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SUMMARY 

THE TRANSFER FUNCTION FOR A SUB-CRITICAL SYSTEM MEASURED 

BY PROMPT GAMMA RADIATION 
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Doctor of Philosophy 
1978 

The source transfer function has been measured in a 
natural uranium-light water moderated sub-critical assembly 
as a function of source frequency and position. A square 
wave input of fast neutrons from the D-T reaction was 
supplied by a SAMES type J accelerator suitably modified 
for the purpose. Prompt gamma radiation from fission, 
energy above 2.5 Mev was detected with a sodium iodide 
scintillationcounter and the time variation of the detector 
output was recorded on a multi-channel analyser used in the 
time sequence storage mode and synchronised with the source 
pulsing frequency. By Fourier analysing the recorded 
waveform the source transfer function was found. 

Two group diffusion theory was used to determine the 
spatially dependent source transfer function for a system 
similar to the experimental one. The computer programs 
ATEST and GAMMARESFU, were written to calculate the neutron 
flux in the core and also prompt fission gamma rays respmse 
function outside the subcritical assembly at chosen 
frequency and detector position. The method gave good 
agreement with the experiment. 
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CHAPTER 1 

INTRODUCTION 

1.1 Historically, subcritical assemblies have been used 

as a very important and useful tool for the experimental 

study of thermal reactor systems. A subcritical assembly 

is smaller than a critical assembly but having similar 

lattice and fuel with effective multiplication factor less 

than one. Therefore, a self-sustaining chain reaction is 

not possible in such a nuclear system. The steady state 

condition is achieved by providing an external neutron 

source. So the external neutron source makes up the 

deficit between neutron leakage and absorption on the one 

hand and high fission produced neutrons on the other. 

The subcritical assemblies have been used to study 

different reactor parameters such as the infinite multi- 

plication constant and diffusion parameters. 

1.2 PROVIDING EXTERNAL NEUTRON SOURCE: 

The variation of external neutron source strength 

has also been used extensively in determining neutron 

diffusion parameters since its early application in 1942. 

Manely and Haworth and Luebke in 1941, directly observed 

the time variation of slow neutron density in a large 

volume of water during and after irradiation by neutrons



from D-D reaction, and they obtained the mean lifetime of 

(1) 
neutrons in water (205410) microsecond »Moderators, in 

particular, have been studied repeatedly with pulsed 

neutron technique (ars), Beckurts in 1961 and Lopez in 

1962 studied the kinetic behaviour of neutrons in matter 

and neutron diffusion parameters in water at 26.7°C 

respectively. The theory of pulsed neutron source measure- 

ments has been discussed by Garelis and Russel (orsre) | 

1.3 NEUTRON WAVE TECHNIQUE: 

A supplement to the pulsed neutron experiments has 

been the neutron wave technique in which the neutron 

source strength varies in a regular periodic manner. 

Raievski and Horowitz used the neutron wave method to 

measure the transport mean free path of thermal neutrons 

(7) in heavy water +» They made a similar measurement in 

graphite, that was subsequently repeated by Drouler, 

(ea) Lacour, and Raievski A more accurate value for the 

transport mean free path was obtained. Propagation of 

neutron waves in moderating media were used by Perez and 

Uhrig in 1963 to obtain variation of the phase angle as a 

function of position which were dependent upon the fre- 

quency of modulation and the neutron diffusion and 

thermalization parameters of the media in which the waves 

a (9), were being propagate The Perez and Uhrig investi- 

gations were continued by Mortensen and Smith to extend 

the neutron-wave theory Go),



Experiments have been made to measure the propagation 

properties (such as variation of the attenuation and phase 

lag with frequency) of thermal neutrons wave in heavy 

water natural uranium subcritical assembly by Wanger Gi), 

Sobhana, Singh and Ghatak used the propagation of a sinu- 

soidal disturbance introduced into the neutron distribution 

in the moderating media (G2), 

The essential contribution to the field of reactor 

physics from those investigations is that the relative 

attenuation and phase shift of neutron wave excited by an 

external modulated neutron source are strongly dependent 

upon the physical and nuclear properties of the medium 

through which the wave propagates. Such neutron wave 

experiments have been used to obtain information regarding 

the diffusion, absorption and thermalization properties 

of the media. Also, many theoretical studies have been 

carried out for understanding the neutron-wave problem. 

Particular mention in this respect should be made of the 

(13), Mortensen (9), Moore 14) 

(a7) (is). 

15y 

work of Jacob, , Willians , 

Brehm Wooa Ge) | , and Kunaish The general 

opinion is that there is no fundamental difference between 

neutron-wave propagation and neutron-pulse propagation from 

the point of view of the time-dependent diffusion and 

thermalization phenomena Gs), However, the neutron wave 

technique provides the advantages, compared with the 

pulsed-neutron experiments, that the method allows for two 

independent quantities to be measured, attenuation and



phase shift. From the standpoint of reactor control, the 

dynamic behaviour of a reactor (or indeed of any system) is 

customarily described by its response to small disturbances 

This response as a function of the frequency of disturbance 

is called the transfer function of the reactor. The term 

"Transfer function" is used here in its classical electri- 

cal-engineering sense as a relation between input and out- 

put. No connection is implied with the familiar "reactivi- 

ty transfer function" of space-independent kinetics. 

Since reactivity is an integral or whole-reacter parameter, 

specification of the reactivity effect of an input does not 

uniquely specify the input in a space dependent situation. 

(That is, a large number of different configuration changes 

could give the same reactivity change, and yet induce 

completely different dynamic effects {20)), Therefore there 

is no such things aS aspace-dependent reactivity transfer 

function. 

1.4 THE AIM OF PRESENT WORK 

is to study the space dependent transfer function of 

a given multiplying system by prompt fission y-rays 

induced by neutron waves. A reactor or multiplying pees 

bly, however is not a lumped parameter system. The dis- 

tance between the input and output devices, as well as 

their relative locations in the system, can have a large 

effect on the measured attenuation and phase shift of a 

disturbance as it propagates through the system.



The dispersive nature of the neutron wave propaga- 

tion phenomena in both multiplying and non-multiplying 

media was observed in the late fifties by Uhrig and later, 

Kylstra and Cohn (20) provided further evidence, both 

theoretically and experimentally,of the space dependent 

nature of the reactor transfer function. 

Most studies of fluctuations and correlations in 

neutron distribution are based upon the direct detection 

of neutrons. An exception is an experiment performed at 

Pennsylvania State University in which an attempt was made 

to observe neutron fluctuations by monitoring the Cerenkov 

radiation (21), Gelians and Osborn ‘2?) suggested that, 

in principle, it is possible and perhaps even advantageous, 

in some cases, to perform reactor noise experiments by 

detecting the high energy prompt-gamma radiation (E>5Mev) 

generated by neutron interaction with the core. 

The investigations suggested by Gelians and Osborn 

(23-24) were carried out by L ehto and Carpenter and Bars 

and Markkanen (25) , 

The results obtained by these workers clearly verify 

the applicability of gamma observation techniques in reactor 

noise measurements as a substitute and complement to 

noise measurements via neutron detection. Due~- 

to the small mean free path of thermal neutrons in a 

nuclear system, especially a water moderated one, a 

neutron detector "sees" neutrons essentially only in that 

volume which the detector itself occupies physically in



the system plus approximately one mean free path around. 

Previous work at Aston University has shown the strong 

spatial effect on transfer function when using neutron 

detection ‘26) , In the case of higher energy gamma ray 

quanta which may have a greater mean free path than 

thermal neutrons, the gamma detector is capable of 

receiving gamma rays that have travelled a considerable 

distance through the core and reflector. This of course, 

implies that the capability to observe spatially dependent 

effect is reduced. 

Therefore, it follows that a gamma detector does not 

necessarily have to be placed into the core, thereby, the 

perturbations commonly induced by neutron-detecting devices 

can be avoided. Furthermore, neutron detectors are not 

feasible when used to measure shut-down reactivities of 

power reactors due both to possible radiation damage and to 

the mechanical difficulties involved in the insertion of 

detectors inside the core. 

1.5 THE PRINCIPAL OBJECTIVE OF THIS WORK 

was to select suitable experimental conditions to 

determine experimentally the subcritical assembly transfer 

function by detecting the high energy prompt-gamma radia- 

tion generated by neutron interaction within the core. 

It was also of interest to compare theoretical calcula- 

tions of space dependent transfer functions with the 

experimental results.



The prompt gamma-ray spectrum contains a significant 

number of quanta with energies above ~5Mev, while the 

fission-product spectrum contains very few (27), Meinschein 

et ar (28) reported that there is a negligible delayed 

gamma-ray emission due to fission product decay in the time 

interval between One and 1 sec. after fission. Delayed 

gamma emission in shorter time intervals (less than Ton 

(22) secs. after fission) behaves as prompt and it is also 

a negligible fraction of the total gamma-energy emitted per 

fission event '28). Long lived fission products can be 

troublesome in the sense that they are the source of 

considerable background due to low energy pile-up. Also, 

Chapman et al (2s) show that fission-product gamma radia- 

tion for energies greater than 5 Mev is considerably less 

than that arising promptly from fission. The same conclu- 

sions apply down to about 2.5 Mev giving greater sensitivi- 

ty but still avoiding the prompt gamma-radiation from 

neutron capture in hydrogen. 

Considerable improvements have been made to the 

external pulsing method of the S.A.M.E.S. accelerator to 

produce a square beam current waveform with an operating 

frequency range from 1HZ to higher than 2KHZ. This was 

used to produce a constant amplitude square-waveform 

source of fast neutrons from the D-D and D-T reactions. 

Since the square wave can be Fourier analysed into an 

infinite number of harmonics of the fundamental it can be 

considered as the superposition of harmonically related



sinusoidal inputs and therefore the methods of analysis can 

be based on a sinusoidal input. 

A natural uranium light water moderated subcritical 

assembly was supplied with the thermalized square wave of 

fast neutrons produced by the S.A.M.E.S accelerator. By 

varying the input frequency and Fourier analysing the 

system response at different locations, the transfer 

function of the subcritical assembly was measured as a 

function of frequency and space. 

1.6 EXPERIMENTAL ARRANGEMENT FOR DATA ACQUISITION 

Gamma signals were detected by NaI(T&) scintillator 

counter. These signals were fed sequentially into a RIDL 

pulse height analyser used in the time sequence storage 

mode. Thus, by suitable photon-energy discriminations, and 

adequate shielding (to reduce low energy pile up), it 

was possible to obtain space dependent response function of 

multiplying system by detecting high energy prompt photons 

emitted by fission. The experimental results, after analy- 

sis, have been compared with those obtained theoretically. 

An NE213 (xylene based liquid scintillator) scintillation 

counter was used to look at the square wave fast neutrons 

produced from the S.A.M.E.S instead of target current 

measurement. 

This work has been organised as follows. In Chapter 

2 a detailed description of the experimental equipment used 

is presented. Chapter 3 contains the method developed for



the analysis of the experimental results, also including 

some experimental results. Chapter 4 deals with theoreti- 

cal method used to evaluate the spatially dependent 

transfer functions, neutron flux distribution in subcriti- 

cal assembly and prompt gamma induced. Chapter 5 deals 

with the efficiency of Na I (T£) detector. In Chapter 6 

the theoretical results are summarized and compared with 

those obtained experimentally. Finally, in Chapter 7, 

the principle conclusions drawn from this work are given.
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CHAPTER 2 

EXPERIMENTAL EQUIPMENT 

In this chapter the nuclear system and the equipment 

used to generate the square waveform neutron population 

and experimental equipment used are presented in detail. 

2.1 NUCLEAR SYSTEM 

The nuclear system consisting of a light-water 

moderated, natural uranium subcritical assembly was used 

as a test medium. 

The assembly construction was arranged to have near 

maximum infinite multipication factor and also to provide 

a moderating material between the fast neutron source and 

the assembly. 

Fig. 2.1 shows the main components of the subcritical 

facility. It consists of a stainless steel tank, base 

1120mm X 876mm and 914mm high, placed on top of a graphite 

pedestal 533mm high. This provides both slowing down 

material for the source neutrons and a bottom reflector 

for the subcritical assembly. 

The natural uranium was in the form of 196 cylindri- 

cal bars of outside diameter 29.2mm, 813mm long and weight 

10 Kg. These were inserted in aluminium cans with wall 

thickness of 0.9lmm. The fuel was protected from water
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by having both ends of the cans properly sealed. 

Two perspex fuel grids, 12.7mm thick, one at the 

bottom and the other 400mm above were fixed centrally 

inside the tank. These held the natural uranium bars 

vertically. The core shape was almost hexagonal with a 

triangular pitch of 45.2mm, as shown in Figs. 2.2 and 2.3 

respectively. 

This arrangement had an effective core radius of 

333mm and infinite multipication factor of 0.996, calcu- 

lated for a water to uranium volume ratio of 1.5:1. The 

volume fractions were : 

U = 0.379 7; Al = 0.048 ; H rae O07 = "05573 

An ion-exchange column supplied the water at a resistivity 

of about 2M2Cm. The whole of the water was periodically 

changed to maintain a high purity. In use the water was 

pumped from a storage tank up into the core tank and 

allowed to run out through an overflow to maintain a 

constant level. The maximum water level was of the same 

height as the fuel rods, thus the core was unreflected on 

the top horizontal face. The vertical faces of the system 

were reflected by water with thickness varying between 

1oOmm and 270mm. A flight tube from the S.A.M.E.S 

accelerator which projected into the graphite pedestal 

was coupled to the target assembly. The target assembly 

contained a tritium target type TRT51 which consisted of 

titanium evaporated on a copper disc 0.25mm thickness. The
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FIG.2.3 Detail of subcritical assembly lattice 

arrangement & trianQular Pitch.
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titanium minimum thickness 1.09mg cm, A more detailed 

description of the target assembly is given elsewhere 3°" 

31) oa summary of the most relevant nuclear parameters of 

the subcritical assembly is presented in Appendix A. A 

more comprehensive description of the subcritical assembly 

can be found in references 26 and 19. 

