide produces the better detection efficiency. The det- 

ector manufacturers quote the Peak Ciicisacs of a 30 cmt Ge (Li) 

detector as being 3% that of a 7.62 cm (3") Nal (Tl) crystal for a point 

1.33 MeV gamma-ray source 25 cm from the detector face. 

Die Neutron response 

Both the Nal (Tl) and (Ge-Li) detectors are sensitive not only 

to gamma-rays, but also to neutrons which are detected by the ionising 

products of a neutron reaction. The neutron response is very energy 

dependent because of the variation of the neutron reaction cross-section 

with energy. Although the neutron source produces nearly monoenergetic 

neutrons, it is important to consider the detector response to a wide 

spectrum of neutron energies because the neutron energies can be greatly 

modified by the scattering sample and the detector shielding material. 
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wits The neutron response of Nal (Tl) detector 
  

For neutrons with energies below 0.5 MeV, the neutron 

response is dominated by the radiative capture process. In Nal(T1) 

the major response is from the radiative capture in iodine where the 

L28". 128 ‘ ; I is formed. I has a high level density so the prompt gamma- 

ray emission consists of many gamma-rays due to cascade transitions 

between the many levels. The resulting pulse height spectrum is 

almost continuous with a maximum pulse height corresponding to the 

binding energy of the neutron in the +e at 6.71 meV. 

Less than 10% of the slow neutron response of Nal (Tl) is due 

to capture in the sodium (50) ; The sodium capture gamma-rays has 

(67) ie sak 
been observed by Groshev > as in the case of iodine, the spect- 

rum is almost continuous with a maximum energy of 6.96 MeV which is 

24 
the neutron binding energy in Na. Table (4-1) gives the radiative 

capture cross-sections at two neutron energies for the Nal (Tl) crystal 

constituents taken from the barn book (66), 

Table (4-1) Radiative capture cross-section at two neutron energies for 

iodine, sodium and thalium 
  

  

  

Element ofn, y ) 

Ec C8025 E = 0.1 MeV 
n n 

$92 04525.) ne: b 

sf% 700035 O43 “<b 

Mee 3.5.0.0" b ~           
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For neutron energies above 0.5 MeV, the radiative capture 

reaction becomes less significant, and the predominant reaction is the 

inelastic scattering. 

studied by Day 

range 0.52 to 3.15 MeV. The Peaks 

excited levels of sodium and iodine. 

new peaks arise as higher levels are excited. 

(2) 

This (n, n*y ) process in Nal (Tl) has been 

and Van Loef 
(65) 

for neutron energies in the 

in the spectra correspond to the 

As the neutron energy increases, 

For neutron energies of 

? 10 MeV, the pulse height spectrum becomes almost continuous due to 

the large number of levels excited. Throughout the energy range the 

inelastic scattering cross-section for iodine is larger than that for 

sodium. 

At higher energies, charged particle reaction and the (n, 2n) 

reaction becomes energetically possible. The cross-sections for the 

main reactions at different neutron energies is shown in Table 4-2. 

  

  

  

              

Table 4-2 The cross-sections for main reactions in iodine and sodium 
at neutron energies (14-14.8 MeV) 

Neutron - Na 

Energy (n,2n) | (n,@) | (n,p) (n, 2n) (n,@ ) (n, p) 

14 1.6 0.800mb| 0.5 mb| 13.8 mb 29.mb-} 0.05:% 

14.1 1.39 mb 17. mb 147 mb 

14.2 1.955 

14.4 1.65 11.7 mb 

14.5 1.12b |i mb 20 mb 180m {33.9 mb 

14.6 1.487b 49.5mb 

14.7 1.128b 141 mb | 41.0 mb 

14.8 1.660b}1.8 mb 45.0mb   
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Fast neutron interactious in the NaI (Tl) scintillator are then 

dominated by the inelastic scattering process giving rise to prompt 

detection, but at both ends of the energy range 0.025 to 15 MeV, 

reactions take place introducing long lived activity in the crystal. At 

the lower energy end, the induced activity is mainly due to the fn, ¥:) 

2 
reaction with iodine which produces unstable 4 8 which has a 25 min. 

2 - 
half life. It can decay to } Bi by 8 emission or by electron 

128, + 

capture of 8 emission, to e. At the high energy end, the 

induced activity results from the (n, 2n) reaction and the (n, p ) reaction 

with the iodine. The vy (n, 2n) reaction produces a which has 

a 13 day half life decaying to nae by B* emission and to hate by 

ot : 2 

-8 emission. The or (n,p) reaction produces ; ’ te with a half 

life of 9.3 hrs and decays to ae by 8 emission. 

badZe The neutron response of the Ge(Li) detector :- 
  

For the Ge(Li) detector, the situation is similar to that in 

Nal(Tl) detector. The (n, y) cross-section for germanium is (2.30 + 

(68) .2) b for thermal neutrons and there is a little information on the 

variation of this cross-section with energy. 

The energy released in a single capture reaction in each of the 

germanium isotopes is about 9 MeV, and due to the density of excited 

nuclear levels, many gamma-rays are emitted in a single capture 

reaction. 

The main fast neutron detection processes are by the (n, n'y), 
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(n,p ) and (n,a ) reactions. Auli the germanium isotopes have closely 

spaced excited nuclear levels and consequently, very many different 

gamma-rays are produced by the inelastic scattering of neutrons of only 

afew MeV. Study of the (n, o) reaction in germanium by Aitken and 

Dixon ?) by bombarding a Ge(Li) detector with 14 MeV neutrons 

revealed that the pulse height spectrum was almost continuous up to 

energies of about 13 MeV. The spectrum extended to approximately 

17 MeV because the ES gis (n,@ ) "Oe has a positive Q-value of 3.79 

MeV. There is little information available on the cross-sections of 

diac reactions, the non-elastic cross-section has heen measured as 

1.97 barns for 3.66 MeV neutrons (89) : Chagman etal., (70) 

investigated the response of a Ge(Li) detector to monoenergetic neutrons 

in the range 1.2 to 16.3 MeV. Lines were observed that resulted from 

the inelastic excitation of four ul a isotopes as well as from the 

neutron excitation of other materials in the detector vacuum enclosure 

and cryostat. At neutron energies above 3 MeV, additional peaks were 

detected due to the neutron-induced charged particles created in 

reactions with germanium nuclei. A spectrum showing many of the 

neutron-induced peaks is given in Figure (4-11). The operation of any 

semiconductor detector depends on the near perfection of the crystalline 

lattice to prevent defects that can trap charge carriers and lead to 

incomplete charge collection. Any extensive use of these detectors, 

however, ensures that some damage to the lattice will take place due to 

the disruptive etfect of the radiation being measured as it passes through 
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the crystal. The radiation dam*ge appears as a significant loss in 

the energy resolution and multiple peaking in the pulse height spectra 

recorded for monoenergetic particles. Furthermore the time character- 

istic of the detector may be degraded even at doses that are too low 

to show measurable spectral effects (73) These effects are minor 

for lightly ionizing radiations ( g andy -radiations), but can become 

quite significant under typical conditions of use for neutron and heavy 

charged particles. 

Exposure to fast neutron fluxes of about 3 x Te isc hone /aeae 

(74) is suffictent to lead to significant performance degredation. 

The aeinel bat effect of radiation damage is to increase the amount of 

hole trapping in the intrinsic region of the Ge(Li) detectors. Figure 

(4-12) illustrates the gradual broadening of measured gamma-ray peaks 

as the fast neutron exposure is increased. 

Other experiments (75,76) ‘confirm the general observation 

that significant performance degradation begins with a neutron fluence 

9 Z 
of approximately 10° neutron/cm . Procedures have been described in 

Ci2ea)) 
which the effect of radiation damage can be reversed through 

annealing the damage by warming the detector and subsequent redrifting. 

This redrifting process is expensive and time consuming. 

4972. .* Gholee of Detector 

The most favourable property of the NaI (Tl) scintillator is its 

high detection efficiency, while the significant points favouring the 
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Ge-Li detector are its excelleni energy resolution and fast rising output 

pulses well suited for fast timing. 

Both detectors are sensitive to neutrons which also cause a 

build-up of activity in the detectors. The large reaction cross-section 

for iodine makes the NaI (Tl) the more sensitive of the two detectors to 

neutrons, however, the use of the time of flight technique reduces the 

neutron background to manageable proportions for the observation of the 

prompt gamma-rays emitted following the inelastic scattering of the 14 

MeV neutrons. 

As discussed in Section 4.5.1, the radiation damage suffered 

by the Ge-Li detector under fast neutron bombardment causes a severe 

effect on the energy resolution and the timing properties of this detect- 

or which are the major advantages of the Ge-Li detector. On the other 

hand, the gamma-ray yield from the scattering sample is relatively 

weak, so high detection efficiency is of prime importance to reduce the 

statistical (uncertainty) particularly for high energy gamma-rays. 

[It was decided to sacrifice energy resolution for high detection 

efficiency and the Nal (Tl) scintillation detector was chosen. 

4.6. Sodium Iodide Scintillation Detector Design 

The gamma-ray detector used in the present work employed a 

76.2 mm x 76.2 mm Nal (Tl) crystal which was supplied by Nuclear 

Enterprises. Since a 76.2 mm photocathode tube is not manufactured, 
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the photomultiplier tube used wes Mullard's 56 AVP tube with 50.8 mm 

diameter photocathode. This tube is a high gain linear focussed tube 

with good time resolution having an electron transit time spread of 

S709 15%. 

As the crystal used had a larger diameter than the photomultiplier 

tube, a perspex light pipe was used to ensure an efficient optical 

coupling. A 76.2 mm diameter rod of perspex was machined so that it 

tapered at one end to a diameter of 46 mm. The light pipe was 100 mm 

long and the angle of convergence was 5°, 

The performance of a photomultiplier tube, especially the 

focoused tubes with focussed dynode structure is sensitive to magnetic 

field as reported by Engstrom (78) and by Conner RRP eS They 

have shown that even weak magnetic fields can cause a marked reduct- 

ion in the gain of the tube. The earth's mangetic field is not trouble- 

some if the tube is operated at a fixed position throughout the experi- 

ments, however, this is not so in the present case, so that shielding 

from the earth's magnetic field was essential for stable performance. 

The photomultiplier tube was placed in a mu-metal shield so that the 

first dynode stages were properly shielded. 

The use of a mu-metal shield, besides giving optimum tube 

gain, gives minimum transit time spread. The 56 AVP tube is a high 

gain photomultiplier tube with a current gain 2 10° capable of produc- 

ing peak anode current between 500 and 1000 mA according to the 
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manufacturers. 

The manufacturers recommended two voltage divider chains (a) 

has an equal voltage across the last twelve dynode stages and type (b) 

has progressively increasing voltage across the last nine dynode stages 

Voltage divider type (a) gives a higher gain but a higher anode current 

with better time characteristics thattype (a) can be obtained with type 

(b). Divider type (b) reduces space charge effects around the later 

dynodes which are coupled with capacitors to stabilize the dynode 

potential and also provide a charge store when high electron current is 

produced. 

A foot chain of type (b) was used and it is shown in Figure 

(4-13). The current through the dynode chain was ~ 2.7 mA at an 

Operating voltage of (-1750) volts. Two output signals were taken 

from the gamma-ray detector as shown in Figure (4-13). The timing 

signal was taken from the anode and the energy line pulses were taken 

from the 12th dynode viaa 50 2 resistor. 

Figure (4-13a) shows a photograph of the complete gamma-ray 

detector. 

4.7 Detector Shielding 

4.7.1. Principles of Neutron Shielding and Materials Used 
  

As the Nal (Tl) scintillation detector is sensitive to neutrons, 

adequate detector shielding is required. In addition to the direct 
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Figure (4-13a}) The complete   
gamma-ray detector 
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neutron beam, there are scattered neutrons from the walls and the floor 

of the room which would cause a high background signal. An adequate 

neutron shield should satisfy the following requirements, a - moderate 

the fast neutrons, b ~ absorb slow neutrons and c - absorb the second- 

ary penetrating radiation, e.g. gamma-rays. 

a- Fast neutron moderation :- It is most important ina 

neutron shield to quickly moderate the fast neutrons to low energies. 

The most effective moderators are the elements with low atomic number, 

and therefore, hydrogen containing materials such as water, concrete 

and paraffin wax are the major components of most fast neutron shields. 

The elastic scattering cross-section for hydrogen is relatively large but 

decreases with energy as shown in Figure (4-14 a, b) where the values 

of the cross-section are taken from the latest ENDF B4G 69) as the 

inelastic scattering process does not occur with hydrogen and the 

neutron capture cross-section is negligible for fast neutrons, it follows 

that hydrogen has a very low secondary gamma-ray production. 

b - Absorption of slow neutrons : Once the neutron has been 
  

moderated it can be eliminated through an appropriate capture reaction 

therefore, a second component is normally used in neutron shields 

either homogeneously mixed with the moderator or present as an 

absorbing layer near its inner surface. This additive is chosen to 

have the following properties i) has a high neutron capture cross- 

section so that the moderated neutrons will preferentially undergo 
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Figure (4-145) The neutron total cross-section for hydrogen for neutron 

energies ( 10° - 10° ) 
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absorption within this material and ii) a stable reaction product or 

if the nucleus is unstable it shou!4 decay without the emission of penet- 

rating gamma-rays. 

Boron, B and lithium, Li are the most popular materials for 

shielding against slow neutrons and in slow neutron detectors for the 

conversion of slow neutron energies into a directly detectable particle. 

The reaction in Boron may be written as 

7 
gli + Oo Q°= 2.792 Mev 

10 1 (ground state) 

B + 1—— 
5 oO 

7 
gli + Oo Q =2.310 Mev 

(excited state) 

au may be left 

in ground state or in the first excited state which quickly returns (half 

where the branching indicates that the reaction product 

life ign sec) to the ground state with the emission of 0.48 MeV 

gamma-rays. 

