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SUMMARY

THE TRANSFER FUNCTION FOR A SUB-CRITICAL SYSTEM MEASURED
BY PROMPT GAMMA RADIATION

Mohamad Reza Eskandari
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 sguare
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
scintillation counter 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 (205:10) microsecond . Moderators, in

particular, have been studied repeatedly with pulsed
neutron technigue (203)  peckurts in 1961 and Lopez in
1962 studied the kinetic behaviour of neutrons in matter
and neutron diffusion parameters in water at 26.7°%

respectively. The theory of pulsed neutron source measure-

ments has been discussed by Garelis and Russel (4 rsre)

1.3 NEUTRON WAVE TECHNIQUE:

A supplement to the pulsed neutron experiments has
been the neutron wave technigue 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,
Lacour, and Raievski (3). 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 deperdent 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

(10).

the neutron-wave theory



Experiments have been made to measure the propagation
properties (such as variation of the attenuation and phase
lag with freguency) of thermal neutrons wave in heavy
water natural uranium subcritical assembly by Wanger (11)
Sobhana, Singh and Ghatak used the propagation of a sinu-
soidal disturbance introduced into the neutron distribution

(12).

in the moderating media

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 hawve been used to obtain information regarding
the diffusion, absorption and thermalization properties
of the media. Also, many theoretical studies haye been
carried out for understanding the neutron-wave problem.
Particular mention in this respect should be made of the

(13), Mortensen (1°), Moore (1“), Williaéésh

(17),and Kunaish (18). The general

work of Jacob,

Woo Brehm

a (15)’
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 (19)

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

(20)), Therefore there

completely different dynamic effects
is no such things a&s a space-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 asseﬁ—
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 experimentallyrof 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 Lga) , Gelians and Osborn (22)

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

(25).

detection In the case of higher energy gamma ray
guanta 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 1is 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 guanta with energies above ~EMev, while the
fission-product spectrum contains very few (27) | Meinschein
et al (26) reported that there is a negligible delayed
gamma-ray emission due to fission product decay in the time
interval between lO-4 and 1 sec. after fission. Delayed

gamma emission in shorter time intervals (less than 10_4

(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 (29)

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 sguare beam current waveform with an operating
frequency range from 1lHZ 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 sguare 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 sguare 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 he ight 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 Getecting 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 (TL) 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 eguipment
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 9 l4mm 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 0.91lmm. 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 :

= 0.379 ; Al = 0,048 ; H

Unat ; O = 0,573

2

An ion-exchange column supplied the water at a resistivity
of about 2MQ2Cm. 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
100mm 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 TRTS51 which consisted of

titanium evaporated on a copper disc 0.25mm thickness. The
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titanium minimum thickness 1l.09mg cm-z. A more detailed

description of the target assembly is given elsewhere (307

1) 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(d,n)qﬂe
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 8S.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 acceleréting 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 wvacuum.

- 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, from a
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-
guencies 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 timéaz%.
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 RY.

The radiofrequency signal transmission has been

successfully used by Hanna in which he used the high
(33)

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
terminal of a 4 Mev Van de Graaf accelerator {3“). More
recently light pulses have been used to transmit trigger

(35)

pulses . Particular mention in this respect should

be made to works done in Aston University (35)’(3{% which
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 100 mA., 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 y Amid Lem?

, a rise time of 1l.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 BUlO5 transistors, to switch the oscillator
high tension more effectively as a single transistor used
in (37) was not found to give good cut-off to high tension

under certain operating conditions. This improvement mae

beam pulsing mush more reliable.

The FPE1l0O4 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 adeguate
screening from the R.F. produced by the ion source oscilla-

TOT.
2.5 TION SOURCE PULSING:

The voltage variation to the anode of QQVOgs-40A
double tetrode, was made by using two high voltage (npn)
transistors type BUlO5 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 BUlO5 to act as a current limiter ., 1In
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 freguencies.
2.6 MEASURING SYSTEM:

The variation of high energy gamma ray population
emerging from the subcritical assembly was monitored as
follows: 1In 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 gamrla 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 (épE=A25) and a lesser
(se)

extent by the pair production process (Gppazz)

two more useful detectors from each class of gamma-ray

The

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 Z°® and Z? and therefore germanium (2=32)
is more efficient than silicon (Z=14) for detection of

(39). The 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 alkali-
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 (82) = 7¢ 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 2,

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 multigication 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 effiecie-
ncy. 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 §,T, X are about 1.47, 1.56 and 1.42 times those of

sodium iodige (#2rss)

where ¢,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 energetié gamma

(44)

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,

(45)

guite hygroscopic , cublic cxystal, It is

a very dense material, 3.67 gr.cm_3, 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 NaI(Tg)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 '“® for thermal neutrons. Neutron capture
in iodine will increase the background due to 25min. decay
of 1287 to !28%e, The predominant neutron detection
mechanism in the fast neutron energy range (0.5 Mev-14.5

(ua)_

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

neutron energy of 14.5 Mev (vg)

As a result of compromise between neutron response
and detection efficiency, the NaI(T%) scintillator detector
was used for present measurements. Adequate detector-
shielding was arranged to protect the crystal from exposure

of neutrons.

Detector specifications:

The NaI(T!&) crystal (size 43.94mm. dia. X 25.4nmm.
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 would cut off
deﬁecting v-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 ; ¢) Lithium °Li

a) Cadmium is a very efficient thermal neutron absorber.

The absorption is radiocactive capture process with

a cross-section of 2.445 Kb. (*®)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%

("9'50}. It was not chosen as a shield because of
domination of '°B(n,a)’Li* 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.

¢) Lithium ®Li: The dominant neutron reaction on
lithium in thermal neutron range is the °®Li(n,a)®H
reaction. 1Its 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. :Li 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 NaI (T&%) crystal, and 20mm. in the front end
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end of the photomultiplier tube. The shield was 84mm.

in diameter.

2 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 ligquid 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

(s1,52,88)

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
equal 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 s6avp (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 %s 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,%here 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 wu . sec. duration.

The other signal from the pulse generator, positive,
.of 6 volt amplitude, 1u . sec. duration and frequency
F(HZ) (same frequency for negative pulse) was fed into the
freguency divider network as described in Section 2.4.

