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SUMMARY 

The source transfer function has been measured in 

a natural uranium-light water moderated sub-critical 

assembly as a function of source frequency and position, 

A square wave input of fast neutrons from the D-T reaction 

was supplied by a SAMES type J accelerator suitably 

modified for the purpose. Thermal neutrons inside the 

assembly were detected with lithium glass scintillation 

counters and the time variation of the detector outputs 

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. An attempt 

was also made to determine the source transfer function by 

detecting the prompt gamma radiation from fission. 

Two theoretical models were used to determine the 

spatially dependent source transfer function for a system 

similar to the experimental one. The first was a multigroup, 

multi-region two dimensional approach based on diffusion 

theory and Telegrapher's equation which used a standard 

static computer code(SNAP) to obtain the transfer function 

at chosen frequencies. The other was based on the time- 

dependent Fermi Age and diffusion theory and was limited 

to a single region description of the system, Both methods



‘gave good agreement with each other and with experiment 

but the first method showed an upper frequency limit of 

400 Haz due to solution methods used in the code. 
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CHAPTER 1 

INTRODUCTION 

Historically, subcritical assemblies have been 

used as static devices in which an equilibrium condition 

is maintained between the neutrons supplied by an 

external source, the neutrons produced in fission, the 

neutrons absorbed in the various materials of the 

assembly, and the neutrons that escape from the assembly. 

Such experiments give information about the infinite 

multiplication constant and diffusion parameters, 

However, the variation of the source strength in a pulsed 

manner has also been used extensively in determining 

neutron diffusion parameters since its early application 

by Manley et al (1)* in 1942, Moderators, in particular, 

have been studied repeatedly with this technique (2 to 6). 

Pulsed-neutron techniques have also been extensively used 

towards the determination of subcritical reactivities in 

Nuclear Systems as reported elsewhere (7, 8). 

A supplement to the pulsed neutron experiments 

has been the neutron wave technique in which the neutron 

source strength varies in a regular periodic manner. The 

propagation of neutron waves in both moderating and 

multiplying media has been discussed by Weinberg and 

Schweinler (9) and Weinberg and Wigner (10). Sxperimental 

+ Underlined numbers in parenthesis refer to corresponding 

numbers in the list of references.
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measurements of diffusion parameters in graphite and 

heavy water were performed by Raievski and Horowitz 

(11) and preliminary experiments in graphite and in 

water moderated subcritical assemblies have been 

performed by Uhrig (12, 13). Later, the propagation of 

a sinusoidal disturbance introduced into the neutron 

distribution of homogeneous and heterogeneous nuclear 

‘systems has been investigated experimentally by several 

workers and surveys of the relevant literature are 

available (14, 15). 

The essential contribution to the field of 

Reactor Physics from these investigations is that the 

relative attenuation and phase shift of neutron waves 

excited by an external modulated-neutron source are 

strongly dependent upon the physical and nuclear’ 

properties of the medium through which the waves 

propagate. Such neutron wave experiments have been used 

to obtain information regarding the diffusion, absorption 

and thermalization properties of the media. Also, many 

elaborate theoretical works have been carried out for 

the understanding of the neutron-wave problen. 

Particular mention in this respect should be made of the 

work of Mortensen (16), Moore (17), Williams (18), 

Wood (19), Brehm (20) and Kunaish (21). 

; The general opinion is that there is no 

fundamental difference between neutron-wave propagation 

and neutron-pulse propagation from the point of view of 

the time-dependent diffusion and thermalization 

phenomena (22). However, the neutron wave technique
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provides the advantage, 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 the disturbance is called the transfer 

function of the reactor, 

The purpose of the present work is to study both 

theoretically and experimentally, the space-dependent 

transfer function of a nuclear system. The term transfer 

function is used here in its classical electrical- 

engineering sense as a relation between input and output. 

No connection is implied with the familiar reactivity 

transfer function of space-independent kinetics. Since 

reactivity is an integral or whole-reactor 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 rise to the same 

reactivity change, and yet induce completely different 

dynamic effects (23)). Therefore there is no such thing 

as a space-dependent reactivity transfer function, 

The early studies on reactor transfer functions 

were derived from the time-dependent diffusion equation, 

after the spatial dependence had been removed by assuming 

that the flux shape was the fundamental spatial mode. The 

reactor was then treated as a lumped parameter model



ote 

(24, 25). 

A reactor, however is not a lumped parameter 

system, The distance 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, As higher frequencies 

are present and of interest, as in neutron wave and 

random noise experiments, the time and spatially 

dependent solution of the neutron flux behaviour is 

needed to adequately describe experimental results. The 

dispersive nature of the neutron wave propagation 

phenomena in both multiplying and non-multiplying media 

was observed in the late fifties by Uhrig (12). Later, 

Kylstra (26) and Cohn (27) provided further evidence, 

both theoretically and experimentally, of the space- 

dependent nature of the reactor transfer function. 

The principal objective of this work was to 

select suitable models for the determination of the 

transfer function in a subcritical Nuclear System and 

then to test the validity of these models in a situation 

of practical interest. To accomplish this objective, 

two different theories were applied to determine 

analytically the source transfer functions for a nuclear 

system and special instrumentation was developed in order 

to correlate the theoretical results with those obtained 

experimentally. 