2.2 NEUTRON GENERATING SYSTEM: 

2.2.1 Neutron generation reaction: 

Neutrons, at energy of 14 Mev were produced from 

a S.A.M.E.S. type J accelerator by using the T(a,n) “He 

reaction with an accelerated deutron beam of energy up to 

150 Kev incident on the titanium-tritide target type TRT51. 

The fast neutrons were moderated by graphite pedestal and 

entered inside the assembly as a plane source from the 

bottom surface. 

2.2.2 S.A.M.E.S. accelerator: 

The J type accelerator is composed of three parts: 

THE HIGH VOLTAGE ELECTROSTATIC GENERATOR, type K 150.2, 

positive polarity. The accelerating voltage can be varied 

from 0-160 KV. THE ACCELERATOR ITSELF, consisting of a 

chassis and castors to enable it to be moved into position, 

and containing: 

- High voltage electrode: polished casing enclosing the ion 

source, and focusing voltage generator. 

- Horizontal, two-stage, accelerator tube, which can be 

completely dismantled. It is equipped with a system for
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centering the ion source. 

- Pumping unit: high speed oil diffusion pump, liquid 

nitrogen trapped, backing pump and Penning gauge for reading 

high vacuum. 

- Target and accessories: water cooled target supports, 

secondary electron suppressor polarised at -200 volts, 

gate valve for rapid target changing. 

THE CONTROL DESK containing: 

- Controls for vacuum pumps and high voltage generator. 

- Controls for top terminal, gas admission into source, 

oscillator RF power, extraction voltage and focusing 

voltage. These controls are carried out by the inter- 

mediary of isolating transformers. 

- Meters for high voltage and current output from generator, 

high vacuum, target current, and ion current arriving on 

the diaphragm. 

The deutron beam was furnished by the S.A.M.E.S 

type J accelerator shown in Fig. 2.4. Deuterium gas, froma 

reservoir, is admitted to the ion source through a therma- 

lly activated palladium leak. The ion source is excited 

by a 100 MHZ oscillator and can produce currents on a 

target up to about 200uA under favourable conditions of 

Steady running. Excitation into the acceleration system 

is effected by applying a 0-6 KV repelling voltage to 

the extraction electrode. The ions are concentrated at 

the entrance of the extraction canal by the magnetic
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field of the coil located at the base of the ion source 

bottle. An oil immersed cockcroft-walton multiplier 

circuit supplies the 0-50 Kv required for beam focusing. 

2.3  PULSING METHOD: 

The S.A.M.E.S accelerator was modified to produce a 

square waveform ion beam for a wide range of input fre- 

quencies because studies of frequency response functions 

for subcritical systems necessitate a periodic neutron 

source with a period from less than a millisecond to about 

1 second. A sinusoidal variation would be best for analy- 

sis but for neutrons produced at an accelerator target, the 

nearest easily obtained waveform is a square wave. 

One important aspect of the present measurement is 

that the output from the radiation detectors had to be 

sampled by a multiscaler at regular intervals during each 

cycle of the neutron pulse. Therefore the pulsing fre- 

quency had to be a submultiple of that controlling the 

channel-advance command of the analyser. Therefore it was 

necessary to pulse the accelerator with an externally 

supplied signal in order to maintain synchronism. 

A simplified diagram of the S.A.M.E.S (Fig. 2.5) 

accelerator shows that a pulsed beam could be produced by 

Post acceleration beam deflection or by ion source pulsing. 

Post acceleration deflection could not be used due to lack 

of space in the graphite moderating pedestal under the 

sub-critical assembly.
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However, there are three possible methods available 

to obtain pulsed neutron beam by modulating the ion source: 

(A) Pulsing the R.F. oscillator which causes the 

ionisation. 

(B) Extraction voltage pulsation. 

(C) Combination of methods A and B. 

Method B, pulsing the extraction voltage, seems at 

first sight more satisfactory, as the ion source remains 

operative throughout the whole process. This makes the 

rise and fall rates of the pulse independent of the time 

of ionisation and de-ionisation (the minimum rise time is 

limited to about 2-3 usec. by the plasma ionisation timd??)) | 

In order to obtain a sharply rising or falling beam current 

pulse this method calls for very rapid pulses of the order 

of 5-10 KV at a few milliamps to be applied to the extrac- 

tion electrode. In view of the difficulties of developing 

this method for the S.A.M.E.S accelerator and also since 

a low beam current exists at zero extraction voltage, ion 

source modulation was chosen. 

Both ion source modulation and extractor pulsing 

involve transmitting a signal to the high voltage terminal 

containing the ion source through a potential difference 

of 150 KV. 

The radiofrequency signal transmission has been 

successfully used by Hanna in which he used the high 

(a8) voltage terminal as the receiving antenna But the
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risk of creating stray R.F. fields affecting the upper 

floors of the building, made it necessary to use a 

different method. 

One of the earliest applications of light beam 

modulation was to control and telemeter the high voltage 

(ay), terminal of a 4 Mev Van de Graaf accelerator More 

recently light pulses have been used to transmit trigger 

(a5) pulses Particular mention in this respect should 

(a6), (sz) wich be made to works done in Aston University 

the trigger pulses were conveyed to the high voltage 

terminal by an optical link using semiconductor devices 

(because of their compactness and cheapness) in the near 

infra-red region to produce a square beam current waveform. 

2.4 RE-ADJUSTMENTS AND MODIFICATIONS OF ELECTRONIC SYSTEM 

Fig. 2.6 shows the block diagram of the complete 

pulsing arrangement. The control signal was obtained at 

the high voltage terminal by optically linking a light 

transmitter and photodetector. 

A more powerful light emitting diode type FPE104 was 

selected. This has an output of 10 mw at 100MA. The 

narrow beam characteristic of this diode eliminates the 

need for lenses arranged in the P.V.C. tube. The diode 

is coupled into the collector circuit of an 2N3053 (npn) 

transistor with maximum power of 800 mw, this is fed with 

square wave output derived from afrequency dividing 

circuit consisting of two integrated circuit semiconductor
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network type SN7490AN. Figs. 2.7 and 2.8 give circuit 

details of the light transmitter unit and frequency 

divider respectively. 

The frequency divider was improved by adding $100, 

so that when using two detectors the detector order for the 

analyser (RIDL, used as a 100 channel) ig fixed. Also, 

for resetting the integrated circuits a reset circuit was 

added on the frequency divider circuit. 

The choice of light receiver was a compromise between 

speed of response and sensitivity. The photo detector used 

was an LS400 (npn) planar silicon photodevice with a 

sensitivity of 300 » AmW St emae a rise time of 1.5usec. and 

fall time of 15 usec. This was followed by an amplifier 

and emitter follower giving a waveform closely following 

the transmitted light signal with an amplitude of about 

3 volts. Improvements were also introduced on the light 

receiver unit Fig. 2.9 by adding a Darlington pair, based 

on the two BU1O5 transistors, to switch the oscillator 

high tension more effectively as a single transistor used 

in (s7) was not found to give good cut-off to high tension 

under certain operating conditions. This improvement male 

beam pulsing mush more reliable. 

The FPE1O4 emitting diode and LS-400 receiver were 

mounted on a heat sink at the lower end and top end of a 

light tight P.V.C. tube respectively, which ran parallel 

to the main vertical insulating column, as shown by the
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photograph (Fig. 2.10). The receiver was enclosed inside 

a 60mm deep cavity and placed on the base plate of the high 

voltage terminal and was coupled to the heat sink of 

receiver diode. This arrangement, provided adequate 

screening from the R.F. produced by the ion source oscilla- 

tor. 

2.5 ION SOURCE PULSING: 

The voltage variation to the anode of QQV06-40~A 

double tetrode, was made by using two high voltage (npn) 

transistors type BU105 in Darlington pair (Fig. 2.11) to 

switch the H.T. to earth. A 2K 100W wirewound resistor 

was inserted into the high tension lead between the power 

pack and the BU1O5 to act as a current limiter . In 

addition, a stabilised power supply giving 400 volts at 

up to 200mA was used instead of the simple LC smoothed 

supply original to the S.A.M.E.S. This led to much more 

uniform beam currents during the on half of the cycle, 

particularly at lower frequencies. 

2.6 MEASURING SYSTEM: 

The variation of high energy gamma ray population 

emerging from the subcritical assembly was monitored as 

follows: In all measurements two detectors were used 

simultaneously. One of them, a fast neutron scintilla- 

tion detector with a type NE213 liquid scintillator was 

used to monitor fast neutron production from the target. 

This detector should ideally have been placed inside the
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graphite near the target, but due to lack of space the 

detector was always placed at the front end of the 

graphite pedestal very near to the beam tube entrance to 

the graphite. This was used to find the best running 

condition for the machine (gas, R.F,HT) to get a good 

square wave of fast neutrons and also permitted the direct 

comparison between phase and amplitude of square fast 

neutrons and produced prompt high energy gamma rays. The 

gamma ray detector was placed in the front side of the 

subcritical tank in the same plane but at different height 

(Fig. 2.12). 

2.6.1 Gamma detectors: 

All nuclear radiation detection is based on the 

interaction of the radiation with matter. Electromag- 

netic radiation gives rise to energetic electrons by one of 

the three processes, namely photoelectric effect, Compton 

scattering and pair production. It is easily understood 

that for gamma-ray spectrometry, only interactions are 

important in which the photon loses all its energy. This 

eliminates the Compton effect which results in a partial 

absorption of the electromagnetic radiation. Gamma ray- 

spectroscopy is almost entirely based on scintillation 

detectors and semiconductor detectors. The gas type 

detectors were not considered because of having very low 

stopping power for high energy gamma rays. Two important 

properties considered in the choice of detector were the 

detector efficiency and the neutron response. The high
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Z detection material is to be preferred to enhance interac- 

tion by the photoelectric effect (bee AZ") and a lesser 

extent by the pair production process (8 p02") (se) me 

two more useful detectors from each class of gamma-ray 

detectors were considered to find out which is best for our 

purpose: 

a. Semi-conductor detectors: 

Lithium drifted germanium, | (Ge(Li) | detectors are 

more suitable than Silicon detectors for the detection of 

electromagnetic radiation. It may be recalled that the 

photoelectric and pair production cross sections are 

proportional to zZ° and z* and therefore germanium (Z=32) 

is more efficient than silicon (Z=14) for detection of 

(ss) whe much better resolution of the solid gamma rays 

state detectors, compared with scintillation detectors, is 

offset by two means. One is the lower atomic number of 

germanium. Consequently, this detector has a poor effi- 

(40) ciency for gamma ray detection compared to the alkalic 

halide scintillation detectors (Iodine has an atomic 

number of 53). The other is that its excellent energy 

resolution would be unimportant in the present measure- 

ments because we are concerned with a very broad spectrum. 

The main disadvantage with the detector is its sensitivity 

to neutrons, particularly fast neutrons. Radioactive 

capture processes are the main detection mechanism for 

slow neutrons i.e. energies below about 0.5 Mev. The 

(n,y) cross section for germanium is 2.4 barns for thermal
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neutrons '#1) , The main fast neutron processes are the 

(n,n'y), (n,P) and (n,a) reactions. Both the (n,p) and 

(n,a) reactions, besides causing prompt neutron detection, 

generally produce unstable reaction products (ya) It has 

a very high susceptibility to be damaged by continuous 

exposure of fast neutrons. Fast neutrons produce crystal 

defects, mainly radiation damage, and affects the energy 

resolution of the detector. Ortec, one of the manufac- 

turers of Ge(Li) detectors, state that a rapid deteriora- 

tion is produced by a fast neutron exposure of more than 

10° neutrons cm ?, 

b. Scintillation detectors: 

Gamma rays passing through matter (i.e. the detector) 

transfer part or all of their energy to electrons. . These 

secondary electrons dissipate their energy in turn by 

ionisation or excitation of the molecules. The detector 

consists of a luminescent material, i.e. the de-ionisation 

and de-excitation of the molecule results in the emission 

of a fluorescent radiation. In other words, the scintilla- 

tor converts a fraction of the obtained energy into photons, 

As the direction of these photons are random, the Scin- 

tillator is generally surrounded by a reflector which 

maximises the number of photons collected on a photosensi- 

tive cathode. This cathode is part of a photomultiplier. 

Most of the collected photons cause the ejection of photo- 

electrons from the cathode. The photoelectrons are 

accelerated by the applied potential field towards the
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first dynode. Striking the latter, they release secondary 

electrons which in turn eject ternary electrons from the 

second dynode and so on until a large charge pulse is 

finally collected at the anode. 

Typical multinication factors range from 10°’ to 10°. 

The voltage pulse produced is determined by the capacity 

of the anode and output cable and can be further amplified 

by an external electronic amplifier. 