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

tude of frequency F/5O' F/loo’ which were used to control



45

the following networks:

(i) The driver and transmitter for the external

pulsing with frequency F/SO'
(ii) A dual input gate unit,with fregquency F/SO'

(iii) A start-stop unit, with frequency F/lOO‘

The Dual input gate diagram is shown in Fig. (2.16).
Basically, it is a bistable circuit based on BC1l07 (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
0A200. 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 1 ¥ . 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/lOO 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:

(1) 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 regquired
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

E
F=frequency RESPONSE H=gamma detector height
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H -20CMS. H -40CMS.

H -60CMS.
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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 acgquisition system

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



H-20CMS. H-60CMS.

F1:200 HZ
F2:400 HZ

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.

(1i) 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 v sniemese as  (3ud)

But in practice, the recorded counts per channel, Q! are
somewhat smaller than the true counts that should be in
that channel. 1In this section, a relationship between Q
and Q! is found by taking into account the analyser memory

transfer time (t) and dead time (§8).

The probability that n counts will be recorded into
the same channel in time t 1is given by the Poisson
distribution as

Pin,t) = i e amee

{3.2)

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

by the expression

Ct = 0 X PlO,£) +1XP(1,.£) + 2XP(2;L)%2*% cavsnwone (3:3)

For the RIDL analyser (model 24.2) the memory trans-
fer time, 7, is 12.5 u sec. There is a temporary store

which records one count occurring in this time. Thus the
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stored counts in time T averaged over many cycles are
given by the expression,

viT) = Ilpll, T} +1I Zpl2,1) FIXD(3,T) *+ swan

-CT 3. =CT 3 =0T
or FlT) = crie o ST_€ 5, (e} o
21 30
- 2 3
= &7 |-1+l+ct+ (cr) i () S G erera el
2 31
regarding Taylor series
2 3
€T aiagane 2SR o WCT
21 i
Therefore «r(1) = [ 1-e°" ] o8 1 (3.4)

Since c1 is the average counts occurring in time T then the

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

r(’t)/CT or

-cT
F o= ] e

CT

Therefore, the recorded counts per channel are given by the
expression, -CT

Q' = xe [(@t-t) + 1(322) ] =
=T
- cht[(l—l—) $ 1_(}22 )] sissns (3:9)

dt at ‘cr
If each incidence (or count) processed has an associated
dead time &, then, neglecting memory transfer time 71 the
TRUE count rate c¢ is related to the measured count rate

-

c” by the expression, (23716)



c
c:
1-c”¢
or O T i I (3.6)
l+cé

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 eqguation (3.5),

S G e t 3-8 INcde
Q [ S & e T Bl R
l+cé dt T

the Correction factor (C.F.) is Q’/Q or

T
- =T
C.F. = [—E—- b =L e ):|
1

+cé dt 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
(26/1%) 5 evaluate an approximate value of the true count
rate c¢. This value became nearly constant (<*0.1%) after

two or three interations. The initial value taken for ¢

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 freguencies
of interest. Since the square wave is the superposition

{5’-0) intO

of sinusoidal waves it can be Fourier analysed
an infinite number of odd harmonics of the fundamental
frequency. Conventionally, the amplitude and relative
phase of output are measured by Fourier coefficients. By

(s5,56)
r

definition any arbitrary periodic function f(x)

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

trigonometric series of the type,

£lx) = % a + I (an. cos nx + bn siniaswyr oo (3.8)
n

where ao, a bn, for n=1,2, .... are constants and

defined as,

+T
= o
Bl e fix)dx ;
-5
A - +7
n m f(x) cos nx dx, A7 (3.9)
+ﬂJ g
P - .
bn T E(») sin nx ax

=11

The constants agr an bn defined by (3.9) are called

Fourier coefficients of f(x). When agra_ . bn FOr N=1,327 a0

n
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.

+T +T =+
sin mx cos nx dx = sin mx dx = cosmxdx=0
- -1 -
1 +1 O when m#n
Cosmx cosnxdx = Sin mx Sin nx dx =
- -1 T when m=n
I (3.10)

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 br
were used to determine the amplitude Ar and phase angle €

for the different r harmonics by using the relationship,

arCosrx - br Sinrx = Ar Sin (rx + er) e elale s {311

By equating equivalent terms,

- 2 2y %
Ar = (%? + br ) N e sk e (3.12)

and e arctan (ar/br) (3.13)

3.2.1 Numerical Determination of Fourier Coefficients

Corresponding to the usual theory which is based on
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knowing the function in an entire interval of length 2w,
there is a theory based on knowing the function at a
discrete set of egually spaced points (7). wWe 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 m , (n=0,1,....,2N-1) would appear in
N N

Fourier expansion of the values fn taken by a function

f(x) at the points Xt 1% y n=0,1,.¢¢.4+;2N=1) in such a
way that equation (3.14) are satisfied.
- N-1
. ™Y .. Tnr e
e ? +5 4 (a.Cos —N + b Sin —-—N) + “RCosmn

< seaf(3.14)

The solution of the system (3.14) is well known (57758)

The orthogonality relations are (K<N, mgN)

2N=-1 0 if K# m
sin KX Sin

2|
=

%=0 N  if K=m#0

2N-1 = o
) sin T Kx Cos 5 mx = O
x-‘:
0 if K#m
2N-1 o L
} cos % Kx Cos % T = i if K=m#O,N
x=

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

coefficients could be determined. To obtain ar(r:l,2,..,

N-1) , multiply both sides of equation (3.14) by Cos (EEE)
N
and sum over all r. we get
2§-1 Th.X
F_.Cos . Na
- 0 n N r
and similarly for br and &g
Finally, Fourier coefficients are,
2N-1
ar=1%z F_ Cos =
n=0
2N=~1
4 g ¢ z . Tnr
br—Nn=O Fn Sln N LI I I (3.15)
2N-1
W
a . m

Thus, by making Fn 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 ©)= Cos[(r-1) €+6] =

Cos (r-1l) €Cos@-Sin(r-1)© Sin €

2Cos (r-1) eCose-[Cos (r-1) 6Coso+Sin (r-1) ©Sine
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2Cos (r-1) €Cos®-Cos [(r-1) € <]

2Cos (r=1) € Cos &~ Cos(r-2) E€

« e EQY 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:

i e For r=1 Sin €= Sin €
r=2 Sin2 €= Sin € (2Cos § )
r=3 Sin3 €= Sin® (2Cos2 € 1)
r=4 Sind4d €= Sin € (2Cos3 € +2Cos €)

e L O I O I I I T I I B I R I )

Therefore the actual Fourier coefficients were determined
by adding these sines and cosines in the orders of equa-

tiches (3.15)%

This method was applied to develop the computer
program subroutine Fourier which evaluates the constants
a. and br and computes the values of the amplitude and

phase angle for every one of the N-l1 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 (1"25'55).