Considerable effort was expended in improving 

the method for pulsing externally the S.A.N.E.S.
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accelerator to produce a square beam current waveform 

with an operating frequency range from 1 Hz to about 

2 kHz. ‘This was used to produce a constant amplitude 

square-waveform source of fast neutrons from the D-D 

and D-T reactions. Since the square wave can be Fourier 

analysed into an infinite number of harmonics of the 

fundamental it can be considered as the superposition of 

harmonically related sinusoidal inputs and therefore the 

methods of analysis can be based on a sinusoidal input. 

A natural uranium-light water moderated 

subcritical assembly was supplied with the square wave 

of fast neutrons produced by the S.A.M.E.S. accelerator, 

By varying the input frequency and by Fourier analyzing 

the system response at different locations, the transfer 

function of the subcritical assembly was measured as a 

function of frequency and space. Both neutron and gamma 

signals were detected by scintillation counters with 

lithium glass and NaI(Tl) scintillators respectively, 

These signals were fed into a multichannel pulse-height 

analyzer used in the time sequence storage mode, The 

‘experimental results, after analysis, have been compared 

with those obtained by both theoretical models, 

This work has been organised as follows. In 

Chapter 2 a detailed description of the experimental 

equipment used is presented. Chapter 3 contains the 

methods developed for the analysis of the experimental 

data, also including some experimental results, The two 

different theoretical methods used to evaluate the 

spatially dependent transfer functions are presented in
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Chapter 4. In Chapter 5 the theoretical results are 

summarized and compared with those obtained 

experimentally. Chapter 6 refers to an attempt made to 

determine experimentally the system transfer functions 

via photon observation, Finally, in Chapter 7, the 

principal conclusions drawn from this work are given. 

Also in this Chapter, a number of additional ; 

experiments and analytical studies are suggested to 

extend and complement the present work,



CHAPTER 2 

EXPERIMENTAL EQUIPMENT 

2.1 Nuclear System. 

The Nuclear System consisted of a light-water 

moderated, natural Uranium subcritical assembly. The 

natural Uranium was in the form of 196 cylindrical bars of 

outside diameter 29.2 mm., 813 mm. long and 10 kg. weight. 

These were inserted in aluminium cans 0.9 mm, thick and 

supported inside a stainless steel tank by two perspex 

fuel grids. THe core shape was almost hexagonal with a 

triangular pitch of 45.2 mm. 

The water level was the same height as the fuel 

rods, thus the core was unreflected on the top horizontal 

face, The vertical faces were reflected by water with 

thicknesses varying between 100 mm. and 270 mm. Water was 

periodically purified by means of an ion-exchange column, 

The stainless steel tank was placed on the top of a 

graphite pedestal 533 mm, high. This provided both 

slowing down material for the source neutrons and a 

bottom reflector for the subcritical assembly. 

This arrangement had an effective core radius of 

333 mm. and infinite multiplication factor of 0.996, 

calculated for a water to-uranium volume ratio of 1.5:1. 

The volume fractions were, 

U = 0.3579, Al = 0.048, H,0 = O57 

A summary of some of the most relevant nuclear 

parameters of the subcritical assembly is presented in 

fable 1.
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Table 1: Summary of Nuclear Parameters 

  

  

      

i ! i 
ij Parameter ‘ Value i Units ' i 

| i 
| K ! 0.996" -- 

i ne 0.004135* i em7? 
i 

i 3.61 om? 

i Zr 0.000013" | secs. 
i Ss ] 
; i 
{ P i 0.729 = 

B 0.0064*** = 

n 0.0079tt+ seo 
++ 

e 1.076 a 

2.0 fr . 7 

T 40.6 em? 

a 20.0 = 

+ ref, 22 

++ ref, 27 

+++ ref. 28 

A more comprehensive description of the 

subcritical assembly can be found in ref. (22). 

2.2 Neutron Generating System. 

Neutrons, at energies of 14 Mev or 2.5 Mev were 

produced using the ™(a,n)He* and D(‘d,n) He? reactions with 

a deuteron beam of energy up to 150 Kev incident on a 

titanium-tritide target type TRT51 or a titanium— 

devteride target type TRD51.
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2.2.1. The S.A.M.B.S. accelerator, 
  

The denteron beam was furnished by the S.A.M.5.S, 

type J accelerator shown in Fig. (2.1) The accelerating 

voltage, produced by an electrostatic generator 

hermetically sealed in a hydrogen atmosphere can be 

varied from 0-160 Kv, 

Fig. (2.2) shows details of the acceleration and 

beam electrodes together with the extraction system and 

ion source. Deuterium gas, from a reservoir, is admitted 

to the ion source through a thermally activated palladium 

leak. The ion source is excited by a 100 MHz, oscillator 

and can produce currents on a target up to about 200 nA 

under favourable conditions of steady running. Extraction 

into the acceleration system is effected by applying a 

0-6 Kv repelling voltage to the electrode shown in Fig. 