Scintillators particularly suited for gamma ray 

detection are sodium or caesium iodides activated with 

thallium as they have high photoelectric detection efficie- 

ney. The caesium iodide-thallium activated is probably the 

most used scintillator for gamma ray detection. Owing to 

the built-in advantages of higher atomic number for the 

caesium (2=55), this scintillator has especially high 

photoelectric efficiency. The linear attenuation coeffic- 

ient 6,T, X are about 1.47, 1.56 and 1.42 times those of 

sodium iodide ‘*3r'#) where 6,T, % are the Compton and 

photoelectric and pair production attenuation coefficients 

respectively. Large crystals have become available. It 

appears that with a 5X3.5in.caesium iodide crystal the 

photofraction obtained equals that of a 8X8in. sodium 

iodide crystal. The resolution is comparable to that 

obtained with sodium iodide crystals of equal dimensions. 

For scintillation spectrometry of highly energeti¢ gamma 

(4a) 
rays, the use of caesium iodide has some other advantages:
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- The shape of the spectrum is very similar 

to the shape of the spectrum obtained with 

sodium iodide. 

- The caesium iodide is almost non-hygroscopic, 

the crystal can easily be machined and packed. 

- Caesium iodide being softer and more plastic, 

can withstand severe shocks, acceleration, and 

vibration, as well as large temperature 

gradients. This scintillator can be considered 

as an important alternative to sodium iodide. 

However, in the present work, the use of the 

caesium iodide detector was not thought to be 

justified due to the much greater cost. 

- Sodium iodide-thallium activated is a water-clear, 

(us) 
quite hygroscopic cubic crystal. It is 

a very dense material, 3.67 gr.cm >, and Iodine 

atomic number is 53; these make it very good 

gamma ray absorbing material with a very good 

gamma-ray detection efficiency. On the other 

hand, the NalI(T2)detector is sensitive to neutrons. 

Because of the variation of neutron reaction cross- 

section with energy, the neutron response is very energy- 

dependent. For slow neutrons, the main process is radi— 

ative capture in iodine. This reaction cross-section 

is 7.0 barns (48) for thermal neutrons. Neutron capture 

in iodine will increase the background due to 25min. decay 

of 128t to 128xe. The predominant neutron detection 

mechanism in the fast neutron energy range (0.5 Mev-14.5 

(ue) | 
Mev) is by inelastic scattering In the lower energy 

end, the induced activity is mainly due to the (n,y) 

reaction, and at the high energy end of the range, (n,2n)
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and (n,p) reactions with the iodine. These reactions, 

which again lead to an increase in the background, have 

eross-section of 1.3b. and 230mb. respectively for a 

neutron energy of 14.5 Mev (ye) 

As a result of compromise between neutron response 

and detection efficiency, the NaI(T2) scintillator detector 

was used for present measurements. Adequate detector- 

shielding was arranged to protect the crystal from exposure 

of neutrons. 

Detector specifications: 

The Nal(T&) crystal (size 43.94mm. dia. X 25.4mm. 

thickness) was optically coupled to an EMI 6097B photo- 

multiplier. The detector was used in connection with 

charge sensitive amplifier-discriminator unit type NM 115. 

The high tension for the detector was provided by an 

NM 120 unit. The discriminator threshold voltage was set 

to eliminate pulses below 2.5 Mev. This wonld cut off 

detecting y-rays less than these energies which were not 

considered as prompt fission gamma-rays, such as the 

capture gamma ray from hydrogen. 

2.6.2 Gamma detector shielding: 

The detector shield should provide: 

1) absorption of slow neutrons. (Fast neutrons 

are to a large extent, moderated by water 

and graphite reflectors). 

2) absorption of secondary penetrating 

radiation such as low energy gamma-rays.
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There are three widely used materials for slow neutron 

absorption: 

a) Cadmium ; b) Boron }°B; c) Lithium °Li 

a) Cadmium is a very efficient thermal neutron absorber. 

The absorption is radioactive capture process with 

a cross-section of 2.445 Kb. (#8) at thermal energy. 

The many hard gamma-rays emitted in a single 

capture process make it unacceptable for use in 

a neutron shield requiring a low gamma-ray background. 

b) Boron ?°B: has an isotopic abundance of 19.8+0.1% 

(usrso) It was not chosen as a shield because of 

domination of }°B(n,a)7Li* reaction. Its cross- 

section is 3840 barns for 0.0253 ev neutrons. 

In 94 per cent of the reactions, the nucleus is 

formed in an excited state giving rise to a 0.424 

Mev gamma-ray. 

c) Lithium *Li: The dominant neutron reaction on 

lithium in thermal neutron range is the *Li(n,a) °H 

reaction. Its cross-section is 945 barns at 0.0253eV 

and more important, there are no gamma-rays produced. 

Lithium has radiative capture cross-section of 

70.4m barn. Also, the lithium neutron scattering 

cross-section is negligible, compared with the 

capture cross-section. aLd abundance is 7.42 per cent. 

For these advantages ®Li was chosen as a shield in 

the form of Lithium metal for compactness and it was cast 

inside a stainless steel cap as shown in Fig. (2.13). The 

detector was protected from thermal neutrons as follows: 

40mm. from the front and 40mm. from the side for 

shielding the Nal (T&) crystal, and 20mm. in the front end
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end of the photomultiplier tube. The shield was 84mm. 

in diameter. 

A lead foil of thickness 3mm. was placed between 

the detector and ®Li shield to strongly attenuate the 

low energy y-rays produced by radioactive decay of the 

uranium, 

The detector was placed outside the subcritical 

assembly, (Fig. 2.12), horizontally in a central position 

in the front side. Different axial positions were achieved 

by sliding the detector upwards and downwards. 

2.6.3 Fast neutron detection: 

There has been in use for some years, a fast neutron 

based on detection of recoil protons in a scintillation 

spectrometer using NE-213 liguid organic scintillation and 

gamma ray background was rejected by pulse shape discrimina- 

tion using the Zero Crossing Technique to reject the gamma 

rays. 

A capsule of NE-213 liquid scintillator 25.4mm. high 

by 38 mm. dia. was chosen for the present work. The 

scintillator is glass encapsulated and was purged with 

pure nitrogen to remove the undesirable oxygen which 

selectively quenches the slow component of light emission 

(siys2753) 

The Zero Crossing makes use of information contained 

in the time dependence of the current pulse of the photo-
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multiplier. The current pulse is formed by two components 

one of short decay time and the other with a longer decay 

time. The energy contained in the longer term decay com- 

ponent is different for electron and proton, assuming 

egual recoil energies. When the pulses are integrated 

and differentiated by two successive differentiating 

networks, a bipolar pulse is produced whose cross-over 

point is different for neutrons and gamma rays. 

The NE-213 Liquid scintillator was mounted on a fast 

14 stage photomultiplier type seavp (52) , A block diagram 

of the spectrometer and the dynode chain used is shown in 

Fig. (2.14). This type of photomultiplier has a high 

degree of time definition and a high time resolution which 

are required for fast measurements. The cathode is opera- 

ted at - 1900 volts and the anode near earth potential. 

A high voltage supply capable of supplying ~2mA to the 

dynode chain ts necessary. The pulse at dynode 10 is 

developed across a resistor between the dynode and the 

voltage chain and is applied to a charge sensitive pre- 

amplifier which has a 50us decay time. Further amplifica- 

tion and double differentiation are accomplished in the 

main amplifier to give an output of bipolar voltage pulses 

which pass through the base line at different times 

depending on the shape of the input pulses, but independent 

of their amplitude. Measuring of the width of these pulses 

is difficult to perform in practice owing to the necessity 

of triggering the measuring instrument. To overcome this
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problem the anode current pulse was used as a zero time 

reference and the time difference between this signal and 

the zero crossing of the dynode voltage pulses was 

measured, 

The zero crossing discriminator was used to measure 

the zero crossing times of these doubly differentiated 

pulse. Small time differences are commonly measured by 

time to pulse amplitude converters which produce output 

signals of amplitude proportional to the time difference 

between the input signals. In the system the time to 

amplitude converter is substituted by a coincidence system. 

The pulse shape discrinination is set up by measuring the 

count rate at the output of the coincidence as a function 

of the delay in the delay and gate generator. 

This detector was simultaneously used with gamma 

detector to monitor the square wave fast neutrons produced 

from the accelerator. The detector was located always in 

the front side of the graphite very near to the ion beam 

tube. Fig. (2.12) shows the fast neutron detector location, 

2.7 DATA ACQUISITION SYSTEM: 

The block diagram of the experimental set-up, 

including the pulsing network and detection, together with 

the data acquisition system is shown in Fig. (2.15). Data 

acquisition was with a RIDL (Nuclear Chicago), model 24.2, 

400 channel analyser. This was used in Time Sequence
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Storage (T.S.S.) mode and as a 100 channel analyser. In 

(T.S.S.) mode, each channel accepts the number of pulses 

delivered to the analyser during a fixed time interval. 

i.e. each channel records the number of count between 

time t and t+dt,Where dt is the channel width. 

Two input signals were fed into the analyser; 

(i) signals input from the detectors. 

(ii) the channel-advance address signal. 

The total time required for a 100 channel sweep is 

100 dt. As both detectors were used simultaneously, the 

signal from each detector was fed into the analyser for an 

alternate period of 50dt. By this procedure, each half of 

the analyser memory was allocated to the same detector. 

The required signals to control the whole experiment 

arrangement were supplied by a Farnell modular pulse 

generator giving signals identical in frequency but with 

different heights and polarities. The channel-advance 

address command of the P.H.A. was triggered by one of the 

signals of the pulse generator, negative, of 10 volt 

amplitude and 1 ». sec. duration. 

The other signal from the pulse generator, positive, 

‘of 6 volt amplitude, ly . sec. duration and frequency 

F(HZ) (same frequency for negative pulse) was fed into the 

frequency divider network as described in Section 2.4. 

The divider unit produces square pulses of +4 volt ampli- 

tude of frequency F/eor F/j00" which were used to control
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the following networks: 

(i) The driver and transmitter for the external 

pulsing with frequency F/so: 

(ii) A dual input gate unit,with frequency F/so: 

(iii) A start-stop unit, with frequency F/i90° 

The Dual input gate diagram is shown in Fig. (2.16). 

Basically, it is a bistable circuit based on BC107 (npn) 

transistors. This unit is used to gate the input pulses 

coming from one detector while the pulses from the other 

detector were allowed to pass through. When a positive 

voltage is applied to the base of one of the transistors, 

it conducts and the signal is earthed through the diode 

OA200. At the same time, the other transistor is not 

conducting and a positive voltage is being applied to the 

anode of the diode, thus allowing the pulses to be 

transmitted. 

The P.H.A. memory requires signals of +12 volt in 

amplitude and 1u . sec. duration, so the pulses had to be 

amplified and shaped to be compatible to the analyser 

requirements. To eliminate the random-starting of the 

P.H.A. and to provide the first 50 channels for one 

detector and the other 50 channels for the second detector 

in the whole experiment, a start-stop unit was used. This 

unit synchronizes the first channel address advance signal 

reaching the P.H.A. with the detector gate triggering 

pulse.
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This synchronization was achieved by using a set- 

reset bistable circuit gating unit based on BC477 (PnP) 

transistors. F/ 400 signal from the frequency divider was 

used as a triggering pulse to allow the -10 volt signals 

to path through. The network of start and stop unit is 

represented in Fig. (2.17). 

2.7.1. Measurement procedure: 

The following procedure had to be followed in every 

measurement: 

(i) The start-stop unit was stopped by pushing stop 

button. Therefore no pulses reached the channel 

advance command of the P.H.A. 

(ii) The P.H.A. was started by pushing the start push 

button. As the channel advance signal did not 

reach the P.H.A.,all pulses reaching the P.H.A. from 

the detectors were stored in the first channel. 

(iii) The start button of the start-stop unit was pressed 

to allow channel advance pulses to reach the channel 

advance command of the analyser. 

(iv) The recording of pulses was stopped at any required 

time either by stopping the P.H.A. or the start- 

stop unit. 

(v) Finally, the output of the measurement was 

displayed on an oscilloscope and also recorded 

on a typewriter. 

Figs.(2.18) to (2.23) show the photographs of the 

output for different frequencies (F) and gamma detector 

height (H) on the oscilloscope. First fifty channels 

correspond to fast neutrons and the second fifty to gammas.
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FAST NEUTRON AND GAMMA DETECTORS 

F=frequency RESPONSE H=gamma detector height 

F=10 HZ 

   
H =20CMS. H -40CMS. 

  

H -60CMS. 

FIG.2.18



F=50HZ 

   
H=20CMS. H =40CMS.- 

  

H -60CMS. 

FIG.2.19



F -100HZ 

   
H -20CMS. H =40CMS. 

  

H -60CMS. 

FIG.2.20
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FIG.2.21
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H=60CMS.- 

FIG.2.22



F -1000HZ 

   
H=20CMS. H-40CMS. 

  

H=60CMS. 

FIG.2.23
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It is clear from the photographs that the counts stored 

in the half memory of the analyser for gamma rays 

decreases with the height of the detector location. Also 

Fig. (2.24) shows the comparison of the output for the 

different frequencies. 

A complete photograph of the data acquisition system 

and associated equipment is represented in Fig. (2.25).



F,=200HZ 

F, =400HZ 

   
H=20CMS. H =-60CMS. 

F ,=200 HZ 
F,=400 HZ 

  

H-60CMS. 