3.3 COMPUTER PROGRAM FOURIDL

The experimental freguency 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.

L} |
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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 toc 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.



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 freguency. The
neutron source frequency was varied and the previous sec-
tion's technigues 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 1OHZ. 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 fregquencies 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
(28)

( , 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 2z 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

Pep = At J0z) @ (thermal)
jwt

¢f = (¢3+ Joi1) e (fast)

Writing down the two group diffusion equations,

_ ik 3£
2 - = S —_—
D,V ¢f zl¢f =i sz¢t1“ Vf * 3% (fast)

and
1 9d
2 s = e— l
D3V Seh Z3by + I, ¢z Ve . EEth (thermal)
substitute in ¢th and ¢f. 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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D1?2¢1-§¢1+§1¢2 +§1¢3 +§1¢u =0 (fast imaginary)
D2V%¢2 -§¢z + 262 +3§¢3 oy = 0 (thermal imaginary)
Ds V203-Cds + I ¢14% 62 +Z ¢4 + O (fast real)

3 153 23 L3
DsV2Z0u—= Zou+l ¢1 +Z¢, +I 63 = O (thermal real)

i 14 2k 3L

o (V@S ariin sie ool (i 10

where,
D, = i th group diffusion coefficient
) = i th group removal or absorption cross
i section
§2¢1 = production of neutrons in group 2 by
down scattering etc. from Group 1.
I ¢, = production of neutrons in Group 1 from
21
Group 2. i.e. from fission or from
artificial upscattering as required
in the time dependent (2 real, 2 imaginary
groups) model.
o4y = etc. have similar meanings to §2¢1
13
I ¢ = etc. have similar meanings to I ¢2
31
Let V2oi = -B%¢, saraie's o 8iasie s LG ER)

1

where B* is defined as BucXling and a constant to be
found. (0/61r62/63 r64) Tt i assumed to be common to
both fluxes. Replace the V2¢} with its equivalent in the

general four group diffusion equations.
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Therefore, =(D;B% + £;)&;+I ¢2+§1¢3+21g“ =0
21 i

+T ¢ =(DpB2+45)ép+ I &3+F ¢, = O
1z SECTE AR BBk,

+I ¢7 +I +I é3 —(DyB2+5)déy = O
1y 1 2h¢2 34 ? % L ¥

R e I (4.16.)

which can be written in matrix form as

-(D1B2%+z,) I T I

1 d 21 31 51 1
z - (D,B2+1) I z ¢4
12 2 32 L2
I z -(D3B2+1) z b3
13 23 3 L3
z b T - (DL B2+
Ty 2 e (ByB 4T i

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

determinant egqual to zero.

-(D1B%+43;) z I I
273 31 L1
z -(DyB2+1) T z
12 2 32 L2
=0
z z - (D3B2+3) T
13 23 3 L3
z z z - (DyB2+1)
14 24 3y L

cesssee(4.2)
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This determinant can be expanded into the form
e 2
aj (B2)%+b; (B2) +c; (B2) +d;(B2)+e; = O
Ve ¢ sainie ] CA D)

where

a1 =D1D2D3Di+ P S (4.4)

b, =§ D,D3Dy+ D1§D3Dg+D1D2§Dq+D1D2D3§ s s d0d 615

and

¢, = =DyDp% I - Dy I D
: 1-2540ug . 2y 8a

=D1Z Dal = I
190°%%

+I I D3Duy+ I D,ID
§0E Mery® s Balhe
+DyL I Dy + T DyD3t

ES & = : PyPss

+D4y IDaI + D31DsZIZ
: 2 ah : 234
TR T T Y (4-6)

d= -D;jL I I =-DyI I I - I I D,
24 32 L3 23 34 L2 13 21 32

: Dyl -3 5 PDp~% DiE T
21 L2 12 23 31 14 31 L3
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5. B2

=0T
32l
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=35 I I3 s R B S
12 21 3 &4 12 3 4
S s = PR
1 24 32 43 1 23 34 L2
=R SR =N T AT
13 21 32 & 14 21 3 k2
e e e R L R
b2 23 314 14 2 31 43
= B Ry - ¥ Z2 8 X
120 24 3 &} 13 2 34 41

oo inin e nssine (SuD)

To use these formulae in calculation of flux variation in subcritical
it was necessary to replace each parameter by its appropriate equi-
valent values derived fram real-imaginary two group model. Pre-
viously an attempt to solve these equations had been made using the
two dimensional camputer code SNAP, but this failed at freguencies
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. (65r66767768)

L = - 3D wz = P Da=D
1 £ ! /V% 3 3 1
and
PRSI G 3D2W2/ 2 =z D‘-b = D2
2 r e L
2 2
L =1
12 12

*r = w(l+3D,I
13 1r1)/v1



81

z = 0
14
72

I - ()= & g Yv I
21 wi+)2 £,
* v = WAB Y 2

23 wien 2  Ez
xr = w(l+3D, I )/

24 ¢ ¥, "2
*z = - 3

31 13
L = 0
32
Z = T
3y 1.2
%L ey

41 23
*Z = =3

42 24
z = I
43 21 * 1Indicates zero value at w = O

substitute the zero and equal cross sections into
equations (4.4), (4.5), (4.6), (4.7), (4.8), the

results are

31=D2 D% " e s e {4-4&)

[l

b; 2D1D2(D]§+}1:D2} siein s & olere (4e5A))
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c; = 4D;I D,I = 2D;I Dol
= U7 T 22 1{:{2:: :2_2;