(2.2). The ions are concentrated at the entrance of the 

extraction canal by the magnetic field of the coil 

located at the base of the ion source bottle. An oil 

immersed Cockcroft-Walton multiplier circuit supplies the 

0-45 Kv required for beam focussing. These units, which 

are situated inside the high voltage terminal, are 

controlled through a system of isolation transformers 

that are fed from variable transformers. 

The target assembly, which was inserted into the 

graphite pedestal and centrally placed 155 oe below the 

base of the core, was coupled with the S.A.M.E.S. 

accelerator by means of a flight tube. A more detailed 

description of the flight tube is given in ref, (29).
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2.2.2 Neutron source modulation. 

The nature of the present work, concerning the 

measurement of the transfer function in a subcritical 

assembly, requires a neutron population varying 

periodically with time. A sinusoidal variation would be 

best for analysis 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 

frequency had to be a submultiple of that controlling the 

channel~advance command of the analyzer. Therefore it was 

necessary to pulse the accelerator with an externally 

supplied signal in order to maintain synchronism. 

Two main methods exist for producing a pulsed 

accelerator beam (Bie post acceleration beam deflection 

and ion source pulsing. The latter can be achieved either 

by switching the radio frequency exciter or by pulsing the 

extraction electrode. Post-acceleration deflection was 

impossible with the present experimental arrangement due to 

lack of space. 

Ion source pulsing involves transmitting a signal 

to the high voltage terminal containing the ion source 

through a potential difference of 150 Kv. This has been 

achieved by others (a) with a radio frequency signal but 

the risk of creating stray rf fields made it necessary to 

use a different method.
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The method adopted was to transmit a light bean 

across the potential barrier, a technique previously 

proved to be successful when used with a 4 Mev Van de 

Graaff accelerator (32) and later when used with the 

S.A.M.E.S, accelerator in a previous experiment (22, 3), 

In the latter, a sharp light signal correspondent to the 

leading edge of a square pulse was produced by a 

gallium arsenide diode type MGA 100 and transmitted to 

the high voltage terminal of the accelerator to a light 

sensitive diode type LS400. This was done by means of a 

rigid, tight PVC tube which contained two lenses to 

improve light collection and provide adequate focusing 

to the LS 400 detector. This tube ran parallel to the 

main insulating column of the accelerator as can be seen 

in Fig, (2.1). The signal from the receiver diode was 

amplified and used to drive a bistable circuit which 

alternately rendered a power pentode type sl 84 

conducting and nonconducting. This pentode was then used 

to ground the screen grid of the oscillator double 

tetrode type QQV06-40A and so switch the radio frequency. 

For the present work, the modulated light beam 

was still used to transmit the signal to the high voltage 

terminal, Since the light emitting diode MGA 100 was 

obsolete, it was replaced by the more efficient type 

1A48 which has an output of 40 ww at 100 mA and a peak 

wave length of 930 nm. and which can be modulated at 

frequencies up to approximately 500 KHz, Also 

modifications have been made to the driving circuit so 

that the transmitted light pulse follows the shape of the 

driving pulse instead of producing a short light signal
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coincident with the leading edge. The final circuit is 

given in fig. (2.3). Driving signals were taken directly 

from the output of a dividing circuit network constructed 

from SN 7490N and SN 7495N integrated circuits. 

The bistable circuits, originally used to drive 

the switching pentode was found to be over-sensitive to 

supply voltage variations when run for long periods. 

Consequently it did not always respond to the trigger 

pulse. In order to overcome this, the bistable circuit 

and the switching pentods were replaced by a single high 

voltage n-p-n transistor type BU 105. The base of this 

was driven by a square wave voltage signal derived from 

the transmitted light signal which was received by the 

n-p-n planar silicon photo-device LS 400 and 

subsequently amplified by means of the SN 72748P 

integrated circuit, The complete circuit diagram is 

shown in fig. (2.4). It was found necessary to include. 

adequate screening and filtering against the intense 

radio frequency signals produced by the ion-source 

oscillator. One advantage of this method is that the 

beam pulse is always in phase with the transmitted 

pulse whereas previously the phases could differ by 180°, 

depending on the initial state of the bistable, 

When the base of the BU105 is made positive the 

transistor conducts. In this mode, two different ways can 

be followed to shut off the ion source radio frequency. 

The first method, which was used in the original S.A.M.E.S 

pulsing unit, consists in reducing the voltage of the 

oscillator screen grid to near earth. This leaves the 

full high tension on the anode and on the coupling straps
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of the ion source bottle. In consequence, the plasma, 

under certain combinations of gas pressure and high 

tension voltage, may not always extinguish completely 

thus giving some ion current during the off period of 

the cycle. An alternative which has proved to be 

consistently reliable, was to use the BU 105 to short the 

high tension supply to the whole oscillator to ground. 

As shown in fig. (2.5) a 2k 100 W wirewound resistor was 

inserted into the high tension lead between the power 

pack and the BU 105 to act as a current limiter. 

This method of pulsing can be easily adapted to 

any desired rectangular waveform where the on period 

differs from the off period, simply by applying the 

appropriate waveform to the input of the transmitter. 

For an applied square wave the system has been found to 

operate reliably in the range of frequencies 1HZ to 

2000 HZ. 

Since this method of pulsing the accelerator no 

longer includes the pulsing unit designed by S.A.N.5.S., 

it can be adapted to other accelerators. 