The reaction in lithium is 

Li + ef — 1B +g. O = 6.76: Mov 

w
n
 

The unstable tritium decays by 8) emission with a 12.3 yr half life 

to helium without gamma-ray emission. 

The slow neutron cross-sections for Boron and lithium are 

shown in figure (4-15) where it can be seen that the thermal cross- 
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section for Boron reaction is 3840 barns and for lithium reaction is 940 

barns and both have 1/4 variation with increasing the neutron-energy. 

For handling and constructional reasons, Boron and lithium are generally 

used in the form of a compound, some suitable compound, some suitable 

compounds are lithium carbonate Li C O,, borax Na, B,O,LOH, O and 

Boric oxide Bo 0, 4 

Cadmium is a very efficient neutron absorber in the energy range 

0.01 to 1 eV, the absorption is by radiative capture, but the many hard 

gamma-rays emitted in a single capture process make cadmium unaccept- 

able for use in a neutron shield requiring a low gamma~ray background. 

C= Absorption of the Secondary Penetrating Radiations : The 

innermost part of a shield consists of a suitable gamma-ray absorbing 

material, lead is the most preferred material for this purpose due to its 

high density and high atomic number. [It shields the detector from 

gamma-rays produced by reactions in the shielding material and the 

general gamma-ray background. 

A /eid.: -SHLGlG Construction :- 

The requirement that the shield is to be mobile imposes a 

limiting factor on the size and weight of the shield. Figure (4-16) 

shows a cross-section of the constructed shield. The weight of the 

assembled shield was about 225 Kg. 

The lead gamma-ray shield was 55 mm thick at the side of the



  

    

      

  

  

yy 
      
  

  

  

  
  

ae 
: V7 
  

  

      

TT) 
vs Paraffin wax \\\ Lead 

0 a - LOkom 

Cedi 

  
  

    

  

  

        

  

 



  

1030 

Half 

thickness 

(mm) 

1.0 -— 

    Oey     

Oot LO 10.0 

Gamma-ray energy (Mev) 

Figure (4-17) The half-thickness of lead vs. gamma-ray energy . 

i



detector and had a maximum thickness of 125 mm in front of the crystal. 

Figure (4-17) shows that the half thickness of lead versus gamma-ray 

energy obtained from Connel (50) - The curve shows that the 3.5 

MeV gamma-rays are the most penetrating with half thickness of 15 mm, 

so the minimum thickness of lead used was nearly four times the half 

thickness value. 

The slow neutron shield consisted of boric oxide powder packed 

in a double walled cylinder made from tin plated iron, the cylinder had 

a 20 mm thickness surrounding the lead shield, and the effective density 

of the boric oxide was 1200 Ro ahs The thickness of 20 mm boric 

oxide absorbs 100% of the neutron flux upto a neutron energy of 1 ev. 

The outermost part of the shield was the moderator which 

consisted of paraffin wax with a thickness of 150 mm at the side of the 

crystal and a maximum thickness of 300 mm in front of the crystal. 

The front of the shield was tapered so as to suspend a smaller solid 

angle at the neutron source. 

(81) Kerger and Mather state that 200 mm of paraffin wax 

is considered enough to absorb most high energy neutrons. 

The collimator of the shield also contained a lining of boric 

oxide powder packed into a sealed double walled cylinder and had a 

thickness of 15 mm sufficient to absorb all incident thermal neutrons. 

A steel frame was imbedded in the wax to support the lead and i. boric 

oxide shields preventing them from sinking into the wax shield. Figure 

(4-18) shows the shield mounted on its mobile stand. 
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4.8 Efficiency of Gamma-Ray Detector 
  

Por quantitative measurements, the efficiency of the detector 

as a function of gamma-ray energy must be known. One of the main 

advantages in using scintillation crystals for gamma-ray measurements 

is the fact that many standard size detectors can be mass-produced with 

virtually identical properties. Undoubtedly, there are more published 

data available on the detection efficiency of sodium iodide scintillators 

for gamma-ray than any other detector type or application, hence, reason- 

ably complete data can be compiled on each of the common configurations. 

However, extra care must be taken when applying the published 

data since efficiency is defined in a number of ways, vis; 

a. The absolute total gamma ray detection efficiency Cae (E ) 

defined as 

te = Number of pulses recorded (total area under the 
“abs y pulse heigh spectrum 

Number of radiation quanta emitted by the source 

and is dependent not only on detector properties but also on 

the details of the details of the counting geometry. 

b. The intrinsic total gamma-ray detection efficiency Ent eG } 
ap 

defined as 

Number of pulses recorded 

imc: ny. Number of radiation quanta incident onto the 
detector 
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This no longer includes the solid angle subtended by the 

detector. The two efficiencies are simply related for isotropic 

sources by 

(4.18) 

where AQis the solid angle of the detector seen from the 

actual source position. The intrinsic total gamma-ray detect- 

ion efficiency of a detector depends on the detector material, 

the radiation energy and the physical thickness of the 

detector in the direction of the incident radiation. The two 

efficiencies above assumes that all the gamma-ray pulses 

from the detector no matter how low in energy are counted, thus 

a. 
contributing to the total efficiency whether absolute or instrinsic. 

  

The peak efficiency ep (E) defined as, ‘ 

ee Number of full energy events in the photo-peak 
©p-abs Y Number of radiation quanta emitted by the source 

  

and 

¢ (go ys Number of full energy events in the photo peak 
P=int? sy Number of radiation quanta incident onto the 

detector 

The subscripts abs.and int. stand for absolute and intrinsic 

efficiencies as defined earlier. 

The ratio of the peak to total efficiencies is known as the 
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“peak-to-total" ratio or photofraction r ie. 

a (Ey ) 

J ee E) (4.19) 

which is sometimes tabulated separately. 

It is often preferable from an experimental stand point to use 

peak efficiencies only, because the number of full energy events is not 

sensitive to perturbing effects such as scattering from surrounding objects 

or spurious noise. 

In the present work equation (4.19) was used to calculate the 

peak efficiency as follows: 

The absolute peak detection efficiency = The peak-to-total ratio X The 

absolute gamma-ray detection 

efficiency. 

The peak-to-total ratio was determined experimentally for two 

gamma~ray energies namely 0.662 MeV and 1.28 MeV, the results were 

compared to the published results obtained by using a (7.62 x 7.62mm) 

(82) (83,84) 
Nal (Tl) crystal as reported by Heath and other workers 

the two results agreed to within 2% with the published values. 

Figure (4.19) shows the photofraction or peak-to-total value 

obtained for (76.2 mm x 76.2 mm) Nal (TI) crystals. 

The absolute detection efficiency was calculated for the geo- 

metry used as follows. As the detector crystal face was positioned 
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1.40 m from the scattering sample, the solid angle subtended by the 

detector at the scattering sample is about 2.315 x 9°" which is very 

small, hence, to a good approximation the source gamma-rays incident 

on the detector could be considered as a parallel beam. Assuming that 

the gamma-ray flux is incident normally onto the crystal face, the total 

efficiency is given by the fraction of interactions in the detector multi- 

plied by the fraction of incident radiation penetrating the detector 

entrance window. 

ot (EY) = exp. (HX) - f 1 - exp. (Hy x) | (4220) 

where Xv X, are the detector entrance window quoted by the manufact- 

2 
urers as equivalent to 280 mg/cm of aluminium, and the crystal thickness 

respectively and Ih and Ho are the respective aluminium and 

crystal total linear gamma-ray absorption coefficients. The values of the 

(85) 
absorption coefficients were taken from Goldstein tabulation of 

White's data - 

Finally, the peak efficiency was determined using equations 

(4,19) and (4.20). The result is shown in Figure (4.20) which shows 

the gamma-ray peak efficiency as a function of gamma-ray energy. 
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CHAPTER FIVE 

DATA ANALYSIS AND THE EXPERIMENTAL RESULTS 

Using the experimental method described in Section 3-5-6, the 

experimental data was accumulated in the form of gamma-ray energy 

spectra together with the total number (time-integrated) of the incident 

neutrons monitored by the associated alpha particles detected during 

the period of each measurement. 

In Part (I) of this Chapter, the derivation of the differential 

cross-section per unit solid angle for gamma-ray production is discussed 

while Part II will be devoted to the analysis of the experimental results. 

PART 1 

oe THE DIFFERENTIAL CROSS-SECTION 
  

The probability that a particular collision process, such as 

elastic or inelastic scattering of a particle into a small solid angle 

d 2 at acertain specified angle 9 with the incident beam will take 

place is defined in terms of the differential cross-section d@ 

where do = o (0) d Q (52) 

consider a neutron flux of neutrons per second per unit area 

incident onto the scattering sample which produces G gamma-rays 

of energy E MeV per second in a sample containing N nuclei. 

The total cross per nucleus for production of a given gamma-ray is 
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given by 

oO = G/ oN (5-2) 

a has the dimentions of area and usually has the units of barns 

(1 barn = ¥a7** can = 10728 ni”). 

The differential cross-section per unit solid angle at a scattering angle 

6 is given by 

8219) 2g (8) son (5-3) 

where g (8) is the number of gamma-rays produced per second per 

unit solid angle centered on the direction @ tothe neutron beam. The 

units of the differential cross-section are (millibarns/steradian) 

abbreviated (mb/st). 

In principle, the number of gamma-rays produced by the incident 

neutrons can be obtained from the gamma-ray energy spectra, but 

several factors have to be taken into account. These several factors 

are discussed in the following sections. 

see Gamma-Ray Energy Spectra :- 

Figure S.] shows an example of the gamma-ray spectrum 

obtained from an iron sample at a scattering angle of 50°, The 

following discussion illustrates the factors involved in obtaining the 

number of gamma-rays of a particular energy emitted by the sample at 
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a particular scattering angle. 

As mentioned in Section (3.4.2) it was necessary to set the 

gamma-ray-discriminator level above zero to eliminate the relatively 

high background count at low energies in order to produce an acceptable 

signal-to-background count at low energies, meant that not all the y- 

rays in the Compton spectrum are detected, and hence, the peak effic- 

iency rather than the total efficiency was used. In the case of [ron 

samples, the gamma-rays of interest had energies of 0.84 and 1.24 

MeV respectively w ere clearly resolved. In Figure (5-1), there is 

also an indication of peaks corresponding to higher gamma-ray energies 

(e.g. 1.81 MeV). The 0.84 MeV peak is situated on the Compton 

backgrounds of these higher energy gamma-rays and an accurate 

determination of the total count in the 0.84 MeV photo-peak requires 

careful removal of the Compton distribution from the 1.24 MeV. This 

is also the case for the case of the 1.24 MeV photo-peak where the 

contributions from the higher energy gamma-rays must be removed. 

Several methods dealing with this have been reported in the 

literature, two of which are outlined below. 

(50,82) in which the a. The graphical stripping technique 

full energy peak count of the highest gamma-ray present is 

directly determined, as the peak base line in this case is the 

abscissa and the spectral shape of this gamma-ray is subtracted 

from the total distribution,when this is completed for this ganma- 

ray energy , the second highest energy gamma-ray has its 
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total absorption peak resting on the abscissa and its intensity 

can be estimated. The spectral shape corresponding to this 

second gamma-ray is then subtracted from the remaining 

distribution, and the process is continued. It is difficult 

to apply this method in the present work because of the small 

number of counts in the higher peaks. 

Covell Method :- (87) 

This method can be used to estimate the intensity of a single 

gamma-ray in a complicated spectrum. In this method a 

calibrated fraction of the area of the total absorption peak is 

measured and then a correction factor relating the fractional 

peak count to the true count is applied. This correction 

factor is determined experimentally by observing the gamma- 

ray spectra of isotopic source emitting gamma-ray near the 

energy of interest. 

No. of comts 

4 
per channel 

  
  

Channel number 

Covell’s method 
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A modification of this method suitable for use where more than 

one peak is present was used in the present work for the 

gamma-ray spectra iron samples. 

The peaks are fairly well resolved and the Compton background 

associated with each full energy peak is clearly seen. A standard 

spectral shape was measured experimentally. This was fitted to each 

of the full energy peaks in turn and the Compton background contribut- 

ton of each was drawn in extending from the peak to the origin. The 

total Compton contribution at any given point was then obtained by 

summing these individual contributions. This summed Compton contrib- 

ution was taken as background line above which the peak area was considered 

For the gamma-ray spectra obtained from concrete samples, it 

was not possible to determine the spectral shapes experimentally since 

there was not enough isotopic sources to cover the gamma-ray energies 

of interest. Instead the calculated response functions based on 

( 88) 
Monte-carlo calculation and formulated by Berger and Seltzer were 

used. The continuous part of the energy deposition spectrum C(E,,E) 

has been expressed in terms of dimensionless functions C, (j = 1,2,3,4) 

which depend on dimensionless energy related variables, X, Y and Z. 

For oS ol. gave.» they set 

2 
My, SE Bly C, (Eo. me (bs mc /2 ES) ie, (5-4) 

Where X = E (lL. hem 21 EB ise (5-6) 
oO 0 Oo 
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For E > .1.2 MeV, they set 

2 
C (Eo. E) = Cy (Eo. +2 we (Ey 2 mic). (S-7-a) 

2 
for O. £25 Jee 2) 

Oo ° 

Ch) os 6.e 3) 7 ee (6-78) 
Oo 3 o- oe 

2 
for Eo Mc £ ESE -.m at 

i 2 
e (EE) = C, (E.. ais 2 m,¢ (5-7-c) 

2 
for BE *me.s E..< 8 

O29 mS ° 

where 

. 2 
¥i oF iB y (E o 2 Me ) 

o ° 

Z = (E-E £2 i 3 0" 
oO o” o- 

my. electron mass 

and c= Velocity of light. 

The functions C; and given in the reference. (88) 

The estimated statistical accuracy of the response functions 

obtained in the continuum part with the use of these functions is 5-15%. 