Ly BRI

1
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et
s B
r
—t

T e A U S

To solve the guadratic egquation the Descartes-Euler
solution method was used '69). mo bring the quadratic
component coefficient equal to one, all coefficients were

divided by D% D3

Therefcre,

b,

a-l_| = L I (405b)
o
€a

bq = L R R I (4-6b)
a
d,

cl.} = L I T R (4-7b)
a3
ey

dq, = L R ) (4.8}3)
aj

To find roots of x“+a,x3+b,x?+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"
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where Pq=(bx+--g-af;)
a,by
1 0%
Qu = iz ag - —— + oy )
2
-3 " ap by ay Cy
Fii = gl e e

The roots yi1, ¥Ys, .¥3: Yy of the "reduced" gquadratic

equation are the four sums

i/Zl 1/22 1/23

with the signs of the square roots chosen so that

/L. V. VT =

where z;, 2z, z; are the roots of cubic equation

-
23 + Py 2o Py - 4rhz S 0
— 5 64
or z3 + Ag z2 + B3z + ¢c3 =0

Py
where Ay = =
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2
B3 = (Py - 4rl+)/16
C3 = ~qu/gy

The "reduced" form of cubic equation is

y} + py1 + Q=0

.‘AZ
where P = —31 + Bj
2a7 . R3Bjy
QO =—om « e+ Cp

and using trigonometric solution of cubic equation finally

roots of z,, zy, z3 are

o = Cost | = )
2
+ -5
_ 8
il
if u = 2)1 :E
- 3
Therefore As
z2y = U Cosgpl'= 3
Z, = =U Cos (60+¢) hfi
3

A
-U Cos (60-¢9) = 51

I

Z3
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Four roots of Buckling B? = (BU)? are
Bt = [BU)Z = at & j8¢
and

Bf = (BU)* = ¢ = 9B
where
2 &4
0‘.1 =-*”ET"'—Z
82 = /z; + Vz;
and
2 L

8§=JE§—/Z{

Once the B? values have been obtained it is possible to
calculate the flux coupling coefficients from equations
(4.1la) . Take equations 2, 3, and 4 of (4.la) and divide

each by ¢, and put

¢1 $2 ¢3
Sl:E 52=;:;' SB:E Sy =1

Therefore,
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I Sq7 = (DsB%+ 3)So+ L Sa+ I =0
o & R e 42
I 83 +I S, - (D3B?+r)S3+ & =0
13 23 3 L3
I S1 + % S», + I 8Sa=(DyB2%241) =0
14 . 24 2 3 3 3
® B & 0 B @ & B 0 (4.9)
also write L, = (DpB2+4%)
2
Ly = (D3B2+§)
Ly = (DyB2%+4I1)
L

cesecscscss (4.10)

for compactness. The S;, Sy, S3 could be calculated and

B 3 =E B aETT =5 ¥ 2 % a4t Ta b Toal 1
S (23 42 72 u3) (Gu 23 73 2u)+(3u b3 73 ") (13727375 33)
T F La¥E L ;3 Lo#t I I 2% & Lg, 40 S o= 1 o0
(T 13 34) (13 12 23)=C18 32 12 ) {1y 23 13 2n)
Eghs o i S PSS el oE
Sa(ia 3o = 32 73) + (73 o 12 13)
S, = P rlic 400, =
: (13 72 7 12 23)
T -3
L2Sz- 32 Sy L2
Slz
T
12
S.L,=l

By putting zero components and equal cross sections into

the coupling coefficients:
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z Iz +I z z z E L Z Lo+ I z
g, = 18 25 12 21) (13 2u)+013 $ddna=2" T Sof
3 E i A TR R S T S T
(13 312) (7372 12 23) (327°) (19 25u)
Bt 0 SRR,
S3 (12 ~3) + (33 u» 12 i3)
S, = P Le £+ & &
{15 4 12 23)
LB, sec
51 = T 2
12
St

G T . (4.11)

Having obtained B? (Buckling) which is a complex value the

following procedures were fcllowed to calculate the roots

of B2.

Consider B? = a% + jB% B2= m% & jB%

assume u% + je2 has two roots * (c;+jd;)
ac = j82 has two roots * (c1-3jdi)

Therefore of + 3Bl = (ci-da) + j2c1d,

Il

L N
al JB

9 &A%Y oA :
. (c1 d3) -j2ec;d;

af and 8% could be found in terms of c; and d;

— i e 2
g = c1 dl

™
o
I

chdl
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so d;

Substitute the d; and d% into the a% equation,

L
oot Bl 515
o] el 1
402
<
by Soatug el Sl on e
or 4c1 4a1c1 B] 0

The c¢? from this equation and corresponding d% was calcu-

lated
A o2 2 = (q2ayoFIEE
For cq (a1 - a1+81)/2 h (al a1+81)/2
and
dl (al Va?+s§j/2 dl (a1+¢a§+8§)/2

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

radial leakage by adding -B? (a? is negative).
r

Let a? (YaT + 8? + a%)/z (positive)

b2 (Vag - 8? - a%)/2 (positive)

‘ //Wag + B? + u%)/2

o
Il

Therefore,

-

b = ~ /(m; = af)/z

substitute these into c? and d? equations,



c? = a c, = *a
d2 = bt d; = b
S0 cy + jd; = #(a+jb) where B2 = o? + jg? and
similarly for B? = 02 - jsi
ci = -p? c; = *jb
az = -a2 d; = *ja

1

and the roots of c¢;-jd;= % (a-jb)

+9B
The flux in general has the form of ¢=e Z where Bz is

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

(radial leakage correction). Assume finite height

cylinder, radius R, height h, radial flux = Jég—%géi)
= 2_ 24052
where R=R__ . +),% is reflector savings.B = (=F—)
Therefore
t(ja=b)z + (ja+b) z
¢ = e ; 6 = e

-
o
ha
]
=
P
I
)
gesl
3%

B = gt 4 Je4

4,1.1 Coupling Coefficients:

The coupling coefficients (4.11) are in terms of B2,
so they would be complex guantities to be determined.
Supposing

S =R+ jP ; S = R-jP
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For B2 = a2 + jg2 we will have