Details of the pulsing system have been 

published (33) as shown in Appendix 1. 

2.3 Detection and data acquisition systems. 

The variation of the neutron and gamma populations 

of the subcritical assembly were monitored by means of the 

detection and data acquisition systems. The major 

components of these were the radiation detectors with 

their associated amplifiers and discriminators and the 

data acquisition unit.
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An important feature of the detection system was 

that two detectors were used simultaneously. One of 

them, a neutron detector, was always placed at different 

heights in the central line of the assembly. The other 

one, either a neutron or a gamma detector, was placed 

in the same plane but at different radial positions. 

This permitted the direct comparison of phase and 

amplitude between different detector positions and the 

repeated centreline measurements also were a good 

measure of reproducibility of the results, 

A good consistency was achieved; both amplitude 

and phase lag correspondent to different runs were found 

to be in a range of ne per cent, This deviation would 

be in part due to the detection system itself and the 

statistical nature of the data, and in part also to the 

different running conditions of the accelerator. 

2.3.1 Neutron detectors. 

The main requirements for the neutron detectors 

were: 

(i) High thermal neutron efficiency. 

(ii) Very low efficiency for other types of 

radiation, i.e. fast neutrons and 

gamma rays. 

(iii) Small volume, 

In order to achieve this, the following 

detectors were considered,
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(1) BR Counter. 

The reaction 

0p pa oo + 2:78 Mev 

is widely used for thermal neutron detection (34). The 

cross section of the reaction is 3840 barns at 

2.2 x 10? m/sec, and follows the 1/y law for energies 

less than 30 Kev (35). The reaction is easy to detect 

even in the presence of high gamma fluxes because of the 

high specific ionization and the large energy of the 

charged particles which are released. 

Because of the drop in the cross section for 

the Bl? (n,q) reaction with an increase in neutron energy, 

the sensitivity of this detector is very small for fast 

neutrons, 

The main disadvantage of the BF, detector is that 

large volumes of active counter are required in order to 

obtain a reasonable efficiency, 

(2) 3He detector chamber.. 

3ye undergoes the following reaction, 

3He + n ——> 3y + p + 765 Kev 

This reaction has rather ideal properties for 

neutron detection and particularly for neutron 

spectroscopy (34). The cross section, starting at 5400 

barns for thermal neutrons, varies smoothly over the 

entire energy range, having no resonances, The 

efficiency for thermal neutrons (36) is up to 20 times 

that of a BF, counter of the same size. The major 

disadvantage, apart from the size, arises from the elastic
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3 scattering of neutrons by He~, which has a cross section 

approximately twice that of the He? (n.p) reaction. 

(3) Fission chamber. 

The fission reaction is important in nuclear- 

radiation detection by using either the kinetic energy of 

the fission products or their resulting radioactivity. 

Fission chambers containing the thermal fissionable 

nuclei 235y, 2554 or 239py are efficient thermal-neutron 

detectors, Their cross sections follow more or less a 

2 dependence in the thermal neutron region, Also, the 

large energy released per reaction makes it possible to 

discriminate against much larger fluxes of gamma rays 

than with detectors employing the (n,a) or similar 

reactions (37). On the other hand, their sensitivity is 

rather low, for example (38), a B.° counter can be built 

to have a sensitivity of one to two orders of magnitude 

higher than that of a fission chamber of the same 

physical dimensions. 

(4) °14_ Glass scintillator. 

Li undergoes the following reaction: 

6 6 
Li +n > H+ a + 4.78 Mev   

The cross section for this reaction is 936 barn at 

2.2 x 10° em/sec and follows the 1 law up to Kev. ‘THe 

scattering cross section for eheeial neutrons is 1.4 barn. 

The main advantage of lithium detectors is that they 

are highly efficient. For example (32), a 1 cm. thick 

erystal made from natural lithium has an efficiency of 

69% for thermal neutrons. ‘The major disadvantage is that 

the scintillator has about the same efficiency for both
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electrons and alpha particles, thus the pile-up of 

gamma ray pulses can give serious trouble at high gamma 

ray levels. This disadvantage can be avoided by using 

very thin crystals highly enriched in 110. 

As a result of compromise between efficiency, size 

and gamma and fast neutron discrimination, io glass 

scintillators were selected for the present measurements, 

They consisted of Cerium activated lithium silicate 

glass (type NE 905) containing 6.6% lithium enriched in 

om to 9%, size 25.4 mm, x 3 mm, They were optically 

coupled to EMI 9524B photomultipliers and housed inside 

tight aluminium tubes identical to those used for 

canning the natural uranium, They could thus be 

inserted in place of a fuel rod, Neutron streaming was 

minimized by filling the aluminium tube with a solid, 

centrally hollowed polypropylene rod. Both high tension 

and signal were conveyed through the central hole with a 

coaxial cable. 

Fig. (2.6) shows the neutron detectors located in 

different axial and radial positions inside the system. 

They were suspended by a sliding aluminium collar 

resting on the top of the fuel elements and fixed 

parallel to them by means of perspex rings. 