FIG.2.24
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CHAPTER 3 

ANALYSIS OF EXPERIMENTAL DATA 

AND EXPERIMENTAL RESULTS 

In this chapter, the method used to obtain the 

frequency response characteristics of the subcritical 

assembly from the experimental data is presented. The 

method used the following procedures: 

(i) Raw data correction for the effect of 

losses due to the analyser. 

(ii) Background correction, 

(iii) Fourier analysing the corrected data, 

the output response of the system is 

resolved into components harmonically 

related to the fundamental period. 

(vi) Finally, the amplitude and phase angle 

both for the fundamental period and its 

related harmonics are determined from 

the Fourier analysis. 

3.1 LOSS OF DATA DUE TO ANALYSER 

The channel content should be corrected for dead-time 

losses due to analyser operating in Time Sequence Storage 

mode. As described in Chapter 2, each channel of the 

analyser records the number of pulses delivered into it 

during an assigned period of time. Thus, each channel 

records the number of counts between time +t and t+dt, 

where dt is the channel width. These losses occur because
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of the multiple incidences into the same channel and the 

time needed to transfer the data to the analyser memory 

core. 

Now, if C is the average true count rate per cycle 

and N represents the number of neutron cycles, after a 

recording period of time, the true counts Q that should be 

in a given channel is given by: 

Q = N.C. dt ole starcaerseles Sie) 

But in practice, the recorded counts per channel, Q? are 

somewhat smaller than the true counts that should be in 

that channel. In this section, a relationship between Q 

and Q? is found by taking into account the analyser memory 

transfer time (Tt) and dead time (6). 

The probability that n counts will be recorded into 

the same channel in time t is given by the Poisson 

distribution as 

(ct)® ect 

P(n,t) = a 
  eececese (3.2) 

where ct is the average count rate in time t and is given 

by the expression 

Cte= 0 X7P(O,;t) +1XP (1,6) + 2xP(2,;b)it--= 2 (3.3) 

For the RIDL analyser (model 24.2) the memory trans- 

fer time, tT, is 12.5 up sec. There is a temporary store 

which records one count occurring in this time. Thus the
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stored counts in time 1t averaged over many cycles are 

given by the expression, 

tt) = Ikp(l,t) +i Xp (2,7) +ixp(37t) + 2... 

=Ot. 2 wv) 3 
Sree (Cnla Te (ct) 

a 33 

u   os £(7) 

= 2 3 ee erie oe ee ee. 
ay at 

regarding Taylor series 

  

2 3 

&* = ltctt+ {on} + HSE) Fos eeee 
as 3 

Therefore x(t) = [ 1-e°" i eesee (3.4) 

Since ct is the average counts occurring in time tT then the 

fraction of counts, F, recorded in the temporary store is 

Tl Joy or 

i = ect 

CT 

Therefore, the recorded counts per channel are given by the 
expression, =Ct 

  

3, as Q’ = Ne [(dt-1) + 1S) ] = 
=CT 

= N aie t_ ire sworeon (3's 5), = Nedt[(1 ap ase )] 

If each incidence (or count) processed has an associated 

dead time 6, then, neglecting memory transfer time t the 

TRUE count rate c is related to the measured count rate 

c* by the expression, (2sei6)
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  or c= cue lesa terarrey 6 (3 (3.6) 
1+c6 

This applies to the counts received in the interval dt-t 

but not in the memory transfer time. Therefore when this 

correction factor is applied to the equation (3.5), 

  
  

ei) T 1-6" IN 
2 -| Ss , et (3.7) 

l+cé dt Ct 

the Correction factor (C.F.) is Q7/y or 

ie - aC 
C.F. = ps egy als (ice ) 

l+cé dat ct 

This correction factor was used to correct each channel 

  

content recorded by the analyser. This was done by means 

of subroutine CORRECT (computer program FOURIDL, given 

in Appendix B) in which an interative technique was used 

(26118) £6 evaluate an approximate value of the true count 

rate c. This value became nearly constant (<10.1%) after 

two or three interations. The initial value taken for c 

was the uncorrected count rate. 

3.2 HARMONIC ANALYSIS OF CORRECTED DATA 

The frequency response of nuclear system was 

measured by means of the amplitude and relative phase of
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the output. The process was repeated for all frequencies 

of interest. Since the square wave is the superposition 

of sinusoidal waves it can be Fourier analysea ‘5") into 

an infinite number of odd harmonics of the fundamental 

frequency. Conventionally, the amplitude and relative 

phase of output are measured by Fourier coefficients. By 

definition (ssrse6) any arbitrary periodic function f(x) 

in the interval -1<x<m can be represented by the infinite 

trigonometric series of the type, 

cs 
ins " 

E(x) = Bes + io (a,. cos nx + db, SENTRA) crore (3.8) 

where Bor ont bar for n=1,2, .... are constants and 

defined as, 

+17 

a aie £ (x) d: 
° T a 

-5 

. oe +1 

n T £(x) cos nx dx, ne eee (3). 9) 

en 
ee s 

b. a £(x) sin nx dx 

The constants aor aye b, defined by (3.9) are called 

Fourier coefficients of f(x). When agrayr bb for n=1,2,... 

are defined by the (3.9) the series (3.8) is called the 

Fourier series representation of f(x). 

The terms of Fourier series are sine and cosines 

series as it was observed above. Therefore it will be
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useful to state those properties of sin nx and cos nx, 

where n and m are integers. 

+7 +7 + TT 

sin mx cos nx dx = sin mx dx = cosmxdx=0 

rn TT -T 

eT +1 O when mén 

Cosmx cosnxdx = Sin mx Sin nx dx = 
TT; ‘—T 7 when m=n 

at enccee (oul) 

In the present work, the channel content for each of 

the 2N channels contained in a cycle was expanded in a series 

of sine and cosine terms as in equation (3.8). 

The calculated Fourier coefficients of a, and b, 

were used to determine the amplitude AL and phase angle om 

for the different r harmonics by using the relationship, 

a,Cosrx ae b, Sinrx = A, Sin (ex -+ ey) aelels (3521) 

By equating equivalent terms, 

A 
Zz 

(a? + b,2)7 Re 2 (3.12) 

and € arctan (Fr/b,) a eiane es C325 

3.2.1 Numerical Determination of Fourier Coefficients 

Corresponding to the usual theory which is based on



64 

knowing the function in an entire interval of length 27, 

there is a theory based on knowing the function at a 

discrete set of equally spaced points \°7) . We shall 

adopt as a basis of discussion 2N equally spaced points. 

In this Section, the method used to determine the Fourier 

coefficients is presented. It is remarkable factthat if we 

use summation in place of integration, the set of functions 

cos mn and Sin tn , (n=0,1,....,2N-1) would appear in 
N N 

Fourier expansion of the values fn taken by a function 

£(x) at the points x, = 2, (n=0,1,.....,2N-1) in such a 

way that equation (3.14) are satisfied. 

a N-1 
ay le mr ree hee: ann 

Sa ee (a,cos rer a b, Sin — =) + “NCostn 
2 N N 2 

oe (3.14) 

(s7rse) | The solution of the system (3.14) is well known 

The orthogonality relations are (K<N, m<N) 

2N-1 2 - Oo if Kem 
sin NW Kx Sin yo = 

x50 N if K=m¢o 

2N-1 n @ 
} sin 5 Kx Cos > mx= 0 

xe 

Oo if KAN 

2N-1 a 2 
} cos ft Kx Cos 5 aes if K=m/O ,N 

ce 

2N if K=m=0,N
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By using the orthogonality relations the Fourier 

coefficients could be determined. To obtain a, (r=1,2,.., 

N-1), multiply both sides of equation (3.14) by Cos fos) 
N 

and sum over all r. we get 

< m.r 
F.Cos = Na. 

aot N e 

and similarly for by and ao: 

Finally, Fourier coefficients are, 

2N-1 

Al y mr 
oe re.) Cos = cain N 

2N-1 

F ace) +. Tnr 
b= Fneo Fh Si2 eclelgis «© (So 

2N-1 

F 
asd _ n 

a5 yy R=0 

Thus, by making Py correspond to the content of the 2N 

channels contained in a cycle, the Fourier coefficients a, 

and b, could be used to determine the amplitude and phase 

angle for up to r(r=0,1,.....,N-1) different harmonics. 

For simplification and speeding the programming to 

calculate the Sine and Cosines the following method was 

used: 

Cos (r 8) = Cos[(r-1) ©+6] = 

Cos (r-1) €Cos@-Sin(r-1)0 Sin @ 

2Cos (r-1) eCose- [Cos (r-1) 0Coso+Sin (r-1) oSine]
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2Cos (r-1) €Cos0-Cos [(r-1) €~<] 

2Cos(r-1) ©Cos ©~ Cos(r-2) € 

© EOE r=1 Cos €= Cos € 

r=2 Cos20 = 2Cos*0-1 

r=3 Cos3 ©= 2Cos2 €Cos ©- Cos © 

=4 Cos4 €= 2Cos3 € Cos @©-Cos2 € 

and similarly for sines: 

+e For r=1 Sin ©= Sin € 

r=2 Sin2 @= Sin © (2Cos 6 ) 

r=3 Sin3 €= SinO (2Cos2 €3Y) 

r=4 Sin4 €= Sin € (2Cos3 €+2Cos ©) 

Therefore the actual Fourier coefficients were determined 

by adding these sines and cosines in the orders of equa- 

tions: (3.15). 

This method was applied to develop the computer 

program subroutine Fourier which evaluates the constants 

a, and bL and computes the values of the amplitude and 

phase angle for every one of the N-1l harmonics. 

In practice, it was found that reliable information 

could be found up to and including the fifth harmonic. 

The subroutine Fourier is listed in Appendix B as part of 

the computer program FOURIDL.
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This method of calculation was also successfully 

used by other workers with both an odd and an even number 

of data points. Particular mention should be made to 

references (12726758) | 

3.3 COMPUTER PROGRAM FOURIDL 

The experimental frequency response characteristics 

of the subcritical assembly were analysed by means of 

computer program FOURIDL. This program, given in Appendix 

B, with input and output examples, is written in ALGOL 

for the ICL-1905 Computer. The output from the analyser 

was fed into the program which performs the following 

operations: 

Reduces the data to one neutron cycle by adding up 

the time equivalent contents from each cycle. (This is 

already done by using the analyser as 100 channels). 

Therefore it just calculates the average content per 

channel. This is performed by subroutine ARRANGE. 

Corrects the experimental and background content per 

channel for dead-time and memory transfer time losses 

by subroutine CORRECT. This subroutine is based on the 

scheme discussed in Section 3.1. 

Once the data has been corrected for losses due to 

the analyser and the background content per channel sub- 

tracted, a Fourier analysis (as discussed in the previous 

sections) is carried out by subroutine FOURIER.
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Subroutine FOUREXIT provides numerical output for 

subroutine FOURIER. The numerical output includes both 

amplitude and phase shift and was limited to the first 

seven harmonics. 

The heading for the lineprinter output of subroutine 

FOURIER was provided by means of subroutine FOURHEAD. 

The program can be used with data corresponding to 

either one or two detectors. 

Finally, a schematic block diagram of the code is 

also shown in Appendix B. 

3.4 EXPERIMENTAL RESULTS 

All the experimentally obtained figures presented in 

this work correspond to measurements carried out with 

source neutrons produced from D-T reactions. The reasons 

for using the D-T instead of the D-D reaction can be 

summarized as follows: 

(i) Much higher neutron yield (approximately 100 times). 

This was of vital importance in the present experi- 

ments where the oscillator R.F. and ion source 

extraction voltage had to be kept as low as possible 

in order to provide a reliable and steady operation 

of the pulsing system. 

(ii) Experimental measurements have shown how the system 

response characteristics (transfer functions) do not 

depend either on the neutron source intensity or 

strength.
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The space-dependent transfer function of the system 

for different source-frequency configuration was measured 

by varying the frequency of the square wave modulated 

neutron source and obtaining the amplitude and phase 

shift of the resultant fluctuating component of the 

detector response as a function of source frequency. The 

neutron source frequency was varied and the previous sec- 

tion:'s techniques were used to analyse the detector 

response. 

Figure (3.1) shows the amplitude of the frequency 

response function of the subcritical assembly for a parti- 

cular detector location. The results obtained over a wide 

range of frequencies show that, up to and including the 

fifth harmonic, the data obtained from higher harmonics is 

seen to be in good agreement with that computed from the 

fundamental component of the detector response. Further- 

more, data corresponding to the seventh harmonic proved 

to be reliable for source frequencies included in the 

range of 10HZ. to 500HZ, but was unrealistic and showed 

significant variations for source frequencies outside 

this range. 

Measurements were taken for different axial detector 

positions. Figs. (3.2) and (3.3) show typical examples 

of the gamma ray detector responses over a number of 

different axial locations. It can be clearly seen from 

graphs (3.2) and (3.3) how for frequencies of up to 100 HZ 

the amplitude decreases very slowly. For higher
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frequencies, the amplitude decreases much more rapidly 

and the spatial differences become more noticeable. 

In general, the comparison between the results ob- 

tained from the gamma-ray detections are in very good agree- 

ment with those obtained by using the neutron detection 

(26) 
( » previous work done in Aston University.) But in the 

earliest detection method there was a much bigger spatial 

difference which was found in the reflector where the 

response is more attenuated due to the much longer neutron 

life-time in the water reflector. This was overcome by 

using the gamma ray detection, with a very small attenua- 

tion of it by water reflector. With regard to the phase 

resonse characteristics of the subcritical assembly, a 

very similar pattern is observed (Fig. 3.4)
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CHAPTER 4 

THEORY 

In order to obtain the prompt fission gamma response 

outside the subcritical assembly where the detector was 

located it was necessary to calculate the reutron flux 

variation along the z axis of the core. This was 

performed by using the multigroup model of flux calcu- 

lations. 