: (ja=b) z . -(ja=-b)z
¢ = A = + A e

using boundary condition to evaluate the constants A and

i

X0, foriz = h, ¢I= O. Substitute into the flux equation

the result is

i , +2(ja-b)h
A = -A e

Therefore the flux equation is

;  1=bz jaz -b(2h-z) ja(2h-2z)
37 =R e e -e e

je
since (e = cos® + j sine), the flux eguation could be

written in terms of sines and cosines,

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

' =bz =b (2h=-2)
+3jA 2] sin az - e sin a(2h-2)

and similarly for B2 = a%-jsi the flux is

g Y (ja+b) z s —=(ja+b)z
¢ = A e + A e

using boundary condition, z=h, ¢”= D ﬁ could be found

I
in terms of A

, , =2(3a+b)h
A = -A e



92

u

Substitute in the flux equation (¢), and using
_ja
(e = cos@ - j sin@), the result is
g + | -bz -b (2h-2) i
g = A | e cos az -e cos a(2h-z)
.| -bz -b (2h-z) ]
-jA | e sin az -e sin a(2h-2z) |
9 is reRbAE R = = %
; . -bz -b (2h=-2)
SO, ¢ + ¢ = Ale cos az-e cos (2h-z e LR B

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

relation

’ "

St = Ri + jPj Sf = R+ JP§

-

: : -bz -b(2h=-2)
So, ¢t = A (Rt + jP;) |e cos az - e cos a(2h-z)
-bz -b(2h-2)
+ j(e sin az-e sin a(2h-2))

multiplying two complex values and rearranging it, the

result is

! ~bz -b (2h-2) B
Ri (e cos az -e cos a(2h-z))
dc = A -bz -b (2h~-2)
L -Pi (e sin az-e sin a(2h-z))

=H2z -b(2h-2)

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

| +jPt (e cos az-e cos a(2h-z)) |
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M

and similarly for Si = Rj - jPj]
o 3 =hi(Z2h=2)
T R] (e cos az-e cos a(2h-z)) 7
-bz -b (2h-2)
o -P] (e sin az-e sin a{2h=-z))
g- = A ~bz -b (2h-z)
1 -jR} (e  sin az-e sin a(2h=z))
. =bz =b{2Zh=2)
L =P, (e cos az-e cos a(2h-z)) |
/ " ; / I A
again ¢1 +¢; is real when A = A = 5 and the result
is,
/ ” ~-bz -b(2h"2)
01 + 671 = A R; (e cos az-e cos a(2h-z))
-bz -b (2h-2)
-P; (e sin az-e sin a(2h-2))
. " & 8 8 " e (4.}-3)
-bz -b (2h-2)

e cCOs az term represents
cos a(2h-z) represents the

boundary.

outgoing wave and -e

reflected wave from the far

Well away from the boundary, where z=h

7 P -bz
¢ + ¢ = A e

4,2 ONE GROUP TREATMENT

COs azZ

and

[R] cos az-Pj sin az]

One group treatment for time dependent subcritical is a

useful example of how the calculation works.

the flux has the form of @

Supposing

= ¢2 + jo1
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Therefore the diffusion eguations are,

DV242- L 45 + KEgp = = ¢,
\Y

r X
DV2¢1- T4 + KIoy = == ¢,
T ¥ A%
w
Put = = I and (1-K): =12 (K<1)

] I

regarding flux with the Buckling

V2¢;2 ="B2¢!2 and' V2¢1 -_—'—Bzd}l

+jBz
Assume the solution of these has the form of ¢ = e

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

equations,

-(DB2 + I)¢, + §¢1 = 0
-(DB? + I)¢; - I¢2 =0
or
- (DB2+3) z ¢
= 0
-z - (DB2+1) b1

Hen¢e the critically determinant is,
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- (DB2+41)

1t

- (DB2+7)

= -1

Therefore (DB2+I)2 + %2 = 0

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

— b
BZ = _% + J %l = a2 : jp2, referring to

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

and coupling coefficient

b1 (DB2+1)
Sz-.-_ = —_—
¢2 I
or S = 1

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-2z)

¢2 (real) = Ale cos az-e cos a(2h-z)]

and imaginary component could be found by using equation

(4.13)
where Ri = O Py = %3
-bz -b (2h=-2)
¢1 (imag) = A[ e sin az-e sin a(2h—z)]



also for zero frequency, where a = O
3 = O
-bz -b (2h=-2)1 -bhr b(h-z) -b(h-2)
and b = A[ e - e = RAe [e -e }
-bh
or ¢p = 2Rhe sinh b(h-2z)

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

exponential system,

At z = O where frequency is not zero (w#0)
-2bh
A(l-e cos 2ah)

-2bh
-A e sin 2ah

$2

¢

4,3 TWO NEUTRON ENERGY GROUPS:

Hawing 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, Bf=
a?tjsi and roots of B§ in section (4.1) where the values

of a; and b; were

= JoF+R F g 2 = Liopb_, 2
a; = l V( a1+51+a1)/2| and b, |J(/ﬁl+31 al)/2

and similarly for B? = @2 = jﬁi the real and imaginary
2

components of roots of B2 were,
2
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a = I Igr(/cc_h‘f'slr'-}"ccz)/ | and b:=r -(W_GZ)/ |
£ [ 2 20 2 2 L 2 2 2 2

supposing the coupling coefficients are defined as S1:S2,

S;3 and S, =1,

B2 = g2:jp2
1 1 1
For we have,
a; , b
Ry11+3P1 Rp1+jPp; R31+3jP3,
S]_ = or Sz‘—' or 83= or S.|+=l
R11-3P1, Rp1-3P2y R31-]3P3;
B2=q2 +jB?
2 % 2
and also for similarly the coupling coefficients
ap, by
are,
Ry 2+JP;, Rp2+3Ps 3 R32+jP3,
S; =4or Sp= or S3= <or Sy=1
Ri12=jP12 Rao=jPos R32-jP32

generally if B2 = o2:+j82, substitute it into equations (4.10).
the Ljy,L3,Ly, (Ly=Libecause of Dy=D, and E = g) will have
real and imaginary components. Regarding subcripts R and I

have the meaning of real and imaginary components, we have

Lyp = Dya2+I,
LgI = DyB?
Lyp = D3a2+I;
L3, = DgB?
Lup = Lag
Ly; = Lp;

Substituting the L values into the Egquations (4.11).