The continuous parts were evaluated for gamma-ray energies 1, 2, 3, 

4, 5S and 6 MeV and then normalized to the peak heights in the experi- 
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mentally determined spectra, hence, the Compton background contribut- 

ion of each was determined. The total Compton contribution at any 

point was then obtained by summing these individual contributions. 

The Compton continuum for Y -ray energies from 1 to 6 MeV is shown 

in Figure (5-2) and the normalized resultant background line based on 

the above discussion for gamma-ray spectrum from concrete sample is 

shown in Figure (5-3). 

So The Neutron Flux Corrections 

As mentioned in Section (3.5.6), the number of neutrons 

incident onto the sample was obtained from total count of the associated 

@ - particles. Corrections are necessary due to the background 

activation considered in detail by Allenby (44) , a brief account 

only will be given here. This correction was divided into two 

components. 

dis The radiation produced by activation of the target and 

surrounding assembly is caused principally by neutron reactions of the 

type A (n, X) B and can be monitored by observing the count rate on 

the scaller immediately after switching off the beam after the run. 

ss The fast neutron background which consists mainly of 14 MeV 

: 4 oO neutrons produced in the T (d,n) He reaction leaving the target at 90 

to.the deutron beam which can be monitored by observing the alpha 

particle count rate for various values of target current, and then 

replacing the alpha-particle detector aperture plate by another 
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Number of counts 

sD. 

19000 4 

6 6 ee 

  
400. 

200 - 

      
Gamma-ray Energy 

MeV 

Figure (5-3) A typical typical gamma-ray spectrum from concrete 

sample . Sample thickness =12.5 cm. , scattering 

angle = 59° . The broken line shows the added Com- 

pton contribution from all the gamma-ray peaks. 
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aluminium plate with no aperture. The 1 mm thickness of the plate is 

(44) 
sufficient to stop the 3.5 MeV alpha-particles , but has 

negligible effect on 14 MeV neutrons. The alpha count rate is then 

observed for the same set of target currents. The difference between 

the two counts allows the correction to be estimated. 

It was found that 0.055 of the count consists of this back- 

ground and this is constant over the range of target currents used to 

within + 0.005. 

The experimental alpha-count rate is multiplied by the 

correction factor Py = 9.905 = 0.005 to give the correct alpha- 

count. 

54% Neutron Absorption in the Target Assembly :- 
  

The neutrons associated with the detected alpha-particles 

must be able to escape from the target assembly before reaching the 

scattering sample. According to the manufacturers specifications, 

they must pass through 2.55 mm of steel and 1.30 mm of water which 

is used to cool the target. 

The fraction of neutrons ( Fy) escaping from the target 

assembly can be calculated from the following formula : 

7) oe 4 f ae X Fe * (2 hee ) Xvistor | (5-8) 

where De! De and Xo are the macroscopic cross-sections of 
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i en and o s tively, iron, hydrogen xygen respectively Xne and Rina are the 

thickness of stainless steel and water respectively. 

Table (5-1) gives the values of all the quantities required to calculate 

  

  

the (F,) correction. 

Element On xX mm 

Iron 2.316 b 2150 =" 0503 

Oxygen LoS23 ho 

1.30. = 0,03 
Hydrogen 0.646 b         
  

Table (5-1) Total cross-section for neutron interactions less forward 

scattering for iron, oxygen and hydrogen (50) and the 

thickness of each in the target assembly. 

eh 
The fraction escaping the target assembly is P, = 07939. - 

0.048. From Sections 5-3 and 5-4, the observed alpha-particle 

count must be multiplied by these two factors to give the corrected 

neutron count, i.e. 

The correct integrated neutron count = the observed integrated alpha 

count x Py x Po 

$ (n) => (a) haar, x $e (5-9)



Dios Neutron Beam Attenuation in the Scattering Sample :- 

Consider the neutron flux @ ie incident onto the sample, 

The reaction rate in an element of thickness dx in the sample is given 

by 

The reaction rate = b, N fe Oi (5-10) 

where 

Incident neutron flux Xo 
Ly geee : S 

N = No. of sample nuclei/cm 

= Total macroscopic cross-section 

X = Sample thickness 

The total number of reactions is obtained by integrating the 

reaction rate over the whole sample 

x 

= [ % wite "so dx 
Oo 

oe mes low eae) (5-11) 
Let 

. DS = 

Since : N 0. 

where 

the total mycroscopic cross-section Q if 
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The above equation can be rewritten as 

b 
= ~ jae 6 en (5-12) 

Gt 

  

If Oy is the total gamma-ray production cross-section from 

neutron inelastic scattering then, 

The total gamma-ray yield (G) from neutron inelastic scattering is given 

by 

EW 9. uN 

ah 98) Lape Sa) oe i 

Upon using the definition of the differential gamma-ray product- 

aro =(0 ) ion cross-section per unit solid angle, ( d 9 ) , the gamma- 

ray yield G' (6) ina unit solid angle centered at an angle 9 to 

the incident beam is given by 

i a_(a)y G' (8) : o. a Se aa ee 

O 
(5-14) 

Por very thin samples, i.e. N Oy ESS 1S or equivalently 

by expressing (N 9% X) in terms of the mean free path) = (N a) 

then. . Ww “. x = = , the condition becomes, for sample 

thickness X..<< A the term between the brackets can be approx- 

imated by 

ce Wy % 

(tia ss FOS. OMX (X<<A_) (5-15) 
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and equation (5-14) reduces to 

: iy do9.( 0°} 

hence, 

ao (9 ) G' (0) 4 
d. op $ NX dQ (5~14a) 

— N°&X 
Table (5-2) gives the values of the factors (1 -e ) 

and N 9% X_ for various iron samples to test the validity of this 

  

  

            

approximation. 

: ; -No, Xl Sample Thickness Sample Thickness N Oo, X Ieee ae 

cm in mfp 

2.0 0.442 0.442 Qie3:57 

1.0 O22) 08224 0.198 

Veo 02105 0.1105 0.1046 

O25 O:.05'525 OS05525 0.05575 

OC Le 02027625 OL 027625 0.027246 

-No, X Table (5-2) The values of the factors N ve and (1 -e-t’) 

for different sample thickness in iron. 

From the above table it can be seen that for an iron sample of 

thickness 0.442 mfp the use of this approximation could introduce an 
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error of ~ 24% in the neutron attenuation factor. However, in the 

present case, this approximation was not justified as the samples were 

much thicker in order to study the multiple scattering effect on the 

observed cross~sections; instead the original equation (5-14) was 

used. 

oa Oy. Absorption of the Gamma-rays in the Scattering Sample :- 
  

The correction for self absorption takes into account the 

fact that some of the gamma-rays produced in the sample are absorbed 

and never reach the gamma-ray detector. The magnitude of this 

correction depends on the mass absorption coefficient of the sample 

material and on the geometry of the sample. 

The formation of this correction for thin scattering samples 

oe ee kicks has been given by Connel In both 

cases the sample was placed at 45° to the neutron beam. The 

sample was divided into strips of thickness d X as shown in Figure 

(= 4}, 

The fraction of the total gamma-ray beam which is produced in 

dX 
. where b is the the elemental strip d X is given by 

sample thickness and it is assumed that the gamma-rays are produced 

uniformlY throughout the sample. 

The fraction of gamma-rays produced in the strip (d X) and 

escaping the sample through the face AB is given by 

+37



b Scattering sample 

Angular Range of 

  

Neutron Beam 

  
Figure (5-4) Sample geometry used by Connel (50) and Allenby(44) 
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Ce ie = exp [- “(b-X) dx 5216) 
Cos (6 - 45) b 

where u_ is the absorption coefficient which is a function of the 

gamma-ray energy and the sample atomic number, and ® is the gamma- 

ray detector angle. 

Integrating equation ( 5-16) over the width b of the sample 

  

leads to 

s(8) s [fo ( Ree ce 
e Cos (6 - 45 ) b 

oO 
Cos (8-45) = Sy \ 
a he ! 1 = exp ( tne i 

Cos (6 - 45 ) 

(5-17) 

This equation gives the fraction of gamma-rays produced in 

the sample and escape through the sample face (AB) to the detector. 

If the sample is placed at 90° to the neutron beam equation ( 5 -17) 

still holds, the only change required is to replace 45° by 90° and 

hence, 

oO 4 =) b 
Cos (6 - 90 ) 

§ (9) 2 ee Te. | l- cia( =} 

ub Cos ( 6 - 90 ) 5 

ies 

8 -— ub 
S (0) = sere re / 1 - exp (—--—) | (5-18) 

2 . ‘os 0 

Again, this equation is correct as long as the gamma-rays are 

escaping through the face AB, of the sample. 
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Equation (5-18) can be rewritten as 

Se ae l-exp - bp) 

soll u (b/ ve 
  

Se, seaaelctiioie f 1 - exe-(uB) | (5-19) 

ce Ce 

Cos6 
  using Figure (5-4 ), it can be readily seen that B 

represents the actual thickness traversed by the gamma-rays in escap- 

ing from the sample in the direction @ to reach the detector. For 

thick samples, it is not true that all the gamma-rays reaching the 

detector escape through the face AB, especially at higher scattering 

angles so equation (5-14) needs to be modified. 

oO 
For the special case of @ = 90°, the distance traversed is 

simply the width of the sample instead of the thickness, so B must 

be replaced by W and hence, 

S (8 )ig . 90 * ae. }. = exp - Giw | (5-19-a) 

The validity of equations (5- 19) and (5- 19 -a) was checked 

by drawing the sample-detector geometry and measuring B through the 

center of the sample, the results obtained for S (9) were compared to 

the values obtained using the analytical formula (5-18), the two sets 

of results were in agreement to better than 1% averaged over several 

values of 9 for samples of different thicknesses as long as the 

gamma-rays are escaping through the sample face AB. 
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Figure (5-5  ) illustrates the case where the gamma-rays 

can reach the detector both through the face AB and the side DB, tees 

mixed exit for the gamma-rays reaching the detector. Here the gamma- 

rays produced in the shaded area, escape through the side BD while 

the gamma-rays produced in the rest of the sample escape through the 

face AB. 

In order to determine the total fraction S (6), the center of 

each area was determined Cy and Cy where the subscripts stand 

for face and side respectively, then the average distance travelled 

through this center to the sample boundary in the direction 6 was 

determined by geometrical drawing. These were B.. for the face 

exit and Ba for the side, then the fractions S$ (@) and S (0 ) 
F 

were determined using equation (5-19-a) i.e. 

(S-19-b) 

  ~
 D I 

1 

g IB [ 1 - exp (- 8.) | 

The total fraction of gamma-rays escaping the sample was 

then determined by adding the weighted contributions for s 6 ) and 
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Figure (5-5) The parameters used for the calculation of S$ (0) for 

mixed gamma-ray exit (face & sic ) 
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For each sample a separate diagram was drawn to find the 

side from which the gamma-rays escape from the sample and to deter- 

mine the required parameters for the evaluation of S (6 ). 

One7 The Solid Angle Calculation and the Geometry Factor 

The solid angle subtended by the detector at the center of the 

sample can be calculated for a point source from 

AQ * Car al Point Source (5-21) 

1 D2 
where A = the area of the detector face = ere 

D =. the crystal diameter 

R = Sample-detector separation 

In case of an extended source, a similar analysis to that made 

for the calculation of S (8) was employed and a factor called "The 

Geometry Factor" was derived to take account of the fact that the gamma- 

rayS were not com ing from a point source. 

The effective source area was calculated by considering the 

actual dimensions of the source inside the sample as determined by the 

defined neutron beam in both the horizontal and vertical directions. 

This is shown for both the side and face exit in Figure (5-6). The 

area of the face exit (A,) and the area of the side exit (A,) were calcula- 

ted . Using the values of (T_) and (T.) defined in Section 5-6 
E 5 

the projected area on a plane parallel to the plane of the detector face 
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The effective gamma-ray source inside the scattering Figure (5-6) 

sample . 
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was calculated using the formula 

Ty T 
a A, Cos (6) ee + Ag Cos (90 -0)(<8) (5-22) 

The geometry factor is then defined as 

  ae : 
D 

Where Ay = The area of the detector face. 

bts) The Calculation of the Differential Cross-Section :- 
  

Taking into account all the above factors, the equation used 

for the calculation of the differential cross-section for the production 

of gamma-ray of energy E, is given by: 

  

aot Oye (fe) /oj-Gs a 
§ ; ay: 8 ; a s a (tS) Ee Fo) Bie. Be) ctby) fg (l-exp (- z, x) | 

(5-23) 

where : 

(P (8) /2) = No. of gamma-rays of energy EY per unit 

solid angle 

GF = Geometry factor 

o,(6) Fy. Fy = The corrected total number of neutrons 

incident onto the sample 

wm
 

D td
 

2 

ll Fraction of gamma-rays of energy Ey 

escaping the scattering sample without 

interaction. 

145



The gamma-ray detector efficiency for 

gamma-rays of energy Ev 

The total microscopic and macroscopic 

cross-sections at neutron energy of 14 MeV 

The sample thickness. 
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PART II 

ABSOLUTE DIFFERENTIAL CROSS-SECTION MEASUREMENTS, RESULTS 

519 The Differential Cross-Section Measurement Procedure : 
  

The full description of the electronic system and its setting 

has been given in Section (3.4). The gamma-ray spectra were observed — 

for the measurement of the differential cross-section as follows; 

The electronic system was switched on for at least one hour 

prior to taking any measurement to allow the system to stabilise. The 

neutron source was run for about 45 min., before the experiment to allow 

the activity of the gamma-ray detector and the target assembly to reach a 

steady level. 

Prior to the gamma-ray spectrum accumulation for each sample, 

a time of flight spectrum was obtained from the sample to determine the 

gamma-ray peak position and hence the single-channel analyser window 

setting to eliminate any possible error that could result from gain shift 

in the electronics. 