4,1 NEUTRON FLUX CALCULATIONS 

Two group diffusion theory was chosen to calculate 

the neutron fluxes of 

jwt 

oo, — (eetise2) Je (thermal) 
gjwt 

Oe Ieee joi) e (fast) 

Writing down the two group diffusion equations, 

zy 2 Eee eet DiV’os Libs + YZebey 7 mee (fast) 

and 
t 3 

DePuy, - Toten * Mor be = HE seth (thermal) 

substitute in ben and oe This involved real and 

imaginary fluxes, so calculations were effectively four 

groups. The four group diffusion equations can be written 

in general terms as
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Di¥*oi-foi td 2 +E Os +24 = 0 (fast imaginary) 

D2V7o2 -2o2 + Do. + Eos +204 = 0 (thermal imaginary) 2 

D3 V7os-Eo3 +5 6142 ¢2 +20, +0 
3 13 23 43 

(fast real) 

DiV2ou— Loutd O1 +26. +2 63 = 0 (thermal real) 
4 l4y 24 34 

o(clelectjerensieieis eeu (ae lt) 

where, 

Dy = i th group diffusion coefficient 

z = i th group removal or absorption cross 
i section 

Bon = production of neutrons in group 2 by 

down scattering etc. from Group 1. 

ibe = production of neutrons in Group 1 from 

Group 2. i.e. from fission or from 

artificial upscattering as required 

in the time dependent (2 real, 2 imaginary 

groups) model. 

Boy = etc. have similar meanings to aon 
13 

I bs = etc. have similar meanings to Boe 
31 

Let Vegi = -Bg, sascecsewls (4e28) 

where B is defined as Buckling and a constant to be 

found. (80/617 62 763 164) | It is assumed to be common to 

both fluxes. Replace the 77¢j with its equivalent in the 

general four group diffusion equations.
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Therefore, -(D,B2 + Ey), 42 Gott Getz o, = 0 
* + 

+20) —(DoB2+E)Oo+ £ O3th oy =O 
12 : 2 g 32 : 42 : 

+ +E -(D3B2+E + 5 o4= 0 z o1 Baez (D3 £)$3 Bio4 

+E $1 +5 +2 $3 —(DyB2+5) 6, = 0 
14 : By? 34 : “ ne 

ss titieewes «6 we (4, LA) 

which can be written in matrix form as 

-(D,B2+5,) ze z 5 | 3 : oy 31 41 #y 

= -(D)B2+2) 5 = o 12 2 32 42 

= z -(D3B2+z) rz 13 23 ae 43 - 

y 2 z -(DyB2+5 Ty 24 34 (Eset es 

There are four values for B? and these make the following 

determinant equal to zero. 

-(D,B2+5) z z 5 
2u 31 ul 

. -(D2B7+z) z z 
12 2 32 42 

=o 

t 2 —(D3B2+5 z 
13 23 ‘ 3 y 43 

z > z 3 (DyB?+z) 

seeeeee (4.2)
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This determinant can be expanded into the form 

oe i: 
a, (B2)4+b, (B2) +c, (B2) +d; (B27) +e) " oO 

Shoo ae) 

where 

@, = D,D2D3Dy soecceee (4.4) 

by =] DgDDu+ Dy {D3Dy+DiDoiDy+DiD2Dar .... (4.5) 

and 

¢, = -DjD2r §- DEED 
: 1234s pase” 

SDi eh ae gree osee z 
24 “L2 2 ak 

“ID. 2 Dy- £ DoD3t 
fees eb eee ad 

+2 5 D3Dy+ Z DZD 
Teo ae eee 

+D,Z 2 Dy + © DeD3t se ge ee 

+D, ED32 + DyDorr ienose IO ane 

cescescss (4.6) 

Qy= —Dyper £ - Dye Ese se F OS Dy 
24 32 43 23 34 42 13 21 32 

1 43
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=F 22s a oe Be 
12 23 3.4 2,234 

De ee led needa 0 
1 24 32 43 1 23°35 42 

=F 5 5S = ver ss 
13 21 32 4 14°21 3 42 

= 2 DE oo 12 rf 
12 23 314 1h 2 31 43 

SHE MER) NAMES Ke PHN 1 
TZ 2h: 3) &y 13 2 34 41 

esecreescecsee (4.8) 

To use these formlae in calculation of flux variation in subcritical 

it was necessary to replace each parameter by its appropriate equi- 

valent values derived from real-imaginary two group model. Pre- 

viously an attempt to solve these equations had been made using the 

two dimensional computer code SNAP, but this failed at frequencies 

in excess of 400 Hz and so failed to give results in the most 

important frequency region. Programming details referring to 

SNAP can be found in refs. (6576667768) 

Zo=g - 3p, w =r D3 = D: 
1 B 1 “3 3 : : 

and 

pers 3Daw?/2 =r Dy = Do 
T2 2 , 

toe 
12 12 

* ey = w(1+3D,5 gS Ee,
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D = 0 
Th 

2 
Boo (1-H EB yy 
21 wee £5 

*y = WAB vt 

23 w2t,2 £2 

eS = w(1+3D, = )/ 
24 : o> ue 

ey =e-sy 

31 13 

= = 0 
32 

z = Ff 
34 T2 

tps oy 
wa 23 

+ Soeuon 
ue 24 

z =r 
aS 21 * Indicates zero value at w = 0 

substitute the zero and equal cross sections into 

equations (4.4), (4.5), (4.6), (4.7), (4.8), the 

results are 

a; = D? ps sevesees (4.48) 

w by = 2D1D2(DiZ+ZD2) wioje cts otha ((4'e5a)



  

Gy = 4Dih Doe = 2Di2 Dat 
%, ance Mo 721 

+p? 52 +p? 52 
Ded 24 
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“2023 2 Dee rer fF 
1 2 21 12 12°13 21 24 

#205 DS) Brees oo eke 
Ue STY ed Lt i223 25 

aie > csislnivieeiem (4500) 

To solve the quadratic equation the Descartes-Euler 

solution method was used '69), 10 bring the quadratic 

component coefficient equal to one, all coefficients were 

divided by D} Ds 

Therefore, 

  

  

  

  

by 
yn = Pay ciel entaie ibie DS) 

ay 

cy 
by 2 ae oe eet Caer 

a) 

dy 
Ci = sevecececees (4.7b) 

ay 

21 
ay = sescvccceses (4.8b) 

al 

To find roots of x'+a,x3+b,x2+c,x+d, = O where (x=B2), 
ay 

suppose x = (y - —) and substitute in the quadratic 
4 

equation, this is transformed to the "reduced form"



where Bay 

qy 

Ty 

w 

The roots yir Yor:¥3, 

equation are the four 

+V/21 

84 

-3 4 = 
ree oi) saree 

Y, of 

sums 

tVZp 

ay by 

2 
  + cy 

a by 

) 

ay Cy 

4 
  

+ 
4, 

the "reduced" quadratic 

+ nes 

with the signs of the square roots chosen so that 

¥2zy . v22 . Vaz 

where Z}, Z2, Z3 are the roots of cubic equation 

zi + Pi 22 + ph - 4ru, _ G4 2 
Ee 16 64 

or z3 + Ag z?2 + B3z + c3 = 0 

Py 
where Boe = 

=o 
8 

)



85 

2 
B3 = (py - 4ru)/i¢ 

C3 = -ay/e4 

The "reduced" form of cubic equation is 

yi +pyi +Q=0 

ane 
where P= = + Bs 

2a AaBs 

Os - ay. t 83 

and using trigonometric solution of cubic equation finally 

roots of z,, Zo, 23 are 

@=Cost ( =o 
2-—_—— 

4 - (3 

=@ 
we 

aE: w= 2y'" =p 
+ 3 

Therefore Ay 

24 = U.Cos¢ - - 

Ag Zo = -U Cos (607¢)) == 

A 
-U Cos (60-¢) - = 23
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Four roots of Buckling B? = 

B? = (BU)? = a2 + 387 

and 

Be = (bu) esas teas 

where 

2 Be ao = “Zr iy 

g2 = yzp + ¥z3 

and 

ay 
C2 = eo, 

g2 = Yay - Yay 

(BU)? are 

Once the B? values have been obtained it is possible to 

calculate the flux coupling coefficients from equations 

(4,la). Take equations 2, 3, 

each by ¢, and put 

é o1 o2 
= — Ss =— 

: ou 2 oy 

Therefore, 

and 4 of (4.la) and divide
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BS; - (DeB7+ 2)Sot+ 2 Sy +r =0 
oem . 2a esos We 

IS; +2. Sp - (D3B2+E)S3t+ 5 =0 
13 23 3 43 

ZS; +2 So + S3-(DyB24+5) = 0 
14 : 24 Z 34 . ( Z & 

eveseee (4.9) 

also write Lo = (D2B2+z) 
2 

to (D3B*+z) 

Ly = (D,B?42) 

seecooeseee (4.10) 

for compactness. The S;, S2, $3 could be calculated and 

  

  

B 1-5 2 zZo-r EL EAE Duy (2 bate, 2 
gga baca2 2 ia) Uy 22,13 Slats ua 73) Us . 3) 
sare L34t pts 2 ET ol+ 2 bg a: 

Gu3"h3 34) Ga 2*ia S3)—-Urg 32 72°39) (Gu as is bu) 

Sf +: & Sry Sek oh 
S33 129) + (13 12 43) 

S= DieLemrelaeS 
2 (13 4 "12 28) 

Ss, =1 

By putting zero components and equal cross sections into 

the coupling coefficients:
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De wee ae z Ten oease 5 g, = Lia butte 51) Ga Sud Gat) Gat?" bp 5) 
3 E apr en oo ye, aes 

(73 12) G3? ~ Yo 23) (72°93) (73. 24) 

Ss) = 

ey 
S, = 

2 

By ab 

Having obtained B2 

see e cece cece (4.11) 

(Buckling) which is a complex value the 

following procedures were followed to calculate the roots 

Gf Bes 

consider 

assume 

Therefore 

ae and 84 could 

B2 

be 

af 

By 

ro 2 eae. 2= g2 a, ¢ 387 B a5 5Q2 303 

ig? has two roots + (2}+3d)) 

is? has two roots + (c,-jd;) 

j82 = (c-d?) + j2c14; 

ue
 

wD
 n u (ce> a?) -j2e14) 

found in terms of c, and d) 

w
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4 
so a 8t and d? = oy 

2c) ee 
= 

Substitute the d, and a? into the a? equation, 

4 
ie Be a cy - 

fer 

te) AO e es BENE ee or 4c} faces By oO 

The cf from this equation and corresponding a was calcu- 

lated 

Bente (atte 2 = (a2@=Vernen For ct (ay + attey)/> Cy (as art8I)/> 

and 
2 = ~(92-/E7FBF) 2 alg lav qa) oe lap-VaTtBT)/> a (apevat+8 1) /2 

For our system, where k <1 and a? has to be corrected for 

radial leakage by adding -B? (a2 is negative). 
= 

Let at = (fay + BY + a2) /> (positive) 

p2 = RTs on 04)/5 (positive) 

| Vy Wat + BY + 0f)/, | 

| WEE ge = 68) /3 | 

substitute these into ce and ae equations, 

Therefore, a 

o W



cf =a ce; = ta 

oD d, = +b 

so c; + jd, = +(at+jb) where B* = a2? + 3p? and 

similarly for B? = a2 - j8t 

Gime a4 ¢) = t3b 

a2 = -a? a, = 4a 
1 

and the roots of c)-jd,= +(a-jb) 

+58 
The flux in general has the form of $=e 2 where BL is 

the value of B (Buckling) when it is corrected for BL 

(radial leakage correction). Assume finite height 

cylinder, radius R, height h, radial flux = 5 (POs) 

= i ‘ bz ha. where R=R,,,,t\, is reflector savings.B>=(=5—=) 

Therefore 

*(ja-b)z + (jatb)z 
oo =e i o=e 

ote ge a De lo ago B Get bie B a2-je2 

4.1.1 Coupling Coefficients: 

The coupling coefficients (4.11) are in terms of B?, 

so they would be complex quantities to be determined. 

Supposing 

S=R+ 35P ; S = R-jpP



eek 

For B? = a! + 3p2 we will have 

1 (ja-b)z ie gigane) 2 
¢ =A e +A e 

using boundary condition to evaluate the constants A and 

“a 
A), f0rie =k, = O. Substitute into the flux equation 

the result is 

my pte (jaab) a 
A = -A 6 

Therefore the flux equation is 

a» Eases jaz -b(2h-z) ja(2h-z) 
s =x le e -e e 

jo 
since (e = cos® + j sino), the flux equation could be 

written in terms of sines and cosines. 