The signals from the photomultipliers were fed into 

charge sensitive amplifier-discriminator units type 

NM 115, High tension was provided by two NM 120 units.
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2.3.2 Gamma detectors, 

The two major properties considered in the choice 

of the detector were the detector efficiency and the 

neutron response. 

The two more useful detectors for y-ray 

detection are the lithium germanium (Ge(Li)) semi- 

conductor detector and the NaI(TL) scintillator 

detector. 

(a) The Ge(Li) semiconductor detector. 

The interaction processes producing secondary 

ionizing electrons are the photoelectric effect, Compton 

scattering and pair production (EB S$ 1,02 Mev). The 

probability of these processes increases with the atomic 

number, Germanium has an atomic number of 32 and 

consequently the detector has a poor efficiency for gamma 

ray detection, The great advantage of the Ge(Li) 

detector is its excellent energy resolution. This is 

unimportant in the present measurements because we are 

concerned with a very broad spectrum, 

The main disadvantage is that the detector is very 

sensitive to neutrons, particularly fast neutrons. The 

main detection mechanism for slow neutrons, i.e. energies 

below about 0.5 Mev is the radioactive capture process. 

The (n, y ) cross section for Germanium is 2.4 barn for 

thermal neutrons (41). The main fast neutron processes 

are the (n,n'yY ), (n,p) and (n,a ) reactions. Both the 

(a,p) and (n,%) reactions, besides causing prompt neutron 

detection, generally produce unstable reaction products 

(42).
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The Ge(Li) detector is very susceptible to damage 

caused by continued exposure to fast neutrons. Fast 

neutrons produce crystal defects such as the 

displacement of atoms from their equilibrium sites 

leaving vacancies and intersitial atoms in the lattice, 

Radiation damage mainly affects the energy resolution of 

the detector. Ortec, manufacturers of Ge(Li) detectors 

state that a rapid deterioration is produced by a fast 

neutron exposure of more than 108 neutrons/em?, The 

ott 
figure given by Mann (43) is of 1 neutrons/cm, 

(b) he Na I(Tl1) scintillator detector. 

Iodine has an atomic number of 127, This makes the 

Nar (TL) a very good y -ray absorbing material relative 

to the Ge(Li). For this reason, and as Nal is a very 

dense material, 3670 kg. m7? , it has a very good intrinsic 

y -ray detection efficiency, 

On the other hand, the NaI(T1) 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 major response is from 

capture in the jodine, This reaction has a cross section 

of 7.0 barn (39) for neutrons of 2200 m.s7!, The 

resulting y-ray energy spectrum correspondent to 1287 is 

almost continuous with a maximum at 6.71 Mev which is 

128 
the binding energy of a neutron in I. Neutron 

capture in iodine also leads to an increase in the 

: 128 128 
background due to 25 min. decay of I to xe". 

The predominant neutron detection mechanism in the
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fast neutron energy range (0.5 Mev - 14.5 Mev) is by 

inelastic scattering (40). In the lower energy end, the 

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

with the iodine, and at the high energy end of the range, 

the induced activity results mainly from the (n,2n) and 

(n,p) reactions with the iodine, These reactions, which 

lead to an increase in background, have a cross section 

of 1.3b and 230 mb. for neutrons of 145 Mev (39). 

As a result of compromise between detection 

efficiency and neutron response, Na I(71) scintillator 

detectors were used for the present measurements, 

Three different detectors were used. They were the 

following: 

(i) Size 12.7 mm. dia. x 19.05 thickness 

optically coupled to an SMI 9524B 

photomultiplier, 

(ii) Size 44.5 mm, dia. x 38.1 mm. thickness 

together with a 6097B photomultiplier. 

(iii) Size 101.6 mm, dia. x 101.6 mm. thickness. 

It was optically coupled to an EMI 

9530 B photomultiplier, 

The first two scintillators were used in 

connection with charge sensitive amplifier- 

discriminator units type 11115, The high tension was 

provided by NM 120 units. 

The signals from the third detector were fed into 

Nuclear Enterprises units type NE 5259 and NE 5159C.. 

High tension was provided by a N# 5353 unit.
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2.3.2.1 Gamma detector shielding. 

Because of the sensitivity of NaI(T1) 

scintillator to neutrons, adequate detector—shielding 

was needed, 

The detector shield should provide: 

(i) absorption of slow neutrons 

(ii) absorption of secondary penetrating 

radiation, e.g. y rays. 

There are three widely used materials for slow 

neutron absorption which are cadmium, lithium and borom, 

Moderation of fast neutrons was already provided by the 

water and graphite reflectors. 

Cadmium is a very efficient thermal neutron 

absorber, The absorption is by radioactive capture but 

the many hard y-rays emitted in a single capture process 

make it unacceptable for use in a neutron shield 

requiring a low y-ray background, 

The cross section for the Sri(n, o) oH reaction is 

945 barns at thermal neutron energies (0.0025 ev). The 

unstable tritium decays, by g-emission with a 12,3 year 

half life, to helium again without yemission, Also, the 

lithium neutron-scattering cross-section is negligible. 

A disadvantage of the use of lithium is that 6 Li has an 

isotopic abundance of only 7 per cent. 