The gamma-ray spectra were accumulated by performing alternate 

runs with the sample in position and the pulse height analyser in the 

"ADD" mode,. followed by a run with the sample removed and the pulse 

height analyser in the "SUBTRACT'"mode, to subtract the background from 

the spectrum. The runs were made for the same integrated alpha- 

count as monitored on the scaler, and as far as possible the same alpha- 

147



rate as monitored on the rate-meter to keep the times and hence the 

effect of the activity the same for the add and subtract modes. A 

single data accumulation period was about 25 mins., after which the 

spectrum was printed out on paper. The background was then subtract- 

ed and the corrected spectrum was printed out. The cycle was then 

repeated until sufficient data for statistical accuracy was accumulated. 

5:80 The Stability of the Neutron Beam 

Considering equation (5-3) which relates the differential 

cross~section to the gamma-ray yield, the neutron flux and the number of 

nuclei in the target ie. 

eg hay (5.3) 
AR > N 

It follows thatg (9 ) « on ie. the gamma-ray signal count rate is 

proportional to the neutron production rate (@ = Np (t) --t,where N, Ce) 

is the neutron production rate. 

The recorded background results from random coincidences 

between the background flux incident onto the gamma-ray detector and 

the alpha-detector pulses. These latter pulses are produced by the 

alpha -particles and the background activity in both the detector and the 

target assembly. Since the first of the two fluxes is’ proportional to 

the neutron production rate and the second to the alpha-particle product- 

ion rate which is equal to the neutron production rate, it follows that the 

background is proportional to the square of the neutron production rate ie. 
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BG (tt) N,, (t) 

The above discussion illustrates the necessity of keeping the neutron 

production rate constant during the accumulate and background runs if 

the correct background contribution is to be subtracted from the spectrum. 

Ob ss Experimental Results For the [ron Samples 
  

9.11.1. Gamma-ray Spectra and Interpretation : 
  

The gamma-ray spectra were accumulated at scattering angles 

oO Oleg, oO he ranging from 30° to 90° in steps of 10° for the thin iron sample (thickness 

2 Cm). Figure (5-1) shows typical gamma-spectrum obtained from this 

sample at the scattering angle of (50°). 

For the thick samples, (thickness, 7.6 cm and 10.4 cm), the 

measurements were made at the scattering angles a0, 50°, ran and 90°, 

Typical gamma-ray spectra from these samples are shown in Figures (5 _9) 

and (5.8) . For all the iron measurements, the gamma-ray discriminator 

level was set to reject pulses from gamma-rays having an energy less 

than 0.6 MeV. All the iron spectra show several well resolved peaks, 

the most intense of these being at 0.84 MeV and 1.24 MeV, other peaks 

can be seen at 1.81 MeV and there is an indication of higher energy 

peaks at 2.13 MeV and 2.78 MeV. corresponding to higher excited 

states in iron. 

56 
Figure (5.9a) shows the energy level scheme of the Fe 
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Branching ratios from Rao (89) 
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nucleus, as reported by Roa (89) while Figure (59 ) shows a proposed 

energy level scheme by Lachkar et al., (6) for the same nucleus. 

From these figures several of the gamma-ray peaks can he identified, the 

0.84 MeV is due to transition from the first excited state (2 : ) to the 

ground state which results in the emission of gamma-rays of energy 

0.8468 MeV, while the 1.24 MeV peak is the result of the transition 

be tween the second excited state (4+) at 2.0851 MeV and the first 

excited state. The 1.81 MeV is due to the transition between the third 

excited state (2+) and the first excited state (2), The third level 

at 2.658 MeV decays with 97.8% probability to the first excited state 

with the emission of 1.81 MeV gamma-rays and with 2.2% probability 

to the ground state emitting 2.658 MeV gamma-rays 699) , 

The isot opic abundance of the other naturally occurring iron 

; : 54 OL 57. : 
isotopes is 5.87% for the Fe and2.17%forthe Fe. The Fe yields 

gamma-rays with energies below 0.7 MeV, but since these y-rays cannot be 

resdOved from the 0.84MeV peak or are below the gamma-ray discriminator 

BY, 
level, and the low isotropic abundance of Fe, the contributions from 

7 54 ; 
Fe can be ignored. The Fe yields a gamma-ray of energy ].409 

Mev (90) from the transition from the first excited state to the ground 

state. Although there is an indication of the presence of this peak, 

the statistics are not good enough to enable it to be resolved. 

9.11.2. Possible Competing Reactions :   

Table (5.7) below gives the values of the total non-elastic 
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scattering cross-sections and the total inelastic scattering cross-sections 

for the interaction of 14 MeV neutrons with Pr 

  

  

          

Non-elastic Inelastic Scattering 

Scattering Cross-Section Cross-Section Source 

(96) 
1.40033 barns 0..7492 22 "barm s ENDF BIV 

sd 0,78 Asami et wie 627) 

Pig <2 gy 6,60 > sak Stehn et al. (92) 

Table. Si 7. The total non-elastic and inelastic cross-sections for the 

5 
interaction of 14 MeV neutrons with ve 

Although it is possible to interpret the observed spectrum by 

considering inelastic scattering only, other non-elastic scattering 

reactions also produce gamma-rays in the same energy range. 

The (n, 2n) reaction having cross-section of (440 5 90) mb 

may result in the emission of gamma-rays of energy 0.805, 0.93, 1.21 

Rien 50 : 
and 1.316 Mev from the decay of Fe formed in the reaction to the 

50 oo : 
ground state. Fe decays to Mn by electron capture with a half- 

life of 2.6 years. The peaks due to the detection of the 0.805 and 

0.930 MeV gamma-rays cannot be resolved from the 0.845 MeV peak due 

to the limited resolution of the Na [ (Tl) detector. Engesser etal., (98) 

reported the detection of 0.92 MeV gamma-rays and they attributed it to 

the transitions (1.32 MeV to 0.4 MeV) and (0.93 MeV to zero) in the 
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5 5 : 
5S pe resulting from the te (n, 2n) c." reaction, they also 

re ported that the 1.33 MeV gamma-ray peak in the iron spectrum is the 

4 56 56 
result of the reactions Fe (n, n) Fe* followed by the decay of the 

3.54 MeV level to the 2.09 MeV level and also ts (n, 2n) Chee and 

the transition 1.32 MeV to the ground state. However, Engesser et al., (96) 

reported no evidence of the 0.805 and the 1.21 MeV gamma-rays. The 

third peak reported due to the (n,2n) reaction is at 0.41 MeV but this 

peak is not seen because of the ar yebieell aves level. The same results 

were found by Jénsson et al., (91) . 

The number of counts in the 0.84 MeV peak should thus be 

corrected for a possible contribution from the 0.93 MeV peak from the 

oF gh: and the counts in the 1.24 MeV peak should be corrected for the 

contribution due to the 1.33 MeV peak from the Sik 

Table (5.8) shows the differential gamma-ray production cross- 

sections of the above gamma-ray energies as reported by several authors 

and the results of the present work. 

The disagreement between Engesser and Jénsson has two 

possible explanations 

a) The different gamma-ray detectors used, while it can be 

expected that the 0.93 MeV peak can be resolved completely 

using Ge-Li detector, it is difficult to resolve it from the 

0.845 MeV peak using Na [ (Tl) detector. 
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b) The results of Jénsson et al., are the averages of the 

differential cross-sections over the range 50° to 116° due to 

the large angular acceptance of the detector, thus the angular 

distribution of the 0.93 MeV gamma-ray is thus not known. 

(91) 
However, the values of Jénsson et al., ‘are preferred mainly 

because they used the Ge-Li detector with its better resolution and 

because of the smaller quoted uncertanties attached to the measurement. 

The other reaction that would cmtribute to the count in the 

0.845 MeV gamma-ray peak is the (n,p) reaction vs. 

56._* Pt ee 
Spe (n, p) P aie Ore 

  

The total cross-section for this reaction is given in Table 

(5.9) as reported by several workers. 

5 
Table (5.9) The total cross section for the OF. (n, p) reaction 

  

9 (n,p) in (mb) Reference Comments 

  

(91) ba e713 Jénsson et al., Experimental, 

Ge-Li detector 

+ 

82 oS 67 Allan et al., (99) Experimental 

Hie ta Stehn et al. Ras 

125 ENDF B rv 696) Evaluated       
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56 25 
Finally, the Fe (n,d) Mn* reaction may yield gamma- 

rays of 0.983 MeV and 0.857 MeV due to the transitions between the 

second and the ground state or the first excited state. The total cross- 

(44) 
section for this (n,d) reaction was estimated by Allenby to be 36 : 160 

mb while the ENDF B IV value is given as 19 mb. 

However, in the present work, it was assumed that observed 

: ; a 56 
spectra are mainly from the neutron inelastic scattering from the Fe 

because the angular distributions of these competing reactions were not 

available. 

5.11.3. The results of The Differential Gamma-Ray Production Cross- 

section Measurements for Iron Samples 
  

The cross-sections were calculated using equation (5-23) 

namely. 

do (8) PB: (02/32 GF 

Ga ht om oe an eee CR eee eee 

Where all the quantities were defined in Part I of this Chapter. 

Tables (540 and (521) summarise the experimental results for 

the angular distributions obtained for the production of the 0.84 and the 

1.24 MeV gamma-rays respectively from iron samples. 

The experimental errors in the factors of equation (5.23) used 

for the differential cross-section calculation are listed in Table (5.12 ) 
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Table 5.10 

56 ’ 5 
The angular distribution for the Fe (n,ny ) She for the production 

of 0.84 MeV gamma-rays 

  

  

  

  

Scattering (Ga (6) 7 do). more: 

angle ee Sample thickness indicated in the first row below 

2 cm = 0.441 mfp Le Chit os. mip 10.4 cm = 2.3 mfp 

30 Kt ee ee og = doer 108.8 ~11.4 

40 9 %. o9 
af ab ‘ 50 PS oe BALD 90,3. Re? oo 6 TAs 

+ 

60 yh 9S 

+ + + 
70 69.) or eB 6 ~ Fed 01°08" 10-6 

80 ce 68 

90 6 Sut, oo 6.7 i ee a3... eT           
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Table (5.11) 

The Angular distribution for the Production of 1.24 Mev gamma-rays 

56 ’ 5 
From Fe (n,n vy) She 

  

  

  

  

Scattering (de h@ ) / ae} iby St) 

angle 8 Sample thicknes in the first row below 

2 cm 766<om 10:°.4 cm 

30 B90 ni B57 deg. = he Glue. 6d 

40 9. 6 Ae 2" 

50 Siig 303 45.9.5. Ae Oat nek.’ 

60 40.8 = 4,29 

70 399. ac: 46.6°> 49 13.4048 

80 oe ee 

90 64) ae oa ae $203:.- 34             
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below for the iron samples. 

Table (5.12 ) 

The experimental errors in the factors of equation (5.23) 

  

  

Factor Error 

Pee) 8% 

1% d, (¢@) 

S20; EY ) 2% 

Q 4% 

Neutron att. factor 3% 

Peak efficiency € (Ey) 3.5%       
  

The values listed in the above table are the averages over the 

angular range of interest (30° to 90°) i The total error was obtained by 

adding the individual errors in quadrature. The experimental errors are 

shown by error bars in the angular distribution curves and the curves 

showing the variation of the differential cross-section with thickness 

discussed in Sections (5.11.4) and (5.11 -5) respectively. 

o.b174 The Angular Distributions For the Iron Samples 

5 56 Oi Paes dk. The Angular Distribution of the oye (n,n'y) Fe for the 

Production of 0.84 MeV Gamma-Rays 

The measured values of the differential cross-section for 
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the production of the 0.84 MeV gamma-rays in Table (5.10) were plotted 

in Figures (5.10) through to (5.12) for the three iron samples used. In 

Figure (5.10) the results of the present work are compared with other 

workers results. 

In each of the above mentioned figures, the solid line represents 

a least squares fit to the experimental data points. The general 

equation representing these fits is given by 

do (8 2 4 
ot) = A % O,) ct (A, * a5) Cos“6 * (A, a a4) Cos 6 (5.24) 

  

and the equation for each curve is given below the figure. 

The derivation of equation (5.24) is given in Appendix (B) with 

the computer program used to determine the coefficients Ae A, , and A, 

and a and also the errors in these coefficients, ie. a4: Oho ; 4 

respectively. 

It can be seen from Figure (5.10) that there is a good agree- 

ment between the present results and the published ones except for 
(100) 

Abbondanno et al., results which gives lower values for the 

differential cross-section. A possible explanation for their results 

could be that they under-estimated the peak area and hence, the number 

of gamma-rays produced, this can be seen in Figure (5.13) which 

shows the gamma-ray spectrum obtained from sodium sample at scattering 

100 
angle of oa”. which was the only spectrum publishedin their paper ( ) 
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Present work 

  

  
  

4 > (100) 
© Abbandano et al., 

(6) 
4 Lachkar et al., 

(do(8)/d Q) © Purmansouri ‘12) 

mb/sr 

bLO0 3 

50 + 

% © 
: 

i I ] uit 
O28 0.6 O24 OF 2 0 

Cos 6 

Figure (5-10). The angular distribution fpr the Deen ny) Pe 

0.845 MeV gamma-rays. Sample thickness 2 G- 

The equation describing the fitted line is 

oie) (63°53 2 0.49) + (81550 2 1.91) Shs" eg (80.71 ta go) 

164 Gos 4 6



do(s) /d2 

(mb / sr) 

100 + 

  
  

0.8 0.6 0.4 O12 0.0 

Cos 6 

Figure (5-11) The angular distribution for the ” Fe (nny)>° Fe 

0.84 MeV gamma-ray . Sample thickness = 7.6 cm. 

The equation describing the fitted line is 

2 do (6)/dQ = (78.524 1.58) + (58.0+4.15)Cos”é - (47. 3745.49)Cos“¢ 
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d_g_ (8) 
dQ 

320.4 

Go 

BO 

40 ar 

©:0 ' 

0.8 0.6 0.4 o2 0.0 

Cos 6 

Figure (5~—12) ‘The angular distributio for the ” Fe(n,m y) - Fe 

0.845 MeV gamma-ray. Sample thickness = 10.4 cm. 

The equation describing the fitted line is , 

2 Sec (6 mH 4a) © E7894 11.2 ) Coe"o -(68.0% 14.1) Chee 
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Counts 

0.44 

1500 + 

1000 

0.511 
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1.63 

~ l l 

100 200 300 
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Figure (5-13) Gamma-ray spectrum obtained from Sodium sample at 

scattering angle 60° . Abbandanno et al a 
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5.11.4.2, The Integrated Cross-Section for the Production of 0.84 Mev 
Gamma-Rays By the ok (ain y)) ae Reaction 

Both compound nucleus and direct interaction theories of 

nuclear reaction predict that the angular distributions are symmetrical about 

the 90° setting angle in the centre of mass system, which is supported 

further by many reported gamma-ray angular distribution measurements 

from the interaction of 14 MeV to 15 MeV neutrons in the angular interval 

(5,6; 102,103) 

0° to 180°, 

The integrated cross-section for gamma-ray production is 

obtained by integrating the differential cross-section over 4-7 solid 

angle, i.e. 