98

Therefore if

Bi= 2L 0 43 & =3 2 )43 BgelZ T sz F )= L
13 2% 13 24 12 21 5 R'13 2R 12 23 1 & ZIL'I
Bow 22 % I, #3 L T L+ %)
13 ’-IR 21 13 47 3t | QR Y2 23
Ee=32 2 (. L & 3 I * L)
Le3i]ng 13 2 12. 23 24 3@
Bi=J3 3% &7 B8k
Y2 18 23 12 13 24 33

For compactness, the coupling coefficient Sj; is,

E1+ JE»
83 =Ry + jPj =
Es+ jJE4
or (R3+jP3) (Eg-!-jEL,) = El'l' jE2

and finally two sides of above equation leading to two
equal complex values, so by making real component of left
side equal to real component of the right hand side and
cgimilarly for imaginary components, Rz and P3 could be

found in terms of E;,E;,E3 and E,

gt
E1+Eu(E E3=-E E )

E2 + E2
Ry = 3 u

Ej

and
E2E3 a E]Eq

E2 + E2
3 4
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Simllarly for Sz =R, + jP2, i

fa = Rs 2 L = Ps T L=% % =3
12 3p 12 3y 13 24 1
Fz = I RsL + I PEL
1 3: 12 3R
Ead. i T s
=N e il 23
Fu = I L
13 2I
Fi1+3F;
So S2 = Ry + jPp =
F3+jFL,
and FoF3=F1Fy
F1+Fy o2 | p2
R2 = 3 L'
Fj
FoFs=F 1 Fy
Pz =
F2 + F2
3 L
and similarly for S;, where
Gy = L -L P, + I
: ZRRZ 2I & 2L
G, =L P, +L R
2 A 2 e 2
Gy + jG;
we have 81 =R + jBy =

el |
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and

— 1
ro

(]
o

=

So, if subcripts of brackets represents the corresponding
Buckling coefficient, for Bi = a?ijsi and B; = aiijsz,
the following calculations will result in the corres-
ponding coupling coefficient components.

For B2 = g2 + §g2
1 1 1

(L = Dpa? + I
2p)1 Zo 2

L = D,82
(_2131 281

L = 2

L = D3B?
(L) 387

(LHR)I = (LZR) 1

(Lup)y = (L2p)a



and (El)l =

=[]
w

E (L )a+f £ ] -22 (L }lfL )1
L1% 25 " 312 234 138y "8y

E = 32 L % [z L £ o }
(E2) ) b (LR)I( I)1+§3 (41)1 ( R)1+ Z I,

(Bs); =L I P ey o I % & TOAL Y5
18 B2 13 wan TR 24 3R
(Ey)y = 8, 82 4D 13 2 2.3 @ )y
1% E3 21 12 13 2% 8¢

and similarly for Bi = uz + jei, we have

(L o = D2a2 o
2R 2

L = DyB?2
( 21)2 262

(L = Daa? + I
3R32 8o, 3

L = DaB2
( 3I)z 382

(Lyg) 2= (Lag)e

(LL,I ) o= (Lzl) 2

g Gl @) L 1)

- 22 (L )ao(L
13 (21 2(41)2
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e |
™~
[V
3

(Ey)o= I 2% (L +.5 £
i oads h)a B,

Therefore the coupling coefficient components are
ﬂEz)l(EB)l'(El)ltEk){

R = BBy Femaya2e Loy s]?
31 (E3)a

(E2)1(E3); = (Ey)1(Ey),
+2 [(B3)1]% + [(E4) ]2

and ccmponents corresponding to B;

(E2) o (E3) o= (Eq1) o (Ey) o
(E1) o + (Eu)2| [(B3)2]2 + [(B4),]2

R =
32 (E3)2
(E3) 2(E3)p = (Ey) o (Ey) o
P32 [(E3)2]2 + [(E4)2]2

also similarly for R, and P,, coupling coefficient

components



=R I L = Pax P (@i )y =5 I =
VE1is OE 31,\)1 S ey e gk
(Fz)'l = I Raq (L )1 o2 N7 Pa, (L )1
1 31 1 3g
(Rg) 5 & AL L S} 40 B
. 13 2% ! 12 23
(FuYq = 2. (L)
y) 1 i3 '7; 1
and for B2 = g2 + jp?
2 2 2
F = R L (L - P z (L ) =R R =
(F1) 2 3% 32 3R)2 32 1, 31 5 13 24

(Fo)o = % Rasl(li )o + T
272 S, Ba2ig )2 S0

I

(F3) 2

]

s

_—
et

o
[N]
+

[ ot

(Fy) 2

]
1
—
'
[
—
=]
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Pz (L )2
3R

(Fp) 1 (F3)1=-(F1) 1 (Fy)

[(F3)1]2 + [(Fy)1]2

(F3)1

— 1

|

M



and

22

Similarly

if (G1) 1

(G2)

(G1) 2

(G2) 2

Therefore,

104

(F2)1(F3)1 = (F1)1(Fy)q

[(Fe)1]2 + [(F4)1]2

(F2) 2 (F3)a= (F1)2(Fy) s

(F1)2 + (Fy)» [ [(F3)2]2 + [(Fy)o]?2

(F3)»

(F2)2 (F3)p = (F1)o (Fy)o

[(F3)2]2 + [(Fy)2])?

for R; and P; components

I

Il

(L .R - (L P + I
2R)l 21 (ZI)I 1 at

(L )]_.le + (L )1.R21
ZR 2y

( ) .R - (L .P + I
& 2 22 (21)2 22 o

(L )2 P2 + (L )2 «Ra2
2R 21

(G1)1
Ry =
T
12
(G2),
A -

J



and

3
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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.

for radial leakage).

real thermal ¢,

real fast

¢3

Ay

+A,

—-blz
e

-bsz
e

Raj (

[=Paq

R3a (

|=P32

=b3 (2h~2)
cosajz-e

-b, (2h-2)
cosaj,z-e

-QZ
e  cosajz-e
-bz
(e
-bs2
e

sin ajz-e

cosajzz-e
~b22

(e sinajz-e

-b; (2h-2)

cosa (2h-2z)

cosaj; (2h-z)

sina; (2h-2))
-bs (2h=-2)
cosas, (2h=-2z) )]
—b2(2h—z)
sina; (2h-2) )

(¢? is now corrected

-

cosa1(2h—z))._
-b; (2h-2)
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Imaginary thermal,