The dominant neutron reaction on boron in the 

10 Its cross thermal range is the (n, q) reaction on 

section is 3840 barns for 0.0025 eV neutrons. The 

product nucleus for this reaction is a. In 94% of the 

reactions, the nucleus is formed in an excited state
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giving rise to a 0.424 Mev y ray. 05 has an isotopic 

abundance of 19.7%. 

A boron compound was chosen in preferance to a 

lithium compound because of the larger cross-section 

and isotopic abundance of the relevant isotope, The 

0.47 Mev Y-rays produced in the 105 (n, a) ni reaction 

can largely be absorbed by the y-ray shield. 

The inner part of the shield consists of a 

suitable ¥-ray absorbing material, Almost invariably 

lead is used for this purpose because of its density and 

high atomic number, I+t shields the detector from y-rays 

produced by reactions in the shielding material and from 

the general background such as the X rays generated by the 

decay of thorium, 

The lead shield was 10 mm. thick at the side of 

the detector and had a maximum thickness of 15 mm, in 

the front side of the crystal. This thickness corresponds 

to the half thickness for 3.5 Mev gamma rays which are 

the most penetrating y-rays in lead (44). 

The lead shield was surrounded by a 24.5 mm. thick 

layer of boric oxide powder. This thickness absorbs 

nearly 100% of a neutron flux up to a neutron energy of 

over leV (39). 

The small Nal(T1) crystal was used for inside 

core measurements, It was located inside an aluminium 

rod identical to those used for canning the fuel elements. 

The other two detectors were used for 

measurements outside the system. They were placed 

horizontally in a central position in either the front or
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the back side of the subcritical assémbly. Different 

axial positions were achieved by sliding the detectors 

upwards and downwards. Fig. (2.7) shows a gamma 

detector in position outside the system. 

In order to monitor the neutron population 

inside the subcritical facility, a neutron detector was 

used simultaneously with the gamma detector. The latter 

was always placed in the center of the system and in the 

same plane as the gamma detector. 

2.3.3 Data acquisition system. 

Fig. (2.8) shows a block diagram of the experimental 

set-up, including the detection and pulsing networks 

together with the data acquisition system. 

The data acquisition system was built around a 

RIDL (Nuclear Chicago) model 24.2, 400 channel analyzer 

used in the time sequence storage (1.S.S) mode. In this 

mode, each channel counts the number of pulses delivered 

into it during a fixed time interval. The analyzer 

required the following input signals: 

(i) Channel-advance address signal, and 

(ii) Signal Input from the detectors. 

In the 1.8.5. mode, each channel records the 

number of counts between time t and t +/At, where Qt is 

the channel width. Sach channel address advance signal 

triggers a programme cycle which transfers the accumulated 

counts from the scaler into the memory core for the 

assigned channel, resets the scaler and changes the 

address channel to the next sequentially higher one. 

The total time required for going once through



FIG .2.7. GAMMA DETECTOR LOCATED OUTSIDE 
THE SUBCRITICAL ASSEMBLY  
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each channel was then 400 aN t. As two detectors were 

used simultaneously, the signals from each of them were 

fed into the analyzer for alternate periods of 200 /\t. 

By following this procedure, each half of the analyzer 

memory was always storing information corresponding to 

the same detector. 

A Parnell modular pulse generator was used to 

produce the required signals to control the whole 

experimental arrangement. It was assembled to provide 

Simultaneously two signals identical in frequency but 

different in width and height. 

One of the signals, of 6V amplitude,l pm sec 

duration and frequency F(Hz) was fed into a frequency 

divider network, This unit was built from SN 7490N and 

SN 7493N integrated circuits. It produced square 

pulses of 3.5 volt amplitude which were used to control 

the following networks: 

(i) Driver and transmitter for the ion 

source pulsing as described in 

section 2.2. 

(ii) Dual Input gate, and, 

(iii) Start and reset unit. 

The other signal from the pulse generator, 

negative, of 10 volt amplitude and 1 » sec duration, was 

used to trigger the channel-advance address command of 

the P.H.A, 

Fig. (2.9) shows a diagram of the dual input gate. 

A‘distable circuit based on BC 107 npn transistors was 

used to gate the input pulses coming from one of the
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detectors while the pulsesfrom 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 

OA 200. 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 input requires signals of 

+ 12 volts in amplitude and around 1] y» sec duration, So, 

the pulses had to be amplified and shaped to match the 

analyzer requirements. The amplification and pulse 

shaping stages can also be seen in figure 2.9. 

The bistable was triggered by 3.5 volt signals 

coming from the frequency divider with a frequency of 

F/200 (HL). Therefore, the signals from each detector 

passed through the gate for alternative periods of 

200 At. 

The P.H.A. starts recording when a pushbutton 

is pressed. So, there was a complete uncertainty about 

which 200 channels corresponded to each detector, In 

order to overcome this, the first channel address advance 

signal reaching the P.H.A. was synchronized with the 

detector gate triggering pulse. This eliminated the 

random starting of the P.H.A. and provided the first 200 

channels for one detector and the rest of them for the 

other, 

This synchronization was achieved by using the 

network represented in Fig. (2.10).
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itive voltage is applied to the base of 

the pnp channel £913909, it does not conduct and it has a 

resistance of several megaohms . So, the negative pulses 

go through. On the other hand, if no voltage is applied 

to its base, its resistance is of the order of a few 

hundred ohms and the pulses are driven to earth, 

The base voltage was supplied by a set-reset 

bistable based on XTX 300 npn transistor which was 

triggered by the leading edge of a. square pulse produced 

by the frequency divider network. This pulse was exactly 

the same as that used for changing over the dual input 

gate bistable. Its frequency was, therefore, of F/200 

(Hz). 