O(n ny) = | ( at nL) ) a 

do (8) ‘ 
| ( ah ) Sin 0 dO dd 5,625) 

=O 

If the differential cross-section is independent of azimuth, 

  

® , about the incident beam direction, the integrated cross-section is 

given by 

T 

‘Gs 
O(n,n y) = 2 7 | ( Soa ™ Sin 6 a 6 (S. 25a) dQ 

oO 

° 
upon using the fact that the distribution is symmetrical about the 90 

scattering angle, equation (5.25 a) can be rewritten as 
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0 (ny) mee A> TT | 7 on ty a Sin 6. a6 (5:.25 2b) 

(38,109) 

From the analysis based on a statistical compound nuclear 

formalism the differential cross-section can be expressed in terms of the 

even powers of legendre polynomials, vis 

9 i : N ac) = B+ BoPgde Some Beh, Ae) (5.26) 

where Py (9) and Py ( 8) are the second and fourth order legendre 

polynomials and BOB and By, are constants. 
2 

Equation (5.26) reduces to the form 

a. A, ti. (Cos “es eo BN Gas” (0) (627) 

where Aa: Ay and Ay are new constants. 

Equation (5.25 b) can be written as 

M2 

O (n,n yy) = 4m | [ nt A, Gosse tig Cos’e | Sin® dé 

oO 

(5 2.28) 

= ee fore +) (5.28a) 
oO — i 
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where the A's are the calculated coefficients from the fit of the experi- 

mental results to equation (5.27). 

The error in the integrated cross-section is given by 

    

2 2 
a a 

CA, (mai es Toa (a, + 3 + ) (5.29) 

where the Oo? a 9 and a 4 are the errors in the coefficients AS Ay and 

Ay respectively. A detailed discussion and the derivation of the above 

equations is given in Appendix (B) 

5 
The integrated cross-section for the i. (n,n'y ) tbe (0.84) 

MeV gamma-ray was calculated for each of the three iron samples from the 

determined values of the coefficients and the results together with the 

values of the coefficients is shown in Table (5.13). 

From Table (5.14) in which our results are compared to the 

published data, it can be seen that the present result agrees with the 

published ones within the quoted experimental errors except in the case 

(Be 7 Odi) 
of Martin and Stewart's results where the disagreement is about 

28%. The values gor at 90° quoted in the literature are 

- (105) (104) 
spread over a wide range from 30.2 - 9.1 mb /sr to 79.2 mb/sr 

however, since some workers calculated the integrated cross-section 

oO 
as4 7 x le Et without measuring the actual angular 

oe Je. 90° 
distribution itisjustified to conclude that the values of the integrated 

cross-sections in Table (5.14) are compatible within the experimental 
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e€rrors.. 

Table (5.14) 

Comparison of the present results for the thin sample (thickness 2 cm) 

with the published data. (Lron) 

  

(gee) (mmb/sr) 
d Q 9= 90° 

Integrated cross~section 

  

          

rib) Reference 

; + 
63.8 -6.4 B97: AI) Present work 

+ + (5) 
152.62. s=°8° 07 PL38 47 185 Martin and 

Stewart 

: * (104) 
Tea ae 1228 150 Martin and 

Stewart 

a : 5 

+ ae (100 
452.6c8=° 9 TOL 32 16 Abboundanno 

et al., 

(6) + 

6$.5 < © 823 = g2* Lachkar 
etal., 

+ + (44) 
62 ;28-=.14.42 814-2] Allenby 

+ (12 
60 60.. = 743 6 T5857 Poormansouri 

(*) Calculatedas 4 7 x ( = sa o 

@= 90° 

te



Dabhs 4ad5 The Angular Distribution for the One (n,n' Y) 56 pe, 

1.24 MeV Gamma-Rays 
  

The values of the differential cross-section for the 

production of 1.24 MeV gamma-rays following the inelastic scattering 

of 14 MeV neutrons by the different iron samples listed in Table (5.12) 

were plotted in Figures (5.14), (5.15) and (5.16) for the sample thickness 

2 cm, 7.6 cm and 10.4 cm respectively. 

As discussed in Section (5.11.4.1) and Appendix (B), the 

measured cross-sections were fitted to the form of a cosine power series 

of legendere polynomials, i.e. 

4 do (8 
(422. ) = (a, ta.) # (a, a,) cos* 0+ (a 6 = a,)e 2 4 Oy OS 

The solid line in the above Figures represent the fitted cross- 

sections while the circles with the error bars represent the experimental 

results and the error respectively. In Figure (5.15) the pre sent result 

is compared to the results of other workers, but no similar experimental 

measurements could be found for large sample thicknesses except in the 

(12) 
work of Pourmansouri where 4 cm was the thickest sample studied. 

This thickness is only about 50% of the second iron sample in the present 

measurement, since the differential cross-section for the thick sample 

were calculated for energy regions one MeV wide in the spectrum rather 

than for energy levels of specific gamma-ray energieS, Pourmansouri's 

results could not be compared to the present result. 
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It can be seen in Figure (5.15) that good agreement between 

the present results and the results of other groups, also it can be seen 

that Abbondanno results are systematically lower than other results as 

explained before. 

5.11.4.4. The Integrated Cross-Section for the eo. (n,n'y ) a 1.24 

MeV Gamma~rays 

The same procedure as discussed in Section (5.11.4.2) was 

: ; 56 j 56 
used to calculate the integrated cross~section for the Fe (n,n yY ) Fe 

1.24 MeV gamma-rays, using the coefficients obtained from the fit of the 

experimental results to equation (5.27). Table (5.15) below gives the 

values of the coefficients Aa: A, and A, and the integrated cross- 

section far each of the three iron samples used for the production of 1.24 

MeV gamma-rays while in Table (5.16), our results for the thin sample 

(thickness 2 cm), are compared to the published results by other workers. 

It can be seen from Table (5.16) that the values of the integrated cross- 

56 ; 56 
section for the Fe (n, n'y ) Fe, 1.24 MeV gamma-rays are spread 

over the range from 289 (mb) to 695 (mb). It is difficult to attribute this 

disagreement to the different experimental methods since most of the 

above workers used Na I (Tl) detectors and the time of flight technique . 

The results of the present work confirm those of Bezotosnji 

4 
etal., eee Lachkar et al., ie and Abbondanno et al., ae 
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5.11.5. The Variation of the Measured Cross-Section with the Sample 

Thickness 

The results for the measured differential cross-sections for 

the three iron samples of thicknesses 2, 7.6 and 10.4 cm in the angular 

range studied are given in Tables (5.17) and (5.18). It can be seen 

from these tables that the observed cross-section increases with increas- 

ing the sample thickness, this is explained as the effect of the 

multiple scattering of the incident neutrons in the sample, since the 14 

MeV neutron would still have enough energy after the first inelastic 

reaction she tii ny) ore to be involved in another inelastic reaction 

after travelling certain distance (related to the mean free path) in the 

sample. The probability of this second or further interactions generally 

increases with increasing the sample thickness. 

Although the general form of (d o(6) Ja Q ) versus the 

sample thickness would imply that the variation is linear and a relation 

of the form 

  10
9 

= Constant x sample thickness,which is true 

for single collisions only, the results were fitted to an equation of the 

exponential form 

ots) em Constant  \.. tepid . t. (5.30)   

where 
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d 
y 2 : 8) = The measured differential cross-section 

K = The value of (dg/dQ ) as the sample thickness 

approaches zero or equivalently the thickness 

where multiple scattering effect is zero. 

B = Constant determined from the experimental results. 

T = The sample thickness in mean free paths. 

The reason for the exponential form used here is that the’ pro- 

cess of multiple scattering can be understood as a growth process in the 

neutron flux incident on to the target, in the sense that (N) neutrons are 

incident but the number of interactions in the sample are greater than (N) 

because each neutron would have a chance of more than one interaction. 

LO 

Day ( i who used a ring scatter and 2.56 MeV neutrons 

reports that even with a sample thickness 0.14 cm s 0.05 m.f.p. the 

observed cross-section would be 5% higher than the "zero-thickness" 

cross~section, while for a sample of 2 cm thickness, the observed cross- 

section would be 26% higher than the "zero-thickness" cross-section. 

se : Cli.) ; 
Days experimental results were verified by Kellie et al., using 

Monte-Carlo calculations without giving details describing the variation 

in the measured cross-section due to multiple scattering with thickness. 

Figure (5.17) shows the logarithm of the measured Section as 

circles while the solid line represents a least squares fit to the logarithm 

of equation. (5.30) i.e. 

184



Sample thickness mfp. 

  

  

S5
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of
 

<
<
       

Sample thickness cm . 

Figure (5-17) The variation of the measured differential cross-section 

for the production of 0.845 Mev(a) & 1.245 Mev (b) gamma- 

rays from iron samples with sample thickness . The lines 

represent least squares fit to ecaticn (5-30 a) using 

of x (solid line )and the universal constant (dashed line). 
iro 
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Log, (X-sec) = log, (x-sec) | ie S (5.30 a) 

The values of Log, (x-sec) | and 8 are obtained from the experimental 

results of the iron samples only. 

The same treatment was performed on the concrete results to 

determine the value of the constant pees as will be discussed in 

the following Sections, then a universal constant was obtained by comb- 

ining 8 and 8 and this constant was then used to fit both the 
iron conc. 

iron and concrete results to equation ( 5-30a ) The dashed line in Figure 

(5.17) represents this fit for the variation of the measured cross-section 

for the production of 0.845 MeV and 1.24 MeV respectively with the 

oO 
sample thickness, at the scattering angle 30 . 

Figure ( 5-18 ) shows the variation of the measured cross- 

sections with sample thickness for different scattering angles, and the 

straight lines represent in each case a least squares fit according to 

equation (5-30 a) using the universal constant 6B. 

The increase in the measured cross-sections with the sample 

thickness is clearly seen in the above Figures and the percentage 

increment due to multiple scattering calculated as 

do(@ dog (6) } 7a 9 (8) 
% increment = / fitted i = Seas }/( F) 

d 2 Ss d 2 dQ ade 

T= 

  

is plotted in Figure (5.19). ($7°31) 

The results of the present work suggest lower contribution due 
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3. 64 
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Sample thickness cm 

Figure (5-18) The variation of the measured differential cross- 

section for the production of 0.845 MeV gamma-rays from [ron 

with sample’thickness. The lines represent least squares fit to 

the equation (5.30-a) using the universal constant 6 
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G10.) (11) 
to multiple scattering compared to the results of Day and Kellie , 

a possible explanation for the disagreement is that the above authors 

used lower neutron energies 2.56 and 9 MeV respectively, where the 

main non-elastic scattering process is the inelastic scattering producing 

gamma-rays, while in the present work, at 14 MeV neutron energy, the 

particle reactions are also possible, [In addition, the upper sample 

thickness used by Day was only 2 cm and the sample was in a disc 

form. 

The present results suggest that the multiple scattering 

contribution to the gamma-ray production cross-section to be 18% and 

39% at sample thicknesses of 1 and 2 mean free paths respectively. 

Sean Results for Concrete 

5.12.1. The Elemental Composition of Concrete Samples 

The composition of the concrete samples was briefly discussed 

in Section (3.4.4.2) in terms of the main compounds forming the portland 

cement. As this work is concerned with the gamma-ray production it 

was necessary to consider the elemental composition of the samples. 

The concrete used in the present work was ordinary concrete 

type 5 or better known as (5 - Harwell concrete) and it's elemental 

so 3 bet 
composition in terms of gm of element/cm- of concrete is given in 

Table (5.19). 
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Table 5.19 

Elemental densities of ordinary concrete type 5-Harwell concrete from   

  

  

ralerence: 2 

Element 
Concrete Composition in 

(gm of element/cm~ of concrete) 

Hydrogen js! 0.0220 

Oxygen O E2810 

Carbon C 0.0080 

Sodium Na 0.0290 

Magnesium Mg 0.0020 

Aluminium Al 0.1310 

Silicon Si 0.6300 

Sulpher cS O. C0S7 

Potassium K 0.0250 

Calcium Ca : 0.2420 

Titanium Ti 0.0170 

[ron Fe 0.0450 

Nickel Ni 0,128         

The density of the concrete was determined experimentally and 

it was found to be 2.504 7 0.128 g ease 

Due to the complex composition of concrete it was difficult to 

analyze the gamma-ray spectra obtained from these samples in terms of 
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discrete gamma-ray energy levels. This may be seen from the typical 

gamma-ray spectrum from concrete sample shown in Figure (5.3 ). 

Seb 22 The Experimental Results 
  

The experimental results are expressed as differential gamma- 

ray production cross-section/MeV for consecutive intervals of 1 MeV in 

the range 1 to 6 MeV. 