—blz _bl (21‘1-2)
(1_‘,-2 = Al Rz] (e cosajz—e cosa; (21’1"2)) -‘
-b;z -b (2h-z) ‘
~Py1(e sinaj;z-e sina; (2h-2)) |
"bp_z "bz (Zh-Z)
Ry, (e cosajz-e cosajp (2h-2z)) |
+ Ay by z b, (2h~z)
-P,, (e sina,z-e sinaj; (2h-z))
Imaginary fast,
~biz -b; (2h-2) s
[ Ry (e cosajz-e cosaj (2h-z))
§1 = gt bz ~b; (2h-2)
|[-Pj1(e sinajz-e sinay (Zh=z)) . |
= -—b,_z ""bz (21"‘."2) of
Ry, (e cosajsz-e cosaj (2h-2z))
o -byz -b, (2h-z)
2 |~P12(e  sinajz-e sinaj, (2h-2))

Two constants A; and A, are determined by using

the boundary conditions.
4.3.2 Boundary Conditions
To determine the flux eguations two constants of A,

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

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

dé s
1) ¢y = 0 , B e Rl
déy
2) #3 =0 =Dy e - = ‘Oy
d¢‘3 d@q
3) =Dy “gz =91 and =Dg 3z =~ J2 where the

relative strength of J; and J, 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=2)
G = [e sinaz-e sina (2h-2) ]

The differentials are

, -bz
%{ =F = -e (b cosaz + a sinaz)
2
-b (2h-2z)
-e [b cosa (2h-z) + a sina(zh-z)]
ar y -2bh
and (a-é-)G = Fo = ~-b-e (b cos2ah + a sin2ah)

Similarly differential of G

ac , =hz
= = G = -e (b sinaz-a cosaz)
=b (2h-2z)
-e [b sina(2h-z) =-a cosa(2h-z)]

” -2bh

o
(o= Gp = a-e [b sin 2ah-a cos2ah]

and dz’ g

Now consider first option,

1) (¢4)p= 0

Therefore, substitute z=0 and ¢, = 0 in flux eguation
representing ¢, in section (4.3.1), A, could be found

in terms of A,,
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-2b1h
ki's —p, (3280 cos 2a1h]
=£Ds11
[1-e cos 2ajh]
or Ay = =4, F1o
Fao

where F;q is the value of F for (a;, by and z=0) and Fj
has the similar meaning. i.e. value of F for (aj;,b,,

z=0)

dé 3 J1
and = | — = —
dz | ¢ D,

=

Therefore,

—-Jl
/Dl
S ~2b:h
¢ f l-e cos2aih ] £
[R31F10'P31G10“ ~3b,h 1= (R32F20-P32G20) }
l-e cos2ash
and finally
_J].
/Dl

! i/ F / ’
R31 F10-P31G10 = _1%(R32F209 = P32G20)
Foq

/ 4
where F;o is the value of F for (a;, b; and z=0).

4 ! s
Gior F2q0r Gogq have the similar meanings.

2) Second option of boundary is,

(¢3)g = O
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( R31F10-P31G10 |
Therefore AZ = _All l
“ RgoFag~P32G2p -

Aoy
Jds  _ - t
and i . ( dz)g
D,
_Jz/Dz
SO A1 =

& R31F10-P31G
glia { 31F10-P31610 } -x

R32F20-P32G2

3) The third option is,

J?. ’ !

5, - Ot Eip -Ra Fap

Jl i / /! /
_- = =A1(R3; Fy10-P21G1g) -A2(R32F20-P32Gyyp)
Dy

By solving these two equations A; and A; can be found.

!
J2/p, + B2F20

/
Fio

A1=—

substitute into the second eguation, A, could be

evaluated.
J2/D2 st
I1/p7 ~Fra- R31F10~ P31619)

Ff ’ ’ / Il
( ZOXFHO) (R31F109-P31G10) =(R32F29=P32G2p)

A, =

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=0, all neutrons assumed thermal) were taken into the

calculations. The program after calculating real (¢

R

and imaginary (¢I) 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 = 1

*R
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
different 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 f&; is the
distance travelled inside the uranium and %, is the

distance in water, so

£=£1+Q2

where & 1is the distance between points P and D. For
convenience in making calculations let us consider

Fig. (d.1).



Fig. (4.1)

Regarding triangular DPO and GPO, it eould be written
22 = r?2 4+ (R+a)2- 2r(R+a) cos@ and
R = £§ + r2 =287 r cos a

from second eguation, %£; could be found.
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Therefore #&; = r cos a + YR?-r? sin¢a and & could be
obtained from the first equation, and finally f,=8-%;.
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
v
\
h
NN
'\U
I
! [1 l ) [
=R . [ S e o |
Fig. (4.2)
L = Y% +h
and also L, = 21.%

L2=L—L1

So, the exponential attenuation coefficient from point P

is
-u1Lly  -upLz  =(uiLi+uzLly)
e ;B = e

where u; and u,; are the absorption coefficients of the

core and water respectively.

There is also an inverse square factor, therefore
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= (u1Ly+ugLy)
e

attenuation from point P =

2
at D e

Now considering fuel (core) as summation of unit cells
with areas of ¢A, 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 66 is the angle and &r is
the unit cell width.

Pig. (4.3)

Therefore the total attenuation coefficient for each layer

of gamma ray production at point D is,

=(u;Ly;+wLs)
e
A.

total attenuation for each layer = I
0,r L2

which is the summation over the attenuations of gamma rays

at point D from each layer, where

s =

313

and dr = m= 20 and n = 8

CIPY

as the thermal neutron flux contribution in each layer
was not completely plane, the Bessel functions corrections

were introduced to the total attenuation coefficient.
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Therefore,
=(u1Ly+usLy)

total attenuation for each layer = I §A. = .

where Royr is the extra polated length and is equal to

REXT = R + Reflector savings
core

Values of Jo' later were introduced inside the computer
progamming by means of subroutine (LIB NAGF) in which

Jo is defined as (S172AF(R)).