% -bz -b(2h-z) 
¢ =A e cos az-e cos a(2h-z) 

t -bz -b (2h-z) 
+jA e sin az -e sin a(2h-z) 

and similarly for B? = of-3e? the flux is 

w , _(Jjatb)z » ~(jatb)z 
¢ =A e + Ae 

using boundary condition, z=h, = oO, x could be found 

” 
in terms of A 

' , 72(jatb)h 
A = -A' e
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Substitute in the flux equation (¢), and using 

at) 

(e = cos® - j sino), the result is 

- oe =<bz -b(2h=-z) 
¢ =A e cos az -e cos a(2h-z) 

A -bz -b (2h-z) 
-jA e sin az -e sin a(2h-z) 

e+ o is real if x = x = $ 

as -bz -b (2h-z) 
so, ¢+¢ = Ale cos az-e cos (2h-z eloree MS-«k 2) 

Consider the other flux groups, coupled to this one by the 

relation 

. “ 
S} = Ry + 5Pi Sy = Ri= Pr 

-bz =D 2h—z) 
SO, 6% =A (Ry + jPi) Je cos az -e cos a(2h-z) 

-bz -b (2h-z) 
+ j(e sin az-e sin a(2h-z)) 

multiplying two complex values and rearranging it, the 

result is 
-bz -b (2h-z) 

Ry (e cos az -e cos a(2h-z)) 
ie een -bz -b (2h-z) 

r -Pi(e sin az-e sin a(2h-z) ) 
=bz -b (2h-z) 

+jRz(e sin az-e sin a(2h-z)) 
=bz -b (2h-z) 

+jPt(e cos az-e cos a(2h-z) )
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and similarly for Sj = Res Py 

=h2, -b (2h-z) 
Ri (le cos az-e cos a(2h-z)) 4 

-bz -b (2h-z) 
w| “Pi (le sin az-e Sin a(2h-z)) 

. =A -bz -b (2h-z) 
ba -jRj(e sin az-e sin a(2h-z) 

, ~bz =b(2h=z) 
-jPi(e cos az-e cos a(2h-z)) 

/ “ ‘ M 

again $j] +¢j] is real when A = A = 5 and the result 

is, 

y x -bz -b(2h-z) 
eo] + op =A Rj (le cos az-e cos a(2h-z)) 

=bz -b (2h-z) 
-Pj (e sin az-e sin a(2h-z)) 

Sleiieieoves (Aiedo) 

-bz -b(2h-z) 
e cos az term represents outgoing wave and -e 

cos a(2h-z) represents the reflected wave from the far 

boundary. 

Well away from the boundary, where z=h 

7 “a -bz , ” ~bz 
o+o¢=ACe cos az and $j + ¢j] = Ae 

[Rj] cos az-Pj sin az 1 I 

4,2 ONE GROUP TREATMENT 

One group treatment for time dependent subcritical is a 

useful example of how the calculation works. Supposing 

the flux has the form of ® = $2 + joi
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Therefore the diffusion equations are, 

DV2g9- EG + KEG2 = = Oy 
a = Vv 

DV241- £6, + KE = = 62 
r ¥ Vv 

Ww 
put y = © and (i-kK)t = 2 (K<1) 

at a 

regarding flux with the Buckling 

v262 =-B2b. and v2, =-B24; 

+45Bz 
Assume the solution of these has the form of $6 =e 

Now, substitute the values of I,and = into the diffusion 

equations, 

w °o
 (DB? + I)¢_ + réy 

-(DB? + 2)¢1 - 202.= 0 

or 

- (DB2+z) z bo 

“2 - (DB2+z) oy 

Henge the critically determinant is,
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Therefore (DB2+z)?2 + r? =0 

When this is solved the B? has two complex values, 

p 5 Bee = +4 =i = a% + jp2, referring to 

section (4.1) two roots of B? could be calculated. 

and coupling coefficient 

or (DB2+5) 
ee ee 

$2 zy 

or Ss = 33 

Since the coupling coefficient is obtained, real and 

imaginary components of flux could be very easily written 

using the flux equations obtained in previous section 

(4.12). So we have 

‘bz -b(2h-z) 
¢2 (real) = ale cos az-e cos a(2h-z) ] 

and imaginary component could be found by using equation 

(4.13) 

where Rj = 0 Pat) 

-bz -b (2h-z) 
o, (imag) = al e sin az-e sin a (2h-2) |



also for zero frequency, where a = 0 

Pa 70 

=bZ bi 2h=2z) 5 wbhr b(h-z) -b(h-z 
and bo = al e -e = Be le -e | 

-bh 
or ¢2 = 2Re sinh b(h-z) 

which is the more usual form given for flux variation in an 

exponential system. 

At z= 0 where frequency is not zero (w#0) 

-2bh 
A(l-e cos 2ah) 

-2bh 
“hie sin 2ah 

$2 

o1 

4.3 TWO NEUTRON ENERGY GROUPS: 

Having obtained the Buckling coefficients, it is 

now necessary to return to the coupling coefficients and 

find the value of them. So far we have calculated, Bis 

areiee and roots of BE in section (4.1) where the values 

of a; and b, were 

a, = | (Wateerea) /5| and bi-| (Ja¥agh=02)/,| 

and similarly for Be = ce 23 jeF the real and imaginary 

components of roots of B?2 were, 
2



oF 

——=_—_ —_= eal | (fa tte F402) 7, | and bo=| | (/at+e%—02)/, | 
2-2 2 22 

supposing the coupling coefficients are defined as 81,So, 

S3 and S, = 1, 

B? = q2445g2 
1 1 1 

For we have, 

ai 7 by 

RiitjPii RoitjP21 R3itjPsi 
S$, = or So= or S3= yor S,=1 

Riiv3Pii Ro1-jP21 Rai-jPai 
B2=q?2 +482 
Be @ 

and also for similarly the coupling coefficients 

Ao ,Do 

are, 

Ri 2t3Pio Ro2t5P20 Rg 2tjPso 
§, =yor So= or S3= <or Sy=1 

Rrosjere R29-JPo2 Ra2-JPs2 

generally if B? = q2+4g2, substitute it into equations (4.10). 

the L2,L3,Ly, (La=Libecause of Dy=D, and e = z) will have 

real and imaginary components. Regarding subcripts R and I 

have the meaning of real and imaginary components, we have 

Lop = Dgat+Z, 

Ley = Dop2 

Lgp = D302+25 

Boy 13k 

Lug = Lap 

yy = Loy 

Substituting the L values into the Equations (4.11).
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Therefore if 

Bye 20 3 (oh - eS ae tye (e, biee 8 Een 
13 24 13 24 12 21 13 R13 2R 22, 22 13 2c4r 

Boe? et i aS es 
13 4p 27 13 47 2h 22 re 23 

Bes too (et Beer DS) 
130 12: 13 2R 12. 23 24 3R 

Bie Sst se 5 el eeeG 
2 28 25 12 13 24 3r 

For compactness, the coupling coefficient S;3 is, 

  

E,+ jE2 
S3 = R3 + jP3 = 

E3+ jE, 

or (R34+5P3) (E3+jEy) = E,+ jE2 

and finally two sides of above equation leading to two 

equal complex values, so by making real component OF Jets 

side equal to real component of the right hand side and 

sgimilarly for imaginary components, R3 and P3 could be 

found in terms of E,,E2,E3 and Ey 

By +E, (E2EacEi Es ) 
E2 2 R3 = + 5 

E3 

and 
E,E3 - E,Ey 

P3 = —————_. 

E2 + E2 
3 4
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Similarly for S, =R, + jPo, if 

  

  

fy @ Reo yD = Ps 2 LR =t § =z £ 
12 3p 12 37 13 2k 12 24 

Fo = 2 Rgb + 2 Peb 
ne 35 12 3R 

Beg Gr Tybee 
= 1S 25 1028 

Ey = eG 
13 27 

Pit+jF2 
So $2 = Rp + jP2 = 

FetjFi, 

and FoPs-P iF, 

PitPy 52 4 p2 
Ry = 3 4 

F3 

FoF3-F) Fy 
Po = 

F2 + F2 
3 4 

and similarly for S,, where 

G, =L “L Po +5 
2p 27 2 24 

Gol = U5P> ah 2 ZR 2 oe Ro 

Gi + jG we have o) = Ry + 3Pi = 
=



100 

and 

  

w
e
 

Dp 
|s

 
w
e
 

So, if subcripts of brackets represents the corresponding 

Buckling coefficient, for Be = ates? and B2 = a2+482, 
2 2 2 

the following calculations will result in the corres- 

ponding coupling coefficient components. 

For Be = at + jet 

ephi = Doa* + Ze 

(Lay)1 = Dobe 

(Gap)i = D3a? + 23 

(L37)1 = D382 

(Lup) = (ap)i 

(yp)1 = (L2y)1



and (Bigg eben Bee Be Sak: (ey 
1S 24 13 24 224 13 4p 

Eo(L )ytd_ £ ]-22(b (L 
Lis ze ing i3 Gy)? ee 

(Be) peer? (a Th) ) gee z.[z,@ itz Z| ae gee) ieee Gels 2p’ 12 23 

(E35) =ah od) (ey Se ee Bn, 
13: 120} 1392p 12 23 3R 

(Ey), == 22 (L $5 2.5 (y ) 
oie 5 zea 12ile gue 

and similarly for Be = ae + j82, we have 

(L )2 = Doa2 +f Dee 2 2 2 

L = D262 2 2a 

L = Dga2 +5 ( ae so, 3 

L = D382 (Laz) 2= DaBe 

(Ly p) 2 (Lop) 2 

(la) 2= (Loy) 2 

oe (L y2[t (L )ot ft Z| 
13 4R 13 2R t2 23, 

- 32 
3 

ee) 2 i) 2
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E =r2 (L Go #s 
(E2)2 =F) Ee? 2p 2 13 

Ey)2= 2. 22 (b +2 (Ey) 2 eS G2 z 2: 
13 2 12 i 2 

(Ge 
3 24 

Therefore the coupling coefficient components are 

(Ep) 1 (E3) 1- (Ey) 1 (Ey) i 
gore (Ey) 1+(Ey) y| [iea)s]2 + [(By) 1]? 

2 (E3)1 

(E2)1(E3)1 - (B1)1 (Ey) a 

at [(B3)i)? + [(By) 1)? 

and ccmponents corresponding to Be 

(Ep) 9 (Ba) o- (Ei) 9 (E zl 

(E,})2 + on [(B3)2]2 + [(e,) 2]2 
k=   

32 (B3) 2 

(Eo) 9 (E3)2 — (Ei) 2 (Ey) 2 

Paz [(B3) 2]? + [ (Ey) 2]? 

also similarly for Rp, and Pj, coupling coefficient 

components
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Ey GeetRav fe )y ag ee (be Ua ei Beaune se 
ver) ae s Sy | eg Zhe te 2a 

(Fo); = 2 R (L +r. ®P L aaeee Het aq)? Bee Gi 

(Ba) ge eee (Ee) Dee 
ead 13 Be 32.23) 

@yq = 3s. (Lb ) url 13 oe 

and for B2 = a? + 3g? 
2 2 3 

(F = R32 2 (L “Pao Dee (hb Jo fe = es 
ve e2 de ay a 13 24 12 21 

(Fo)2 = 2 R3o(L + ee (L ) gi pee ee q, Paz (2 

F SOL eiis)io bE = 
(Ea) 2 Dp a Ba R 

(Fy)2 = a ee 

(Po) 1 (F3)17- (Fi) 1 (Fada 

Roy = rit (Fy) [a)iJ? + [yd]? 

(F3)4 
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(Po) a (3). - (Fi)a (Fudd 
Req = ee ES 

[(@3)1)? + [(ea) 1]? 

  

and | (Fo) 2(F3)a- (Fi) 2 (Fy) 2 

a (Fido + (Fy) 2 [(P3)2]? + [(Py) 2]? 

22 (Fs) 

(Fo)o (F3)2 - (Fido (Fula 
bLo ge Cal See eee eS 

(Ps) 2}? + [(Fy) 2]? 

Similarly for R, and P,; components 

Le G (L oR Sa EE a a i (Gi)i ee 21 oe Zeta 

" (Go)q (L )y.Po_ + (L )y.Roq 
2R 2r 

c = ( «Rog - (L )2sPan + = (Gi)2 ee 22 2 22 038 

(Gado = (L_)2 «Poo + (L_)2 -Roo 
*R 2r 

  

  

Therefore, 

(Gi) a 
Rigi= 

z 
12 

(Go)q 
Pp = 

ll z
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and 

  

  

Piz 

4.3.1 Neutron Flux Equations: 

Having obtained the coupling coefficients, it is 

now necessary to return to Equations (4.12, 4.13) and find 

the flux equations, where the real component of B? is 

noW corrected for radial leakage. (a? is now corrected 

for radial leakage). 

-byz -b (2h-z) 
real thermal $y, = A, [e cosa;z-e cosa, (2h-2)] 

-boz bo (2h-z) 
+ Ale cosa z-e cosa, (Lh-z) 

real fast 

~bz -b, (2h-z) 
3 = A,|R31(e cosa,z-e cosa; (2h-z) ) 

~bz Sy tenez), 
-P3,(e° sin a,z-e sina, (2h-z) ) 

-b3z -b2 (2h-z) 

-boz -by (2h-z) 
R32(e cosa,z-e cosa, (2h-z) ) 

the -P3,(e sinajz-e sina (2h-z) )
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Imaginary thermal, 

-biz -b, (2h-z) 7 
o2 = Ay R21 (e cosa,z-e cosa, (2h-z) ) 

-biz bh, (2h-z) 
-Poile sina,z-e sina, (2h-z) ) = 

-boz ~b (2h-z) 
Roo (e cosazz-e cosa, (2h-z) ) a 

+ Ao -boz -bo (2h-z) 
-Poole sinajz-e sina, (2h-z)) 

Imaginary fast, 

-b)2z -b; (2h-z) 
Rii(e  cosa,z-e cosa, (2h-z) ) 

-byz =b) (2h-2) 
-Piile sina,z-e sina, (2h-z) ) 

baz =bo (2h=z) 
Rigle cosa2z-e cosa, (2h-z) ) 

+A -boz -bp (2h-z) 
2 |-Pisle sina jz-e sina, (2h-z) )   

Two constants A, and A, are determined by using 

the boundary conditions. 