Equation (5.23) was used for the calculation of the differential 

cross~section for gamma-ray production, ie. 

(esa) oor 

do (8) _ 
. ‘ 1 (6, (8) FF.) “Se Ey): €(E,) « es - exp. (-2, x) | (5.23) ast 
  

P(@) here is the number of gamma-ray counts in the energy interval of 

interest and the rest of the terms are as defined before. 

oO, and re are the total microscopic and macroscopic 

cross-sections for concrete related by ( te = N oy, ) where N is the 

3 
number of nuclei for cm in concrete, 

tt was determined experimentally for 14 MeV neutrons by 

measuring the neutron transmission througn concrete samples of different 

3 
thicknesses. The number of nuclei per cm was determined from the 

(2.539 ; ; published data for ordinary concretes and it was corrected 

for the density of the concrete used. The experimental results are given 

+90



in Tables (5.20) through to Table (5.24). The headings of the Tables 

are as follows : 

S. Angle = Scattering angle in the laboratory 

system 

Thickness = Sample thickness in inches 

@, Factor = The Geometry factor correction 

X-Section = Differential cross-section for 

gamma-ray production (mb/sr) 

Errors In (me / sr) 

The errors in the Tables are dominated by the experimental 

error in determining the number of gamma-ray counts in each energy 

group, tes Pp (8), 

Table (5.25) gives the errors in the different factors excluding 

the error in P (6 ) which is given waeichel in Table (5.26) for each 

of the energy regions considered. The total percentage error in the 

experimentally measuredcross-sectionsfor concrete sam ples was 

obtained by combining the above two Tables in quadrature and the final 

result for each energy region is shown in Table (>. 27). 
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Table (5-25) 

The percentage error in the factors of equation (5-23) 

  

  

        

Factor % Error 

o, (0) 1 

$ (i604 :.) 2 
. ay, 

AQ 4 

Neutron attenuation 3 

Peak efficiency Deo 

Table (5=2 6) 

The percentage error in P (® ) for the concrete samples 

  

  

Energy region (MeV) % error in P (®) 

=" 2 5.0 

or = 3 A 

3-4 10:,:0 

4-5 ho 

O76 2.0         

202



Table (5.27) The total percentage error in the experimentally 

measured cross-sections for the concrete samples. 

  

  

Energy Region (MeV) % Total © Error 

loeZ 16 

2 a8 14 

3-4 La 

4-5 9 

5 - 6 8         

5.12.3. The Angular Distributions for the Gamma-ray Production from 

Concrete Samples 

  

The measured angular distributions for the different gamma-ray 

energy intervals are shown in Plinires (5.20) through to (5.24). Each 

figure gives angular distributions for each energy range each of which 

corresponds to one sample thickness. The solid line in these figures 

represent a least squares fit of the experimental data points to the general 

equation representing these curves which is given by 

do ( 6) 2 . 4 va a et a, ) + (A, +a, ) Cos” 6 + (A, ta, ) Cos” 6 

The equation for each curve is given in Table (5.28). 

The most noticeable feature of these curves is that the angular 

distributions from the 5 and 12.5 cm samples are similar in shape and as 

g¢ 6 
the increment in the value of aot ) 4 9 is not very large, these 

two curves could be replaced by another curve representing the average 
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TABLE (5-28) 

The equations for the fitted lines in figures (5~20) through to (5-24) 

  

  

  

  

  

  

  

  

Figure No.| Scat. Sample | The fitted line do(6)= BP xt x4 
+ Angle ao an 

Energy X = Cos 8 

Range is 4 ¢ 
| mfp Be Ag * a, Ag™. % 

30 0.57 9.5 Hud 33:0 23,7 & S474 25.0 
(5-20) Gy! 943s | 90.6. 38 © = 530° S713 48.2. *9.7 

1-2 MeV 70 |. 3.29 93,8 7 «148.0 909. 110.0. 235 

90 2.86 79.8 #2.4 - 37.1 46.4 -61.9 48.4 

30 0.57 17.9. 435 10.0 +9.3 2.8. 22.3 

(5-21) 56°) LB Br ae 89.9: hg 
2-3 Mev 70 2.29 ot 3 Aa 98.5 + 4.8 

90 2.86 105.8 *10.1 “168 396.6 -86:8 “65.5 

as 30 | 0.57. |19.0 45.7 30.4 715.1 22.5 420.0 
50 1.43 35.7. #239 -51.6 47.2 149.3 = 9.6 

3-4 Mev 70 2.29. “174.9% SEO u.5 Sosa -Spazo: Ts6,2 

90 2.06. 2° 183.2. 423.1 103.6 =34.5. “195.5 45.6 

a8, 30 | 0.57 |13.9 41.9 FA, > SA 83h S66 
50 To ee * 4 6.8 +18 "35-0 7.4 

4-5 MeV 70 2.20. |25.9 %.4 174.4 119.6  -204.4 425.9 

90 7.06 156.1 0.2 266.4 * 0:7 16.7 1.6 

(eats Of” 6.57. 116.7 Mio -38.2 22.6 69.4 43.5 
50 Was 06s Se “14.5 2 1:5 66.6 *2.0 

5-6 MeV 70 $579.) 46,2. ea 6 202.9 *120 =285.4.°716.0 

90 2.86 136.6. %9 $6.7. sieve S30           
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Figure (5-20) The angular distribution for the production of 

(1-2) MeV gamma-rays from concrete samples . 
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Figure (5.21) The angular distribution for the production 

of 2-3 MeV gamma-rays from concrete. 
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The angular distribution for the production 
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angular distribution for the two samples. A similar argument holds for 

the 20 and 25 cm samples. 

The mean free path for 14 Mev a) in the concrete is 

about 10 cm which means that the different sample thicknesses are G25) 

1.25, 2 and 2.5 mean free paths. From the above argument it seems 

reasonable to conclude that angular distributions from the concrete. 

samples will have the same shape for all samples having any thickness 

in intervals of one mean free path width, i.e. (0-1), (1-2) etc. 

No similar measurements were found in the published literature 

hence, it was not possible mn compare our results with others, How- 

ever, using the major elements constituting concrete, ie. oxygen, 

calcium, silicon and aluminium, and from the published data on the 

relevant cross-sections, it was possible to construct the total cross- 

section for concrete and the differential cross-sections for gamma-ray 

production. The sets of data considered were those of Dickens et al. ; 

113 48 
( TrlLOr 11,112) nan et al. Caldwell et an Drake 

(39) (108) (114) 

etal., Thompson et al., Perkin et al., and 
(98) 

Engesser et al., [It must be emphasized that there is a consider- 

able disagreement among these data sets andnone of these data contains 

the cross-section for the four elements nor the complete angular distri- 

butions, since the measurements were performed at only one or two angles 

usually 90° and 1as-, The following table shows the source of data 

for each element considered. 
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Data Source Angle at which the cross- 

  

Element 

section was measured 

(48) (108) (113) ° 
Oxygen Calwell, Thompson, Orphan 90 

(39) (114) CLTS) 
Drake, Perkin ,Dickens 

(La) Oo 
Calcium Dickens 125 

12 
Silicon Dickens” 90° 

Aluminium Dickens?+>) 90°     
  
  
sections was used by Schmidit 

(2) 

The equation used for the evaluation of the concrete cross- 

for the evaluation of the removal 

cross~sections for cancrete using the data for the elements constituting 

concrete, The equation for evaluating the total macroscopic cross~section 

Ee from which the microscopic cross-section can be found using the 

relation 

where 

a ao Np was_ 

‘~ = Pe, (Use), ( 5-32) 

¥ 

% = Macroscopic cross-section for concrete. 

Bee Partial density of the constituent i in heaton 

(2 / o)= The total cross-section per unit density of the co 

constituent, 

The result of this evaluation for the differential cross-section 
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for the production of the different gamma-rays considered at 90° is 

compared to the experimental results in Table (5.29). 

From Table (5.29) and in view of the inherent uncertainties in 

the composition of concrete and the used cross-section, it can be seen 

that the experimentally measured and the estimated values of the 

' differential cross-sections are in reasonably good agreement. 

5.12.4. The Integrated Cross-Sections For the Production of Gamma- 

Rays From the Interaction of 14 MeV Neutrons in Concrete 

The principles of evaluating the integrated cross-section from 

the measured angular distribution has been discussed in Section (5.11.4.2). 

The general equation describing the angular distributions is given by 

2 on) 24 = (A, oe (At G2 ) Cos” 0 + ( A,ta, ) Cos 8 

where all the terms are as defined éarlier. 

The equation for each angular distribution for concrete samples 

is given in Table (5.28) where the values of the coefficients Ao: a) and 

A, together with the associated error in each coefficient can be found. 

The integrated cross-sections for the production of gamma-rays 

of different energies following the inelastic scattering of 14 MeV neutrons 

in concrete are given in Table (5.30). 

The integrated cross-sections for each gamma-ray energy group 

from the four concrete samples were fitted to equation (5.30) namely 

Sle
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e
d
 

d
a
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a
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* 
Fe 

R
R
 

G
a
m
m
a
-
r
a
y
 

-4 
0 (90) 

| 
d
=
 
P
o
)
 

From 
L.S.F. 

A
k
e
 

Synthesized 
e
d
d
i
e
 

E
n
e
r
g
y
 

e
x
p
e
r
i
m
e
n
t
a
l
 

results | 
. fons 

based 
on 

equation 

“= 
Ta) 

(5) 
"a. 

7 
a
o
)
 

B, 
= 

0.4584 
B, 

4
3
2
1
2
 

8 
—
 

(5-31) 

1-2 
1
8
.
0
5
4
2
.
8
9
 

2
4
.
5
8
=
3
.
9
3
 

0.8844 
7
.
7
9
4
1
.
2
8
 

14.7843 

2-3 
20.2142. 83 

27.7243.88 
0.9192 

8.0841.13 
7.13*1.5 

3-4 
17.1941.89 

23.1642.54 
0.7457. 

9.8941.09 
9.494+1.95 

4-5 
9.50+0. 86 

12.6841.14 
0.5765 

7.50+0.68 
4.0441.00 

5-6 
9.3040.74 

12.0140.96 
0.3202 

11.7840.94 
10.6642.5 

= 
  

  
  

  
  

  
 
 

(*) 
The 

values 
of 

8 
shown 

are 
those 

used 
for 

fitting 
the 

e
x
p
e
r
i
m
e
n
t
a
l
 

results 
to 

equation 
(5-30) 

(a) 
By 

= 
0
.
4
5
9
4
 

f
r
o
m
 
c
o
n
c
r
e
t
e
 
m
e
a
s
u
r
e
m
e
n
t
s
 

(b) 
B, 

= 
0
.
3
1
1
7
 

u
n
i
v
e
r
s
a
l
 

c
o
n
s
t
a
n
t
 

f
r
o
m
 

i
r
o
n
 

a
n
d
 

c
o
n
c
r
e
t
e
 
m
e
a
s
u
r
e
m
e
n
t
s
 

(c), 
(+) 

The 
values 

of 
8 

from 
L.S.F. 

for 
the 

e
x
p
e
r
i
m
e
n
t
a
l
 
m
e
a
s
u
r
e
m
e
n
t
s
 

at 
90° 

for 
the 

concrete 
samples 

(**) 
The 

e
l
e
m
e
n
t
s
 

c
o
n
s
i
d
e
r
e
d
 

are 
o
x
y
g
e
n
,
 

c
a
l
c
i
u
m
,
 

s
i
l
i
c
o
n
 

and 
a
l
u
m
i
n
i
u
m
 

w
i
t
h
 

p
a
r
t
i
a
l
 

d
e
n
s
i
t
i
e
s
 

1.231, 

0.242, 
0.63 

and 
0.131’ 

respectively. 
:



Table 
(5-30) 
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r
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different 

e
n
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c
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s
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(oe -"( ae? 
as ego's ; eit 8.0 T ) 
_ * aot 

(where a detailed discussion of this equation is given in Sections (5.11.5) 

and (S.l2eby.to.find £35 and the results are shown in Table 
int p=o9 

(5.31) together with the estimated cross-sections from the published 

ed? d__o( 8)\ 6=90° 
data and the values of 4 ™( =—7"-™~ 

.* T=O 

It can be seen from that table that the agreement between the 

d o(0 )\ 8= 90° 
estimated values and the experimental measured 4 7 ( cat ) 

TO 
is quite good. The value of the extrapolated ye for thickness T=0O 

and the estimated values are not in good agreement and this implies that | 

the angular distributions for the gamma-ray production in the gamma-ray 

energy considered are not isotropic. Consequently the assumption that 

the integrated cross-section is equalto 47x (ae does not =a 
dQ ee 

hold, except for the gamma-ray in the energy range (5-6) MeV where it 

47 (29090) can be seen that ( enn , the estimated value 417 ao / Published 
° 

0) d 
and the experimentally determined 47 x —- are in a very good 

T=0 
agrecInent. 

Dele. o. The variation of Measured Cross-Section with the Sample 
  

Thickness in Concrete 
  

The experimental results for the differential cross-section 

for gamma-ray production from the four concrete samples in the angular 

range studied are presented in tables (5-20) through to (5-24). These 
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results were analysed in the same way as the iron results (Section 5.11.5). 

Figure (5.24) shows a typical concrete result for the variation 

of the measured cross-section with sample thickness, where the lines 

represent a least squares fit to the natural logarithm of equation (5-30) 

do(8) , _ d_o(6) 
log, (ag ) = log, Cag eo t BT (5.30) 

All the quantities in the above equation have been defined in 

Section (5.11.5), with 8 being the universal constant obtained as the 

average of the values of g_ from the iron and concrete sresults. 