The following procedure had to be followed in 

every measurement: 

(i) The set-reset unit was reset. Therefore 

no pulses reached the channel advance 

command of the P.H.A. 

(ii) The P.H.A. was started by pressing the 

start pushbutton. As the channel 

advance signal was not reaching the 

P.H.A., all pulses reaching the 

analyzer from the detector, were 

stored in the first channel. 

(iii) The set-reset unit was set automatically 

by a signal from the frequency divider. 

Therefore, the channel-advance pulses 

could then reach the channel advance 

command of the P.H.A.
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(iv) The recording of pulses was stopped 

when required either by stopping the 

P.H.A. or by resetting the set- 

reset unit. 

(v) Finally, the output from the 

measuring system was displayed on 

an oscilloscope and also recorded 

on a typewriter. 

the analyzer, was 

unit. 

Also, coupled to 

a graph plotter 

Figs. (2.11) to (2.18) show photographs of the 

oscilloscope for different frequencies. They correspond 

to two neutron detectors located in the same plane but 

in different radial positions and they show the main 

range of frequencies covered in 

It can be seen from the 

the present measurements, 

photographs how at low 

frequencies, the neutron population follows source 

variations closely. At higher frequencies, however, the 

neutron variation within the assembly approaches more 

closely the findamental oscillatory component of the 

source distribution, Also, the photographs show clearly 

how half of the memory of the analyzer was storing 

information corresponding to each detector, 

Figs. (2.19) to (2.25) show the neutron and gamma 

populations of the system. The 

located outside the subcritical 

plane as the neutron detector. 

the central line of the system. 

At low frequencies, the 

gamma detector was 

assembly in the same 

The latter was placed in 

gamma population follows
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FIGS. 215 to 2.18 NEUTRON DETECTORS RESPONSE
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250 Hz. 

500 Hz. 

1000 Hz.   
FIGS. 2.23 to 2.25 NEUTRON AND GAMMA 

DETECTORS RESPONSE
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the same trend as that of the neutrons. At higher 

frequencies, however, the gamma population varies in a 

completely different way from the neutron one. This 

effect will be discussed in Chapter 6. 

Finally, a photograph of the data acquisition 

system and associated equipment, is shown in Fig. (2.26).
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CHAPTER 3 

ANALYSIS OF EXPERIMENTAL DATA 

AND BXPSRIMBNTAL 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 includes firstly raw data corrections for the 

effects of losses due to the analyser and background. 

Next, by Fourier analyzing the corrected data, the 

output response of the system is resolved into 

components harmonically related to the fundamental 

period. 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. 

As described in Chapter 2, each channel of the 

analyser records the number of pulses delivered into it 

during a controlled period of time, Thus, each channel 

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

where T is the dwell time per channel (channel width). 

After a recording period of time, the true 

counts Q that should be in a given channel is given by: 

Q = Ne? peas (<1) 

where c is the average true count rate per cycle and N 

represents the number of neutron cycles. 

In practice, the recorded counts per channel, 

qt are somewhat smaller than the true counts that should
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be in that channel. In this section, a relationship 

between Q and qt is found by taking into account the 

analyzer memory transfer time (7) and dead time (S). 

The probability of n counts being recorded into 

the same channel in time t is given by the Poisson 

distribution, 

n ,-ct 

So noon CAS. 
n! 

p(n,t) = 

where ct, the average count rate in time t is given by 

the expression 

ct = oxp(0,t) + 1 x p(1,t) + 2 x p(2,t) + ..... (3.3) 

The analyzer memory transfer time is 12.5 psec. 

There is a temporary store which records one event 

occurring in this time. Therefore, the recorded counts 

in time Y averaged over many cycles are given by the 

expression, 

r(r) = lep(lzs) + lxp(2,7) + --- = 

sere °T+ (or Skene ine (er ee 

21 3! 

se °"[-l+l+cer + (or)? + (er)? tic} 

2! 3} 

Sete Wines ou. | = 

aa ee cue See yeh.) 

The fraction of counts occurring in time + 

that is recorded is en ee 
CT 
  

Therefore, the recorded counts per channel are 

given by the expression,
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ghane [(t-7) +7642 8) ] = 

= Net [ic D-an) + er Gutee ei) ] 
T T CT wenn 25) 

If each event (or count) processed has an 

associated dead time S , then, neglecting memory transfer 

time 7 the "true" count rate c is related to the observed 

count rate ec! by the expression, 

a 1 c= ec or, Cos c eee (300) 

lee-6 l+cé 

This applies to the counts received in the 

interval Tf - 7 but not in the memory transfer time. 