4.3.2 Boundary Conditions 

To determine the flux equations two constants of A; 

and Ap were needed to be evaluated. This was done by using 

boundary conditions. At z=0 three options are available, 

dos 
1) o, =O , “Dia _ag oe 

aby 
2) $3 = Ol -Do2 was os ‘Jo 

aes dey 
3) =D wast J; and -Do magne Jz where the 

relative strength of J; and Jz should be decided by refer- 

ence to previous calculations. It will be seen that
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\ 

differentials of F and G will be needed, where F and G 

are, 

bz ~b (2h-z) 
F = [e cosaz-e cosa (2h-z) | 

=Bz <b (2h-z) 
sinaz-e sina (2h-z) ] a i —

 
oO 

The differentials are 

bz 
= =F = -e (b cosaz + a sinaz) Zz 

=p (2h=z) 
-e [b cosa(2h-z) +a sina (2h-z) ] 

ar r -2bh . 
and (aD = Fo = -b-e (b cos2ah + a sin2ah) 

Similarly differential of G 

ac Sie ee 
SS G =-e (b sinaz-a cosaz) 

-b (2h-z) 
-e [b sina(2h-z) -a cosa (2h-z) ] 

-2bh dG 6 ee eee : > aaa (an) = G) = a-e [b sin 2ah-a cos2ah] 

Now consider first option, 

1) ($4) 9= 0 

Therefore, substitute z=O0 and ¢, = O in flux equation 

representing ¢, in section (4.3.1), Az could be found 

in terms of Aj,
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-2byh 
aoe on, Live cos 2a;h] 

=2B9 
[ii=e cos 2azh] 

Fio or Ap = -A, 
Foo 

where Fjq is the value of F for (a,, b; and z=0) and Foo 

has the similar meaning. i.e. value of F for (aj,bo, 

  

z=0) 

dos oy 
and =|— = — 

L dz jo Di 

Therefore, 

4 

/d, 

a =2bih 
i if l-e cos2ajh 5 “ = eee een = [resFic P31Gio =Ibph (R32F20-P32Go0) | 

i-e cos2ah 

and finally 

-Jy 

‘>, 
Ay = 
  7 7 F 7 7 
R31 Fio-P31Gio - eee (RazFeo - P32G20) 

20 
’ 

where Fio is the value of F for (a,, b; and z=0). 

’ ‘ ‘ 
Gior Foor Goo have the similar meanings. 

2) Second option of boundary is, 

(¢3)9 =O
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[ RgiFio~P31Gioq | 
2) 

  

Therefore Ap = 

+ R32F29-P32G20 

Ady Do 
and ve = (gz) 0 

De 

“8270, 
so A, = 

id R31F10-P31G Fio- | 31*10° =31410 | Feo 

R32F 20-P32G20 

3) The third option is, 

To , , 
De ae ee ee 

ay , , , , 
= = A, (R31 Fio-P31Gi0) ~Az (R32F20-P32G20) 

1 

By solving these two equations A, and Ap can be found. 

‘ 

J2/p, + A2F20 
A, =- a 

7 
Fio 

substitute into the second equation, A, could be 

evaluated. 
T2/D2 he 

Ji/p~ pr, (Ra1F107 P3161) 
  

A, = “F 7 y ’ ’ 
2 29/Fi9) (R31F10~P31G10)-(Rs2F20-P32G20) 

4.4 COMPUTER PROGRAM ATEST 

The theoretical frequency response characteristics 

of the subcritical assembly were obtained by means of 

computer program ATEST. This program was written in
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FORTRAN. The second option of Boundary condition (at 

z=O, all neutrons assumed thermal) were taken into the 

calculations. The program after calculating real (¢ Rp) 

and imaginary (oz) components of thermal flux for a 

given height of core, calculates the amplitude response 

and phase shift by following relations. 

thermal neutron flux at zero 
frequency and same height 

Amplitude response = 

phase = er 

oR 

These were repeated for different heights of the 

core, and for different frequencies. The program is 

represented in Appendix C. It also gives the thermal 

flux amplitude in different layers of the core. 

4.5 CALCULATION OF GAMMA RESPONSE 

Having obtained the thermal neutron flux in 

aifferent layers of subcritical core, it was possible to 

calculate the prompt fission gamma produced in outside 

the subcritical where the detector was located. This 

was done by adding the all gamma rays produced from 

different layers of the core on that point. 

Suppose point D is outside the subcritical where 

gamma detector was located. Let us first consider one 

layer of the core and then extend it to the whole core



(R is the radius of the core). Assuming P is one of the 

points of fission (r distance from centre of the core), 

where the fission has occurred. To determine the fission 

gamma at point D, it was necessary to calculate the 

attenuation coefficient. 

The gamma rays produced at point P has to travel 

through two media to get to the point D. If &, is the 

distance travelled inside the uranium and 2») is the 

distance in water, so 

2 = 2, + Lp 

where & is the distance between points P and D. For 

convenience in making calculations let us consider 

Fig.y (4nd)



  

  
Fig. (4.1) 

Regarding triangular DPO and GPO, it could be written 

22 =r? + (R+a)2- 2r(Rta) cos@ and 

R2 = at + r2 -22; r cos a 

from second equation, &, could be found.
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ie (ata emaine a 
Therefore 2; = xr cos a + YR*-r* sinta and &£ could be 1 

obtained from the first equation, and finally %2=%-2). 

Suppose D has a distance of h above or below the con- 

sidered layer (plane). Therefore the total path length L 

could be calculated from Fig. (4.2). 

D 

WA 

\ 

h 

AN 

iN 

lel a 
Sigs UO ermeglc deena 

Fig. (4.2) 

L=Y¥e +h 

and also Ly = ay .8 

Toei oby 

So, the exponential attenuation coefficient from point P 

is 

“uiby) —v2be ~(yiLitv2L2) 
e « 2 se 

where 111 and uz are the absorption coefficients of the 

core and water respectively. 

There is also an inverse square factor, therefore
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-(yibytuel2) 

attenuation from point P = = 

at D 

  

L2 

Now considering fuel (core) as summation of unit cells 

with areas of 6A, attenuating coefficient could be 

found for each unit cell. Consider Fig. (4.3), to 

calculate unit cell area. 

The unit cell area =r, 60.6r 

where 60 is the angle and ér is 

the unit cell width. 

Fig. (4.3) 

Therefore the total attenuation coefficient for each layer 

of gamma ray production at point D is, 

— (11 L)4+t2L2) 
e 

total attenuation for each layer = = 
Q,r L? 

which is the summation over the attenuations of gamma rays 

at point D from each layer, where 

69 = 

SI
A 

and éxr = m= 20 and n = 8 

Bl
y 

as the thermal neutron flux contribution in each layer 

was not completely plane, the Bessel functions corrections 

were introduced to the total attenuation coefficient.



15 

Therefore, 

~(u1L,4+u2L2) 
e 
  

total attenuation for each layer == 4A. 

®,r L¢ 

Sate, 405 aa eee es) 
Rexr 

where Royer is the extra polated length and is equal to 

Roxr =R + Reflector savings 
core 

Values of oer later were introduced inside the computer 

progamming by means of subroutine (LIB NAGF) in which 

J is defined as (S17AAF(R)). 

Having obtained the amplitude oy and phase shift AL 

of thermal neutrons in different layers of the core by 

computer program code (ATEST ), the flux for each layer 

is on sin (wt + Ay) supposing each thermal neutron is 

production of fission, the gamma rays produced from each 

layer at point D is 

oy sin(wt + ry) x total attenuation at h 

Summations of this over the total height of the core will 

give the total gamma rays introduced in point D by the 

core of subcritical assembly for each given frequency. 

Therefore, 

o(wt + A) =f oy sin(wt + Ay) x total attenuation 
h 

at h and for zero frequency
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@(O) =2 $y, (0) x total attenuation ath 
h 

and finally fission gamma rays response function is 

= &(we+a) 

$ (0) 
GORSRF. 

4.6 COMPUTER PROGRAM GAMMARESFU 

The theoretical frequency response characteristics 

of the subcritical assembly by prompt fission gamma rays 

were obtained by means of computer program GAMMARESFU. 

This program was written in FORTRAN, and performs the 

following operations for a given detector height, frequency 

and gamma ray energy (absorption coefficients are dependent 

on gamma rays energy). 

a) Calculates the gamma rays introduced at detector 

location from different layers of the core (varying z=5cm 

to maximum of 80cm with 5cm interval). These calculations 

are done for zero and given frequency. 

b) Summation of these gamma rays to obtain the final 

gamma rays introduced at detector location by the core. 

To simplify the summation of these the following procedures 

were performed in programming. 

Suppose A,sin(wt+a,) is the gamma rays of first core layer 

at detector point and A, sin(wt+A,) is from second layer. 

The program adds these two as follows:



Li7 

if Az sin(wtt\3) = A,Sin(wttd;) + Agsin(wt+A> 

Therefore A3 = ae + A“ +2A,A>. cos (A1-Az) 
2 

A,Sind, + ApSindo 
and Ag = ATAN—————————_ 

A,cos A,+A,cosi2 

Having obtained A3 and i3, it calculates the gamma rays 

of the third layer and adds on A; sin(wt+A3) in the same 

way. 

c) The amplitude response function is obtained by 

dividing amplitude of total gamma rays of given frequency 

to zero frequency amplitude and phase shift will be the 

last calculated phase. 

a) Program repeats this calculation to all given fre- 

quencies and also for detector location with 20cm interval. 

The program is represented in Appendix D. The calculations 

were done for different axial gamma detector locations (H) 

and also for gamma ray energies varying from 3 Mev up to 

10 Mev (these are the most expected range of fission 

gamma rays energies). The theoretical amplitude 

response obtained from these calculations are shown in 

Fig.s (4.4-4.9), and phase responses are represented in 

£ig. (4.10-4.11).



118 

    CMTLIOd 
WWW 

 
 

  

on0z 
ool 

[ZHIAIN3NDIY4 
gy 

f 

| 
0°0 

nine 
20 

3 : 
W
e
 

: 
19:0 

mE 
Gi0 

[ 
JISW) 

0°SS=H 

{ 
alSW) 

05 
€=H 

i
e
,
 

[
V
I
S
W
I
 

0°S 
L=H 

A
I
W
O
O
L
 

= 
m
a
n
a
 

[M]H 4O 3ONLIIWY



  

FONNASTE 
AONLTIAKV 

TVOILEVOFHL 
(S°4)* 

ore 

 
 

 
 
 
 

 
 

  

me 
ra 

[ZHIAININDIUS 
gy 

s 
t 

T 
B
d
 

7 
T 

0
:
0
 

1 
z0 

} 

a 
a 

1 
70 

v 
19:0 

1 
ee) 

[ 
JTSW) 

0°S 
S=H 

[9 
TSW 

0°S 
=H 

Ol 
[VISHJOSIFH 

 AapaQ 
= 

e
e
 

[M]H JO JONLNdWV



120 

C
N
O
L
I
S
 

TWIYY 
L
N
F
E
P
I
S
I
C
 

W
F
 

F
E
N
I
G
S
T
Y
 

C
A
N
L
I
T
A
N
V
 

I
V
O
L
L
N
U
O
E
H
L
 
(
9
°
)
 
OTZ 

 
 

  
 
 

wz 
aol 

[ZH] 
AIN3NOIU 

wl 
F 

t 
T 

- 
7 

B
s
 

: 

mic 
0) 

J 8 
a 

70 

; 
1 

9°0 

1 
80 

{3] 
“SWI 

0SS=H 

[a] 
SW) 

OSE=H 

Oat: 
[V] 

SW) 
0°SL=H 

A
a
W
O
9
 

= 
aie 

[MH 130 30NL dW



121 

  

QNLITIHY 
IWOLLTUOEHL 

(2°4))*D1g 

  

 
 

  
 
 

 
 

az 
col 

[ZHIAINANDIYS 
gy 

i 
r 

c
o
 

= 
. 

Y 
i
 

, 

1
0
)
 

J 

a. 
ml 

7
0
 

: 
1 

9°0 

“| 
8°0 

[3] 
S
W
I
 
0
S
S
=
H
 

[8] 
S
W
I
 
0
S
E
=
H
 

On 
[
V
]
S
W
I
0
S
L
=
H
 

A
a
W
O
S
 

= 
auooh. 

[MH140 30NLMdWv



122 

   

SNOILT 
M
d
 

‘TWiYV 
raTIG 

wos 
AS. 