Figure (5.25) shows the variation of the differential cross- 

section for the production of (3-4) MeV gamma-rays from concrete with 

the sample thickness (expressed in mean free paths) in the angular range 

studied. No similar measurements were found in the literature and hence, 

it was not possible to compare our results with others. Figure (5.26) 

shows the variation for two different gamma-ray groups namely (2-3) MeV 

and (5-6) MeV, at the scattering angle 06 = 90°. The continuous line 

for the (2-3) MeV represents the maximum error in the fit obtained using 

the universal constant 86 , with the value of ( % = 0.36) while 

the broken line for the (5-6) MeV represents the minimum error in the fit 

using the same universal constant, the value of x7 for the later case is 

x? = 0.01). 
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Figure (5-25) The variation of the measured differential cross= 

section for the production of (3-4) Mev gamma-ray 

from concrete samples with sample thickness . 
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Figure (5-26) The maximum and minimm error in the fit using 

the universal constant B 
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The values of oo for all the gamma-ray groups from the 

different concrete samples in the angular range studied are given in table 

(S-32). The x? values correspond to the fits to the logarithm of 

equation (5-30) using both the universal constant 8 and the value of 

8 from the concrete results only. 
conc. 
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Table (5-32) The values of 2 per point for the fit of the measured 
cross-sections to the logarithm of equation (5-30) 

  

  

  

  

  

  

            

Gamma-ray; Scattering angle . (x~) 
Energy 
(Mev) Sw -9.3i112 B = 0.4584 

unty:. COnc., 

30 0.03 0.10 
50 0.05 0.03 

L=-2 70 0,5 Ov20 
90 0.34 O42 

Integrated X-S. 0.07 0.03 

30 0.08 Oca 
50 0.06 0.03 

2-3 70 Or13 0.06 
90 0. 36 Q.22 

Integrated X-s O202 Os 

30 0.10 0.19 
50 0.01 0.004 

3-4 70 0.09 0.04 
90 Deo 0.10 

Integrated X-:S 0.005 0.01 

30 O22 oO. 32 
50 0.08 07 

4-5 70 0.14 0.30 
90 3 i 0.06 

Integrated X-§S OyOL 0.02 

30 Cua? 0.26 
50 0.19 O.15 

5-6 70 ae 0.12 
90 Oo. 0) 0.03 

Integrated X-S O.82 0.03 

‘<6 2° Srboss~ sectict 
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CHAPTER SIX 

COMPARISON OF THE RESULTS WITH THEORY 

60 Multiple Scattering of Neutrons In An Extended Sam ple 

The general assumption made when calculating the differential 

cross-section for gamma-ray production following the inelastic scatter- 

ing of neutrons is that the gamma-ray yield is due to neutrons that have 

interacted once only in the scattering sample, consequently, the 

neutron flux falls exponentially through the sample. 

However, there is often a good chance that a neutron will be 

scattered again, elastically or inelastically before finally leaving the 

scattering sample or being thermalized. Neutron elastic scattering is 

very forward peaked and neutrons interacting by this process (or through 

this channe!) lose a very small amount only of their energy except for 

scattering from light nuclei with (A < 12). The probability of multiple 

scattering depends on the dimensions of the scattering sample and on 

the scattering cross-section of the sample material. The sites of 

multiple scattering on the gamma-ray production cross-section are :- 

a) To cause an increase in the gamma-ray yield due to the effective 

increase in the neutron flux, consequently the calculated cross- 

section from the experiment is artificially high and, 

(115) b) Changing the incident neutron energy. by elastic scattering 

so that the neutron energy distribution through the sample will 
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be continuous from the source energy to zero energy. This 

has the effect of increasing the measured cross~section since 

generally, the cross-section for gamma-ray production decreases 

with increasing the neutron energy from a few MeV above the 

threshold. This can be seen in the measurements of Lachkar 
(6) (S223) 

Cia, , on iron, Orphan et al., and Nordborg et al., 

(41), on oxygen and Dickens, al., ‘a6 on calcium. 

(10) 
Day measured the 0.84 MeV gamma-ray production cross- 

section following the inelastic scattering of 2.6 MeV neutrons from 

different iron samples. In each case, the cross-section was calculated 

by two methods : 

i) Ignoring the multiple scattering, and 

ii) By including a correction term for the increased gamma-ray 

yield from the second neutron scattering events. 

(TO) 
Figure (6-1) shows the results of Day's work where it can 

be seen that multiple scattering is appreciable even for thin scattering 

samples. Por sample thickness of between 0.1 and 0.2 mfp, the 

multiple scattering contibutions are 8.7% and 14% res pectively. These 

ve ; (11) results were verified theoretically by Kellie et al. . using Monte- 

Carlo calculations. The two sets of results were in agreement to 

within 1% of each other. Figure (6-2) shows the percentage of the 

gamma-ray yield due to multiple scattering at different neutron energies 

(11) 
according to Kellie st al. calculations. This is in contrast to Walt 

ae3



  

in(meh sured) 

1.04 

0.2. 

  

      

0:8 a & eh = 9/914 > 0.018'b 

O67 | | | L | 

05 t.9 1s 2 2:5 

Sample thickness €m) 

, Figure (6.1) The effect of multiple scattering on the gamma-ray 

production cross-section with different sized samples 

for °8Fe (n,n )°6Fe 0.845 MeV level. 

OO O Experimental Results 

AAA Corrected cross-section 
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(38) 
who states that multiple scattering is not appreciable for 

sample thickness less than 0.2 mfp. 

Since multiple scattering correction requires a great deal of 

: {1o) 
tedious computing, Day suggested that provided the sample thick- 

ness has a neutron transmission > 70%, the multiple scattering 

correction could be neglected if the neutron flux is assumed to be 

constant throughout the sample; i.e. the increased gamma-ray yield is 

exactly compensated by neglecting the neutron beam attenuation. The 

; (10) 
validity of this approximation was verified by Day and by 

(LET) 

Nishimura who found that cross-sections measurements agreed 

within 2% for different sized samples at incident neutron energies of 

(118) (44) 

2.5 MeV. Martin and Stewart and Allenby also obtained 

good agreement for cross-sections measurements with different sample 

thickness at incident neutron energies of 14 MeV. 

However, in the present work the thickness and dimensions of 

the scattering samples are sufficiently large that the above criteria can- 

not be employed and the multiple scattering process has to be taken into 

accounts 

The usual theoretical technique for calculating the effect of 

multiple scattering is the Monte~Carlo technique which will be briefly 

discussed in the following section. 
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6.2 The Monte-Carlo Method : 

This method in all its forms involves some sort of random 

. sampling process. Samples are drawn from some "Parent Population” 

through sampling procedures governed by specified probability laws. 

Statistical data are collected from the samples and through analysis of 

these data, one is lead to inferanse conceming the parent population. 

For the multiple scattering process, the Monte-Carlo method 

consists of performing a theoretical experiment with a large number of 

neutrons incident onto the scattering sample and following the history 

of each neutron in the sample. The machine is programmed to decide 

when a neutron suffers a collision, the direction in whichit is scattered 

and what its subsequent history might be, when the process is carried 

out for a very large number of neutrons. This process gives a satis- 

factory statistical sample. [If a high speed computer is available, 

then the usefulness of the technique can be improved greatly since it 

‘is uisaiivite to increase the number of trials, hence allowing more 

precise simulation of the actual process and hence, yielding greater 

accuracy. 

Because of the complexity of neutron interactions, the trans- 

port of neutrons in the reactor shields and the asociated secondary 

gamma~rays produced are usually handled by using Monte-Carlo 

C1 S20.) 
technique which has proved to be a useful, if not versatile, 

tool for calculating the theoretical bases to experimental data. 

eat



The utility of the Mcnte-Carlo Computer Programmes has been 

significantly restricted by the large computing effort required, although 

‘¢URL, 022, 129) 
several Monte-Carlo multiple scattering programmes are in use 

none of them are suited to the present use because of the considerable 

number of revisions to adapt these programmes to the present problem and 

to the computer available at the university, hence, a simpler method 

working from the principles of continuous slowing down of neutrons in 

the sample has been adopted. 

623; The Calculation Procedure Based on The Continuous Slowing 

Down Model 

The following model is an attempt to produce a semi-analytical 

approach towards the first neutron scattering interaction in the sample 

which could be extended to take into account the second and further 

multiple scattering processes involved. The model is based on the 

continuous slowing down model and the fermi age equation to determine 

the neutron spatial energy distribution inside the sample and then pre- 

dicting the gamma-ray yield at each detector position using this 

distribution. 

The following conditions are assumed to hold ; 

i) The scattering sample consists of nuclei other than the very 

light nuclei, i.e. hydrogen and deterium. 

ii) The average decrement in the logarithm of the neutron energy 

per collision ( € ) is independent of the neutron energy. 
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Under this condition, the behaviour of the neutrons can be 

reasonably represented by an average, and the logarithmic 

energy decrement per collision is small. As a result during 

the slowing down process, it can be assumed that the neutron 

loses energy continuously rather than discontinuously as is 

actually the case. 

With the above conditions, the differential equation representing the 

(120) 
slowing down behaviour in a non-absorbing medium is given by 

oh 

Tog he ra “5 Pee (6-1) 

where 

q = the slowing down density. 

—& = the average logarithmic energy decrement per 

collision, 

x = Macroscopic scattering cross-section 

p = Diffusion coefficient 

wu = “Neutron lethergy “= In (Fo /% ) where E., and E, are 

the neutron energies before and after the collision respectively. 

Upon introducing a new variable <« (u) defined by 

e D 
v (u) | : - du (6-2) 

and making the transformation which replaces u by ¢ (u) equation 

(6-1) reduces to 
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Vg (u) eae (6-3) 

Equation (6-3) is known as Fermi age equation. 

The quantity t (u) is called the fermi age of the neutron and 

has the units of Rano. The fermi age is related to the chronolog- 

ical age t which is the time required by the neutron to slow down on the 

average from its original source energy ES to the energy E, or equiv- 
1 

alently as the time between the neutron leaving the source and its 

attainment of the lethergy (u) by the following relation : 

tere oe (6-4) 

where Dy is the average diffusion coefficient over the time t. 

The solution of equation (6-3) enables the evaluation of (vy) 

at any point in the medium, in other words, it enables the determination 

of the spatial Aeththution of the neutrons inside the scattering sample. 

In the present case the large scattering sample has been divided into 

slices of rectangular shape having thickness of 0.5 cm. From the 

experimental arrangement the neutrons contributing to the interactions 

are those defined by the associated cone of alpha particles as shown 

in Figure (6-3), hence, the neutron source can be considered as a plane 

source, emitting (S) fitlewtroine Aci s sec)) of monoenergetic neutrons 

located at the surface of the scattering sample. 
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Suppose that the neutron source lies in the Y-Z plane passing 

through the origin, then fermi age equation (6-3) reduces to 

Vig (x,t) = 2) AOE BM Oe {Gs B) 

At the source, the age of the neutron is zero and the source condition 

can be written as 

q (x, 0) = § . 60 (6.6) 

where §(«) is the Dirac delta function. 

Equation (6-5) can be solved by using a laplace transform or 

by separating the variables x and t , by using a solution of the 

form 

Ca,t)e= “ide Ti) (6-7) 

On substituting equation (6-7) in equation (6-5) and using the 

boundary conditions, the final solution for Fermi age equation for the 

slowing down density is 

Ss 
oe Gx, 0) = (aaa) [ow Ga ia T wo | (6-8) 

In the present work, the neutron age t(u) has been calculated 

by using the published data for the neutron age between two known 

ese



energies and using the formula 

t(u) = K, in (E/E)) (6-9) 

to determine the proportionality constant K,: 

For the iron samples, the neutron age has been determined by 

(423 ) 2 ote ‘ 
Gerasva etal , equal to 745 cm for fission neutrons with 

average energy 2 MeV down to indium resonance energy of 1.46 eV. 

(124 ) 
For concrete, Grimeland and Ddnv old measured the age of 

neutrons produced from the (D,D) reaction with incident deutron of 0.15 

MeV at 90° (resulting in source neutron energy of 2.5 MeV) down to 

1.44 eV, they found that the value (t(u)= 297 ad gives a good fit to 

the experimental points. The calculated value for the neutron age from 

(124) 
ES =2.5 MeVtoE, =1.44 eV in concrete by Grimeland et al., using the 

  

1 

equation 

. 4 
FAH cc” Ue 

* tel oe 2. (6-10) 

6 Mae) 2? dy 
a 

2 
was equal to (444 + 11 cm’), and by using the equation 

u 

oe oT (6-11) 
| 5 Oe 0 3 4 

aX x 

  

  

where E is the macroscopic scattering cross-section; Of element i . 
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Ty is the average cosine of the scattering angle and the rest 

of the terms have the same meaning as defined before. They calculated 

the value for -7(u) using values of the cross-sections taken from 

BNL-325. 

The neutron age from ES = 2.5 MeV to 1.44 eV has been 

calculated for tneir concrete is 

c(u) = 224 oni” 

(124) 
The experimental value of +(u) determined by Grimeland et al., was 

Z ; 
297 cm for the same concrete. Comparison of the experimental and 

theoretical values reflects the uncertainty with which composition of 

concrete is known. 

In the present work, the value for the neutron age was taken 

2. as the experimentally determined value, i.e. 297 cm’. This value 

was used to determine the value of the constant a for concrete. 

Equation (6-8) was then used to determine the values of the 

slowing down density 4 (u,x) for neutrons having energies EY defined 

bys 0 Ol. < Ey < 14 MeV, which after being normalized so that the 

sum A(u, x) equals § gives the number of neutrons which have 

been slowed down past a certain energy E, in each slice of the sample. 
1 

To determine the number of gamma-ray produced at each slice, the 

number of neutrons still having an energy above the threshold for 

producing a particular gamma-ray was multiplied by the inelastic cross- 
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section and divided by the total cross-section, i.e. 