Having obtained the amplitude ¢y and phase shift Ah
of thermal neutrons in different layers of the core by
computer program code (ATEST ), the flux for each layer
is ¢y, sin (wt + Ay) » supposing each thermal neutron is

production of fission, the gamma rays produced from each

layer at point D is
¢h sin(wt + lh) 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,

d(Wwt + A) = ¢ ¢, sin(wt + A, ) x total attenuation
h
at h and for zero frequency
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$(0) = L ¢h(O) X total attenuation at h
h

and finally fission gamma rays response function is

& (wt=+2)
% (0)

G.R.R.F. =

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 Aj;sin(wt+i;) is the gamma rays of first core layer

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

The program adds these two as follows:



1l Gy

if Az sin(wt+l3) = A;Sin(wt+lr;) + Azsin(wt+l;)

Therefore S

-

/A; + A< +2A1A2 COS(ll—lz)
2

R]Sinll + AzSinhz

Ajcos Aj+A,c08);

Having obtained A3 and X3, it calculates the gamma rays
of the third layer and adds on A3 sin(wt+)3) in the same

way .

c) The amplitude response function is obtained by
dividing amplitude of total gamma rays of given fregquency
to zero frequency amplitude and phase shift will be the

last calculated phase.

d) Program repeats this calculation to all given fre-

guencies 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

fig. (4.10-4.11).
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CHAPTER 5

DETECTOR EFFICIENCY

In this chapter the NaI(T&) detector efficiency was
calculated for different gamma ray energies to find which
gamma ray energies are most efficiently detected.

If Z 1is the total macroscopic cross-section of the
NaI (TR) crgstal for a given gamma ray energy, the relative
detector efficiency could be calculated from the following
relation,

-ZTnt

relative efficiency o jmean number of photons per|.A(l-e )
fission per Mev.

LA I L e {S.l)
where A is the crystal front area,

and t 1is the thickness (for our NaI(T{) crystal A=15.165

cM?2 and t is 2.54CMS).

Therefore both I and the mean number of photons per
m

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

sosessasasens L(95s2)



=
3%}
~1

where, L is the macroscopic pair production cross-
section, = and & is the macroscopic Compton scattering
e
cross-section ang z 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 positron of kinetic energy T, and therefore an elect-

ron of energy (E -2me?-T,) could be written as(7¢’71)

— 2
ddpp- :SozP d‘I‘+
E_- 2mc?
y mc
L O R L R I {5.3)
1 Loe? =32
where o = — ( ) = 5.8 X 10 m?
137 4mm
and E is the incident gamma ray energy.

Y

P is slowly varying function of EY and Z.

The variation of pair total cross section with
energy for lead is shown in Pig. (5.1.a). 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
] . \ 2
%o (for iodine) 9 By nding
%pp (for lead) % g aud

by using this relation and Fig. (5.l1.a) the pair production

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

Similarly, pair production cross section for NaIl is,

2

zsodium
opp (NaI) = cpp(iodine) 1l + E——a-——-
iodine

and is shown in Fig. (5.1l.¢).

Therefore the macroscopic pair production cross-section per

atom of NaI is given by,

z = N. ©

op PP

where N is the number density and is given by,

N_.p
ST

Mol.wt
where N_ is the avogadro's number 6.025 X 1042

and o is the crystal density 3.667 gcm °

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

(5.1) s

(ii) Compton scattering

Differentiated Compton cross section derived from

Klein-Nishina expression is given by

Coe= mr- (T-E )(i_ 4 2 ) +E (E_+ 2 -1)Ln(E_-T)
o ?2mc 2 L 852 o i 2
. || max
E (E_-T)
+ L. Y = Y
2
-T E
o EY 2 ”
e
min
E
where a = L
mc?

r is the classical electron radius =

=15
2.81777X10metre$

2 =E_. Z9 maximum electron energy.

1+20

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,

Z = No
cc
cc
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gamma ray energy (Mev)

FIG.5.2 variation of Compton scattering
cross section per electron with

energy of gamma ray .
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where N is the number density. To obtain the macroscopic
Compton scattering cross-sections per atom of NaI crystal,
+he macroscopic Compton scattering cross-sections per
electron were multiplied to the number of assumed free
electrons per atom of sodium iodide (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

jodide are represented in table (5.1).

(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 {EE , values given in ref.?’) to its
density. The macrogcopic photoelectric cross sections

for sodium iodide is also given in table (5.1).

Having obtained the macroscopic pair production,
Compton scattering, photoelectric cross sections the total
macroscopic cross section (ZT) of sodium iodide for
different gamma ray energies are determined by expression

(5.2) . The values of ZT are also given in table (5.1).
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5.2 MEAN NUMBER OF PHOTONS PER FISSION PER Mev

The energy spectrum of prompt fission gamma rays was

(28).

obtained by Maienschein 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 egquation (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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1.0 =

mean photon. fission. Mev
(e ]
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FIG.5.6

Total area of energy spectrum of gamma rays between

2.5-17.5 Mey =2567.E]S=|:1".')_3 pho tons ﬁssoﬁ‘l

energy range area of block to total area
2.5=3.5 0.493
3.5-4.5 0.318
4.5-55 0.118
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tail in the conclusion.
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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 graphs represents the deviations in the wvalues
of both the amplitude and phase lag. The mean deviations

were calculated by means of the numerical values of the

deviations,
|di| + |dz] + |dal+ ===—- wHa, ] o Ta 4
e s |
n n s=1
where di, & , d3, =-—-—=-—- dn are the deviations of the

results obtained in every position for every fregquency
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-
guencies 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 (&= 1
VI
a

) is8

selected.

The nuclear system is made up of two regions with
guite 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 ¢?. This suggests
that the effective thermal neutron life time of the system
as a whole could be calculated as follows,

L Jfe?.dv + L_ [¢%.48v
% = - core reflector
eff

fo2.dv
core + reflector

R SIS SRR s

The previous work (2¢) based on experimental deter-
minations of the relative fluxes inside the core and the
reflector by using indium foils, and applying egquation
(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

(25)'

previous work 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-
guencies 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 expe;imental 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 EY , 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.

Tt 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.
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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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APPENDIX A

Summary of nuclear parameters

Parameter Value Units

K 0.996 —
B2 0.004135 cm™ 2
Dy 0.2020 Cm

-1
T Q1053 Cm

b}

2 2
Lth 1.9183 Cm
D, 1.0020 Cm

-1
0.0247 Cm
ri
L2 40.56 Cm?2

F
X 0.0790 sect
g 0.0064 ——
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