 
 
 

woz 
wl 

[ZH] A
I
N
S
N
D
A
Y
S
 

Cv 
S
S
S
 

T 
r 

[ 
3]°SW) 

OSS 
=H 

{ 
8] 

SWI 
OSE 

=H 

[
V
]
°
S
W
)
 

OSL 
=H 

A
B
W
 

Y 
= 

e
r
 

P
O
N
I
T
I
A
N
Y
 

TWOLLP 
aor HL 

(6'17)' 
D
g
 

ol oa 
OL 

 
 
 
 

  
 
 

70 

9°0 

8°0 

o4 

[M]H 40 3ONLIIdWv



123 

TVIXV 
d 

    AAIG 
W
a
 

  

Od 
SFE 

PONLTIGHV 
IVOILSUOPHL 

(6° 4)‘ OTe 

 
 

  
 
 

 
 

(woz 
col 

{
Z
H
]
A
I
N
3
N
D
I
Y
S
 

ool 
ol 

r 
=
 

: 
; 

—— 
0
 

ag 
7 
A
s
 

) 
2 2 

a
0
 
m
 

; 
R ais 

v 
1 

9
0
=
 

[
G
}
S
W
3
 

0°0 
9 

=H 

| 
8°0 

{ 
3
)
S
W
3
0
°
S
 

7 =H 

[9]}SW) 
0
0
 

€ 
=H 

: 
aa 

pwwob 
o'} 

[
V
I
S
W
3
0
°
S
 

| 
=H 

Aap 
Mie 

= 
J



124 

SROLLISIG 
TVIYY 

B4IC 
UIE 

EONOASTY 
POVHE 

TVOMISUOFHL 
(OT* 4)‘ Dre 

  

woz 
ool 

[ZH] 
A
I
N
S
N
O
I
Y
S
 

ol 
a 

 
 

r 
ad 

ae 

(9 
!SW30SS=H 

[8 
}SW30SE=H 

  
[VISHIOSIFH 

jay 
g:g 

= 
M
M
S
 

~o 

Sy 

~N 

or 

co 

So 
! 

ims 

0°0 

[ Sdvu] 9V1 3SvHd



125 

    

PNCTIIM 
dG 

IVLYY 
G 

toe 
§ 

  

U 
PSHHA 

IVOLLROCHL 
(
T
U
)
 

ole 

coz 
ot.~SSCE 

ZHI AIN3NDZY4 
gy 

Ol 
 
 

[31SW20S4 =H 
J 

[GISWI00E 
=H 

IVISHI0SL=H 
AaW 

OE 
= 
e
e
 

  
Z
I
 

850- 

T0z 

0°0 

[SQV] 9V7 3SVHd



126 

CHAPTER 5 

DETECTOR EFFICIENCY 

In this chapter the Nal(T%) detector efficiency was 

calculated for different gamma ray energies to find which 

gamma ray energies are most efficiently detected. 

If = is the total macroscopic cross-section of the 
T 

NaI(T2£) crystal for a given gamma ray energy, the relative 

detector efficiency could be calculated from the following 

relation, 

“Ipet 

relative efficiency a {mean number of photons per|.A(l-e ) 

E fission per Mev. ] 

Bees ccieesas (OWL): 

where A is the crystal front area, 

and t is the thickness (for our NaI(T&) crystal A=15.165 

cm* and t is 2.54CMS) . 

Therefore both £ and the mean number of photons per 
Pp 

fission per Mev for each gamma ray energy should be evalu- 

ated to calculate detector efficiency. 

5.1 TOTAL MACROSCOPIC CROSS-SECTION 

The total macroscopic cross section is defined as 

eeieilssisivieieese (O02)



pay
 

iS)
 

x 

where, 2 is the macroscopic pair production cross- 

PP 
section, and & is the macroscopic Compton scattering 

oc 
cross-section and f is the macroscopic photoelectric 

PE 

cross-section. These cross-sections for different 

gamma ray energies were calculated with following proce- 

dure. 

(i) Pair production 

For creation of pairs by a gamma ray in the field of 

a nucleus the differential cross-section for the production 

of a positton of kinetic energy Ty and therefore an elect- 

ron of energy (E/-2me*-T,) could be written as‘7°'7?) 

  

= 3 do = 642 2 ar, 

E,- 2mc? ry mc 

we islewecseces, (5-9) 

1 woe? 2 =32 
where 65 = =~ ( ) #5.8 xk 10 ©? 

137 47m 

and E is the incident gamma ray energy. 
¥ 

P is slowly varying function of Ey) and Z. 

The variation of pair total cross section with 

energy for lead is shown in Big. (Sidca). This is 

obtained by integrating the expression (5.3) over the 

energy spectrum. The cross-section increases at first 

with energy, as the pair production takes place at 

larger distance from the nucleus, but a limit is set to
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the increase by the screening of the nuclear charge by the 

atomic electrons. In the absence of screening the pair 

production cross-section is proportional to z*, Therefore 

iodine) Sop (for iodine) D 4s caine 
  

Sop (for lead) Z lead 

by using this relation and Fig. (5.1.a) the pair production 

cross section for iodine is obtained Fig. (5.1.b). 

Similarly, pair production cross section for NaI is, 

2 
Z 

ae dium g NaI) = odine) |1 + |= 
pent rsp =) | : 

iodine 

and is: shown in Fig. (5<1.¢)i. 

Therefore the macroscopic pair production cross-section per 

atom of NaI is given by, 

= = N. @ 
pp PP 

where N is the number density and is given by, 

Nw 
=o 

Mol.wt 

where N, is the avogadro's number 6.025 X 102° 

and p is the crystal density 3.667 gom ? 

Mol.wt = 150 for sodium iodide.
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Calculated pair production cross sections of NaI 

for different gamma ray energies is represented in table 

Coenore 

(ii) Compton scattering 

Differentiated Compton cross section derived from 

Klein-Nishina expression is given by 

  

coe= | (BY) (+ 2 yee (A 2-2) ne, -7) 
a?me? Ye «4 a? a x = 

B z max 

E (BL -T) 
he eee 

a 2 a EY 2E, 

Beers 
min 

E. 

where oS =. 
me? 

r is the classical electron radius = 

ee 2.81777X10 of res 

  uk = EL. maximum electron energy. 

Using these equations the Compton cross-sections 

were calculated for different incident gamma ray energies. 

The Compton scattering cross section per electron 

for scattered electrons of energy >2.50 Mev is given in 

Fig. (5.2). Macroscopic Compton scattering cross sections 

are calculated by expression, 

i = Ne.
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cross section per electron with 
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where N is the number density. To obtain the macroscopic 

Compton scattering cross-sections per atom of NaI crystal, 

the macroscopic Compton scattering cross-sections per 

electron were multiplied to the number of assumed free 

electrons per atom of sodium dodide (for sodium, electrons 

of K shell and for iodine, the electrons of K and L shells 

considered to be most bounded). The obtained macroscopic 

Compton scattering cross-sections per molecule of sodium 

iodide are represented in table COIL. 

(iii) Photoelectric 

Macroscopic photoelectric cross sections are obtained by, 

where U, is the energy absorption coefficient. It was 

calculated by multiplying the mass absorption coefficient 

of sodium iodide ce , values given in ref.*’) to its 

density. The eeeccoagee photoelectric cross sections 

for sodium iodide is also given in table (Gavrat ly hs 

Having obtained the macroscopic pair production, 

Compton scattering, photoelectric cross sections the total 

macroscopic cross section (Zp) of sodium iodide for 

different gamma ray energies are determined by expression 

(5.2). The values of Zn are also given in table (5d ye.
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5.2 MEAN NUMBER OF PHOTONS PER FISSION PER Mev 

The energy spectrum of prompt fission gamma rays was 

obtained by Maienschein (26) | This spectrum is shown in 

Fig. (5.3). To find the mean number of photons per 

fission per Mev, the spectrum was divided between energy 

intervals of 1 Mev. and replotted to calculate area con- 

cerning each energy interval (Figs. 5.4 and 5.5) and 

therefore the mean number of photons per fission. per Mev 

was obtained by dividing each of these subarea to total 

area under the energy spectrum. The mean number of photons 

per fission per Mev is shown in Fig. (5.6) and given in 

table (5.1). 

Having obtained the total macroscopic cross section 

for sodium iodide and also mean number of photons per 

fission per Mev, the relative efficiency for the detector 

used is obtained by using equation (5.1) described earlier 

in this chapter. 

Finally, the relative efficiency for the gamma 

detector used is shown in Fig. (5.7). It is clear that the 

efficiency curve peak is between 3 to 4 Mev gamma rays, so 

the theoretical results at 3 and 4 Mev should best match 

the experiment. 

The attenuation coefficient in the core and 

reflector are also given in table (5.1). It could be 

seen that they are varying very slowly with energy range 

of 3-10 Mev. The effect of these on the result are given
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in detail in the conclusion. 

 



141 

CHAPTER 6 

COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL 

RESULTS 

In this chapter, the results obtained with theoreti- 

cal method are compared with those obtained experimentally 

in order to test the validity of the theoretical method. 

In Figures (6.1) to (6.6), the amplitude response 

of the nuclear system as given by the theoretical method 

for different gamma rays energies are compared with that 

obtained experimentally. 

This comparison was done for different axial posi- 

tions (H). Three measurements were taken in every 

position for every frequency of interest, the error bars 

(72) in the values in the graphs represents the deviations 

of both the amplitude and phase lag. The mean deviations 

were calculated by means of the numerical values of the 

deviations, 

Jai] + Jaz] + [dgl+ ---~- +}a, | La la 
—_ - s 

n n s=1 

where di, GQ, G3, ------- a, are the deviations of the 

results obtained in every position for every frequency 

of interest from the mean of the results and n is the 

number of experiments (results). The points related to 

harmonics of the fundamental generally show a larger
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spread (deviation) in values than those obtained from the 

fundamental. 

As a conclusion it can clearly be seen how the 

agreement is fairly good over the entire range of fre- 

quencies for each output position, the amplitude and 

therefore the spatial differences remain practically 

constant for frequencies of up to nearly 100 HZ. At 

the higher end of the system, the amplitude starts to 

decrease before this frequency. Beyond 100HZ, the 

amplitude decreases rather rapidly and spatial differences 

become much more noticeable. 

Therefore, the theoretical method described in 

Chapter four is able to predict with fairly good accuracy 

the source transfer function in the present nuclear system 

for the entire range of frequencies by prompt fission gamma 

rays calculation outside the system provided that an appro- 

  priate value of the thermal neutron lifetime (L= i 
Vz 

a 

) is 

selected, 

The nuclear system is made up of two regions with 

quite different thermal neutron life times, on one hand 

the life time for thermal neutrons in the core is around 

40 microseconds, while in the reflector it is 210 micro- 

seconds. Therefore, we should expect the thermal life 

time for the system as a whole to have an intermediate 

value between these.
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Simple perturbation theory shows that the statistical 

weight of a neutron is proportional to $7. This suggests 

that the effective thermal neutron life time of the system 

as a whole could be calculated as follows, 

L, fo?.dv + &. So? .dv 
Lace = core reflector 

fo? dv 
core + reflector 

d siele slarsiorveee | (Ok 

The previous work (26) based on experimental deter- 

minations of the relative fluxes inside the core and the 

reflector by using indium foils, and applying equation 

(6.1), a value of 78 microseconds was found for thermal 

neutron life time of the subcritical facility. This 

value of 78 usecs. is not quite the same as 84 usecs. used 

in the present calculations. However, with a thermal life 

time of 84 usecs. a good agreement between the amplitude 

response of theoretical model and the experimentally 

measured amplitude response was achieved both here and in 

previous work (26) | Also a good agreement was found between 

the experimental and theoretical phase response as shown 

in Fig.s (6.7) and (6.8).
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

In this chapter, a summary of the conclusions 

reached and some possible extensions to the present work, 

are presented. 

7.1 CONCLUSIONS 

The use of two group diffusion theory with its real 

and imaginary components was able with farily good accuracy 

to determine the spatial dependent transfer function of 

the nuclear system studied. It was also able to give 

information for frequencies beyond 400 HZ, while the 

previous attempt to solve these equations using the two 

dimensional finite difference code SNAP, failed at fre- 

quencies in excess of 400 HZ. Also the size of the codes 

(ATEST, and GAMMARESFU) are small compared to SNAP (200K 

of core plus three discs), so it does not limit their use 

to very powerful computers. 

With respect to the experimental side of the present 

work, a great deal of improvement has been achieved regard- 

ing the pulsing system of the S.A.M.E.S. accelerator. This 

method of pulsing the system eliminates the uncertainty 

of the beam being in phase with the starting command of 

the P.H.A,
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Also, the electronic network developed to simul- 

taneously use two detectors can be used in any further 

experiments where two detector correlations are required. 

As it was shown that the detector efficiency curve 

peak lies between 3-4 Mev gamma rays, so theoretical 

results at 3 and 4 Mev should best match the experiment. 

However, it was also seen that the u (linear absorption 

coefficient) for core and reflector is roughly independent 

of E, , therefore the gamma ray energy does not affect the 

match for gamma ray energies between 3-10 Mev. 

Both theory and experiment have shown that even a 

small system such as the one used in the experimental work 

can not be regarded as a point reactor or a lumped 

parameter model. 

It is also shown that how the spatial dependent 

transfer function of the system theoretically and experi- 

mentally could be determined by looking at the prompt 

fission gamma rays outside the system, while previous 

studies with thermal neutrons have shown that the detector 

must be located inside the nuclear system since the 

reflector attenuates and modifies the thermal neutron 

signal. 

One further conclusion is that although an outside 

core detector can be used, space dependence of the nuclear 

system is still observed.



7.2 RECOMMENDATIONS FOR FUTURE WORK 

An extension of the present work should be possible 

on the following lines: 

(1) Improvement to the theoretical neutron flux 

calculations by expanding it to a two region 

geometry. 

(2) Effect of different reflectors on the neutron 

life time and therefore on the transfer function.
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