E714 MeV 

No. of gamma-rays produced = N, (E) cca) (6.12) 

in each slice : 

Ba a 

The total number of gamma-rays produced in each sample was obtained 

by summing the contributions from each slice, i.e; 

E__14 Mev 
ayes 

Total number of gamma-rays 
Y (En ,E,,) ae oe N. (E) ane) (6.13) 

produced in a sample ai Ot (En) 

All: the 

slices . noch 

The correction terms discussed in Chapter 5, which were introduced to 

determine the differential cross-section were again used to determine 

the number of gamma-rays reaching the detector and counted in the 

spectrum, namely :- 

a) 

c) 

d) 

The neutron attenuation, for each slice the fraction of the 

neutron beam which has not interacted was used as the source 

strength; for the first slice S$ = @ (n). 

Self absorption in the sample has been corrected for using the 

values of S$(@) defined in Section (5 ~© ). 

Solid angle subtended by the detector and 

the detector efficiency. 
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The final equation used for calculating the number of gamma-rays 

produced in the sample and reaching the detector to be counted was 

0, (6, Ey 
P (0) ae eS f 1 - ont | 2 (EX) ’ tae) ° 

Ti 

(6-14) 

S<(0.,..5 E - AQ ( ) Sal ~ 

where all the factors involved have been defined earlier. 

6.4. Comparison of Experimental Results and Theoretical Predictions 
  

For The [ron Samples : 

Figures (6-4) through to Figure (6-6) show the experimental 

results for the number of gamma-rays of energy 0.84 MeV and 1.24 Mev 

produced from the iron samples under neutron bombardment. Compared 

with the number of gamma-rays obtained from the theory. For com par- 

ison of the two results, the number of gamma-rays was normalized to 

the same integrated neutron-flux. The solid line represents the 

theoretical predictions without considering the neutron attenuation in 

the sample, while the dotted line represents the theoretical predictions 

taking neutron attenuation into account. As the theory used provides 

the gamma-ray yield from the first interaction only, it can be seen that 

the predicted yield is systematically lower than the experimental 

measurement but has the same angular distribution. 

For the first iron sample of thickness 2 cm, the neutron trans- 
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Figure 6-4 

Comparison of the experimentally determined number of gamma 

rays of 0.84 and 1.24 MeV with the theoretical prediction of 

the model. 

All spectra are normalized to toval integrated neutron count of 

4 8 
3 x 0.” neutrons: 
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Figure (6-5) The number of 0.84 MeV and 1.24 MeV gamma-ray 

produced from the 7.6 cm sample as measured 

experimentally compared to the theoretically 

predicted values for the angular range (30-90). 

238 

 



  

«ron , Sample thickness 

« Experiment 
For the 0.84 oe 

level. 

3 

AAA For the 

P(6) dcowts 

  

r 

2000. 

Et 

“So 

er ee 

ee 
1000 = . 

—y— 

yt 

BO oe   

Theory with neutron 
attenuation. 

Theory without .neutron 
attenuation. 

—_—____—__—_—__—_ 

he 

Mey 4a 

10.4 Cm. 

1.24 MEV level 

2.84 

Aey Arpel 

fe   
  

i 
O75 

| 

O30 

Cos 

Figure (6-6) 

thickness in iron. 

2 39 

  
) 

Same as figures (6-3) @ (6-4). for the 10.4 cn.



mission is 0.72, and it can be seen from Figure (6-4) that the multiple 

sosttering correction is completely balanced by ignoring the neutron flux 

attenuation. For the thicker samples 7.6 cm and 10.4 cm, it can be 

seen in Figures (6-5) and (6-6) that the multiple scattering correction 

required is higher than the correction used by ignoring the neutron 

attenuation. The errors in the experimental results do not include the 

statistical error which averaged over the set of all the results is about 

t 5%, 

Gig Oe Comparison of Experimental Results and Theoretical Predictions 

For the Concrete Samples 
  

Figure (6-7) and (6-8) shows the results for the concrete 

obtained from different samples from the experiments and the theory for 

the production of gamma-rays between (1-2) MeV and (5-6) MeV. 

In order to compare the two results, the number of gamma-rays 

produced has been normalized to the same integrated neutron count-of 

Se6-x ioe It can be seen that the agreement between the theoretical 

predictions and the experiment for the production of (1-2) MeV gamma- 

rays from concrete is acceptable in the light of the following points. 

1 - The hydrogen content of the concrete seriously affects the 

validity of fermi age theory. 

2- The total cross-section for gamma-ray production used in 

: do (8) : 
equation (6-13) was calculated as 4 7 x ( 90 , which 

a Q 
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Figure (6-7) The (1-2) MeV gamma-ray production from different concrete 

samples in the angular range 30°- 90° as measured experimen- 

tally compared to the theoretically calculated values . 
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uses the assumption that the angular distributions are isotropic 

while in fact, they are not, but due to the lack of angular distributions 

for the elements present in concrete, one has to use this assumption 

which is used through in the ENDF B IV when evaluating the cross- 

sections. However, the predicted values at 90° correspond well to 

the quoted ES bacomest 90° cross-section, as it can be seen from the 

Figures (6-7) and (6-8) and from table (6-1). 

Table (6-1) 

The number of gamma-rays with energies between (1-2) MeV produced 

from the concrete samples at 90° as measured experimentally and the 

corres ponding theoretical predictions. 

  

  

  

INO... of Sample Thickness 

Counts 

Produced So Cn 26 5 em 20 cm 25 cm 

Experiment 340 925 1470 1179 

Theory with- 

out Neutron 48] 841 989 LOB 

Attenuation 

Theory with 

Neutron 

Attenuation 

387 939 539 567               
The errors associated with the above number of counts are estimated 

as about 15 %, without including the statistical error. 
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oes The value used for the neutron ane sates from the literature | 

correspond to different concrete from the one used in the 

present work, but due to the lack of complete set of data 

required to evaluate the neutron age in concrete these values 

were used after correcting them to take the variation of the 

density of the present concrete into account according to the 

( ay 
equation from Lamarsh 

T(0) = (p,/p)* (6-15) 

where Po and?” are the densities of the two concretes, 1 (p.) 

and t (p) are the corresponding neutron ages. 

The disagreement between the theory and experiment increases 

with increasing the gamma-ray energy as can be seen in Figure (6-8) 

which can be attributed to the fact that the theory is not a good approx- 

imation to the slowing down in concrete because of the hydrogen content 

as discussed before. 
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CHAPTER SEVEN 

CONCLUSIONS 

The results obtained illustrate that the time of flight spectrometer 

used is well capable of observing the gamma-rays produced in the inter- 

actions of 14 MeV neutrons and that the absolute differential cross- 

sections may be measured with reasonable accuracy. 

The main advantages of using the time of flight associated particle 

technique over the pulsed beam technique are the elimination of the 

complicated and costly instrumentation required for the latterand the more 

efficient use of the beam. 

The gamma-ray detector can be modified to achieve better light 

collection and energy resolution by using a larger photomultiplier tube, 

for example, the Philips 58 AVP Photomultiplier tube which has a photo- 

cathode diameter of 110 mm, which would remove the need for the light 

guide. Furthermore, the 58 AVP Photomultiplier tube has a much better 

energy resolution than the 56 AVP used. Pourmansouri reported peak to 

valley ratio for a 76.2 mm x 76.2 mm Nal (Tl) crystal coupled to a 58 AVP 

tube as 3 to 1 which ts superior to the 1.17 to 1 obtained in the present 

work using a 56 AVP tube. This improvement would allow for smaller 

sam ple-detector separation leading to better statistical accuracy in the 

accumulated spectra. 

The present results for the angular distribution from thin iron sam ple 

were in a good agreement with the published data as discussed in Chapter 
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56 The measured spectra from thick iron samples with thicknesses up 

to ~ 2.5 mfp. showed well defined gamma-ray peaks thus enabling the 

determination of angular distributions for specific gamma-ray levels from 

thick samples. This is an improvement as it was reported by Pourmansouri 

to be difficult to resolve individual peaks in the spectrum, he therefore, 

was able to report angular distributions per MeV only. 

The angular distributions obtained from the concrete samples where 

no similar measurements have been reported provide a good example of the 

possibility of studying complex compounds with a reasonable accuracy 

using the time of flight technique. This is further supported by the good 

agreement between the measured differential cross-sections at the 

scattering angle of 90° and the synthesized ones obtained from the pub- 

lished data. 

The constant 8 obtained from the experiments for the variation of 

the measured cross-section witn thickness and the formula used to des- 

cribe this variation seems to give a good fit to the experimental results. 

The constants 6 ck and 8 Senkel: obtained for iron and concrete 

separately gave better fits to the iron results and concrete results 

individually, Piva cslcbs. the universal constant 8 gave a good fit to 

both iron and concrete results and it is hoped would also describe the 

behaviour in any material in the light to medium heavy range, ie. 

(3 < A < 70), since the materials studied represent this range. This 

needs to be studied experimentally. 
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The simple theory developed satisfactorily predicted the gamma-ray 

production in thin samples and with further modification to include the 

effects of further scattering events, it could predict the production from 

thick samples. 

It would be interesting to test the results and conclusions of this 

work by using the same or similar system to study the angular distribut- 

ions and the effects of multiple scattering on the measured differential 

cross~sections in different materials. Suitable materials cguld include 

carbon, nickel and lead for two reasons a) as they represent a wide range 

of elements, their behaviour could be a good representative over a wide 

range of interest and b) they have a relevance to the possible fusion 

reactor systems. 
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APPENDIX A 

THE KINETICS OF NUCLEAR REACTION 

Consider the nuclear reaction 

M, dt M, Spetremansterenattlip My + M, (A-1) 

From the conservation of energy 

M Cs yw Gag bbe ae ME or a co +e + Be AA=2) i 2 1 3 3 4 o 4 

If the target is initially at rest, Ey = 0, it follows that 

  

ea = (M, +M, -M,~-M,)C Sty + Ey EL) Q (A-3) 

From the conservation of momentum P, 

ap 0 Py Py Cos m Py Cos 6 

(A-4) 
0 BP. sin a 2h, Cosy 

From the above equations, the equation for the energy of the light 

(1:27) 
particle, Ey is given by 
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ma M, My E, Pekan, M,(M,+M,) 7 Q = —-—“—» 
3 ( ) M, M E 

  

M, M 

Bs 
2 +4 C08} cos? oa Sane ee ) 

yrs 

where 

M, = Mass of incident particle 

My = Mass of target 

M, = Mass of light product 

M, = Mass of heavy product 

E = Energy associated with M 
l 1 

© = Laboratory angle of light product 

Q = Energy released in reaction 

Defining the quantities 

En 2 Ey + Q 

A, = (M, + M,) (M. +M,) 

A = M, M, Ey 

A, E, 

ae: M, M, Ey 

A ’ 
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Equation (A-5) can be rewritten as 

N
I
~
 

2 D ee 
i * En 2 | coe 8 +° €°7B = Sin 9 ) | os 

The energy of the heavy product, E, in the laboratory is given by 
4 

2 z 

as 
BE, > E, A [ co 9 + (Eom o ) ] (A-7) 

The angle of emission of the heavy and light products in the laboratory 

system are related by 

M E : 
: e 3 S 

Sin ‘ ; ee | Sin 9 

Considering the reaction in the centre of mass system and densting 

d
v
]
 

the angle of emission of the light and heavy products by 8 2 and ? a 

respectively, the energy of the light product is given by 

i 

Ey = Ew | + D) +°48a0)* Cbs Q ‘| (A-9) 

and the energy of the heavy product, Ey in the laboratory is given by 
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i 

Ei, Pek | are + (20G) 4 Cos | (A-10) 

The centre of mass and laboratory angles of the light product are related 

by 

Sin 8 (A-11) 1)
 

> 

a
e
 I 

to
 

i 
—
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t
e
 
e
o
)
 N
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APPENDIX B 

LEAST SQUARES FIT 

The equation describing the angular distribution in the Mtarb ) ¥ 

reaction has the form 

On fg 
oie = + A Goa’ } #2 
Co) oO 2 4 

4 4 Cos (B-1) 

In fitting a curve to differential cross-section measurements, the 

assumption is made that there is no error in the value of the scattering 

angle thus, an experimental error exists only in the values of the 

differential cross-section. 

0(90 
Let a ee tee eo =. Coss9 then equation (B-1) 

becomes 

The coefficients of the polynomial can be estimated using the least 

squares principle, by minimizing 

h 
2 

E a ae i, 4) (B-3) 
ts 

for n data points (x, , Y,). 

Differentiating equation (Bes ) partially with respect to Ay: A, 

and A,, equating the partial derivatives to zero and letting a, be the best 

estimate of Ai gives 
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2 4 = + + Yi ee Ay aX, a4 ex 

ne <" = a ; x" “eet x4 ot a te 
bet Oo i 3 i 4 i 

4 
ye a x" te x. ° + a x 8 

4 ie a i i 4 ; i 

where the summation extends from i ton in each case. 

I 

(B-4) 

The coefficients 

aye ay and ay of the polynomials fitted to the measured angular distri- 

butions were calculated using equation (B-4). 

Estimation of error in fitted curve 

If the fitted polynomial to the measured angular distribution is given 

by 

then the residuals, d, are given by 

2 4 
= - + + d. Y (ay a, X, a, X, ) 

The standard error, g , in the expression 

a; ee Ne Se ‘ r - x.4) 
i ° we nel 

is given by 
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where m is the number of calculated coefficients, and in this case 

m= 3. 

(128) 

If a is the standard error in av, then from Topping 

the errors a is given by 

  

: a, 7 02 = 
= = A (B.8) 

X, Xe n x, n Xo 

Xy Xo X, Xe X, x, 

where 

n Xo Xy 

X x X if 2 i 4 fies 2 4 6 pun > a hes ha ) x, 

x Ae Xe 

ae 6 - ; 8 X = x Qin ck aS Me » and where the 6 i 8 i 

summations, , in equations (B-7) and (B-8) are from 1 to n. 

The equation for the angular distribution is then given by 

sarte ys BE ia 4 8 d Q O 9 g t% 9) ) Cos 
Oaa* 6 + (a, FO, 
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