Hence, equation (3.5) becomes, 

cT iT (=), 1-e 
Game ene eo ae ae ] Bicwen( Det) 

lticd CT 

and therefore, 

L 
Q = SS ee 

ae ee Cy tlesee 5 ] 
L+og T cr Paste hae) 

This expression was used to correct each channel 

content recorded by the analyzer. This was done by means 

of subroutine CORRECT (computer program DATACOR) in which 

an iterative technique was used to evaluate an 

approximate value of the true count rate c. This value 

became nearly constant ce Q.001) after two or three 

iterations, The initial value taken for ¢ was the 

uncorrected count rate.
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3.2 Harmonic Analysis. 

Conventionally, the frequency response of a 

nuclear system is measured by applying a sinusoidal wave 

of known frequency to the input and measuring the 

amplitude and relative phase of the output, The process 

is repeated for all frequencies of interest. This is 

tedious and prompts one to seek other forms of 

excitation that are rich in harmonics and apply many 

sinusoidal frequencies simultaneously to the system 

input. One such form of excitation is the injection of 

a neutron source whose time variation is a square 

waveform, Since the square wave can be Fourier analyzed 

(45) into an infinite number of odd harmonics of the 

fundamental frequency, it can be considered as the 

superposition of sinusoidal inputs and therefore may be 

used in a similar manner to a sinusoidal input. 

By definition (46), any arbitrarily defined 

function f(x) in the interval - m<x<w can be represented 

by a trigonometric series of the type, 

a 
£(x) = a +a, cos xX + a, cos 2x+... + by sin x + 

ot b, gin. 2 x + Ga. 

a 0 ; 
= 50 = (a. cos r x + b. sin rx) 

et erate & seer (529) 

where the coefficients aor a, and b. are defined as, 

T 

a, = dois £(x)ax Fee eu( 3.10)



» 

a 
7 i (x) ecos re dx, (rm = 1,6 2k pee) ceueeSelLD) 
7 

<7 

a u 1 [#0 sin rx ax, (r= 1, 2, 3 <<.) male ele) 

i a 

The resulting series is called the Fourier series 

of f(x) and the coefficients so defined are the Fourier 

coefficients, 

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 (3.9). 

This procedure permitted the calculation of the 

Fourier coefficients a, and vd. which were used to 

determine the amplitude AL and phase angle ¢ a for the 

different r harmonics by using the relationship, 

a, cos rx + b, sin rx = Ar sin (rx + €,) ieee Selo) 

By equating equivalent terms, 

2: 2 A, = (02 + v2)? BCG.) 
and, 

€, = arctan (a,/»,) Deel oD 

3.2.1 Numerical determination of Fourier Coefficients. 

In this section, the method used to determine the 

Fourier coefficients is presented. 

The values Sa taken by a function f(x) at the 

points X, = m, (eee Oe). See 2N - 1) can be Fourier 
N 

expanded (47) in such a way that the equations,
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fe oot ss a cos Mr + b in onr }+ 2N Se Ge eee cee ne 
ese (5 6)) 

are satisfied. Thus, by making f 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, 

The solution of the system (3.16) is well known 

(48-50), 

2N-1 
LS unr 

alj= = f. cos = vee telT) 
7 N Yeo n N 

2N-1 or in URE b= F ne f, sin seine LO) 

In order to calculate the values of ay and bys 

let us consider, for each r= 0,1 .... N=1, the 

numbers ee defined by 

wr 
Ur = f, + 2 cos F- Unyayr > Unea,r bs tar Ce.49) 

where, 

U 250 wees oee0) 2N+1,r ~ Voy r 

It is found following reference (51), that 

1 Te a, = H(t, + Mp cos & - Usp ) Cove aeek) 

ge , wr 
b= F oe sin eenea (eee) 

To see this, suppose ( dropping the bvseript r ) that,   



2-1 2N-1 
Un41 sin x = = £, sin (j-n)x = Ze fy sin (j-n)x 

j=n+1 J j 

sens, (D025) 

then, 

(f, +2 cos x UL, - Uno) sin x = 

2n-1L 
=f, sinx+ 2 f.[ 2 cos x sin (j-n)x-sin (j-n-1)x ] 

jenti J 

2N-1 
=f, sinx+ 3 f, (j-ntl)x = 

j=n+h J 

2N-1 
= > f. sin (j-n+1)x = 

jan J 

eae nesn = Ga) 

which yields (3.19) and (3.20). 

The value of a, (3.21) can be found as follows, 

(fr + Uae cos x - UL.) sin x = 

2N-1 
=f, sinx+ & t, [cos x sin (j-n) x - sin(j-n-1)x ] 

j=n+1 as 

os (in)x J =[f,+ 3S f, cos (j-n)x ]sin x = 
t e j=n+1 J 

2N-1 r 
=[ 3 f, cos (j-n) x j sin x sles (325) jan 2 

By making n = 0, equation (3.25) yields the 

value of a, as given by equation (3.21). Also, by making 

n = 0 in equation (3.23), the value of bd, as given by 

equation (3,22), is obtained.
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Therefore, by following this simple numerical 

procedure, the Fourier coefficients can be evaluated 

from equations (3,21) and (3.22) by using only one sine 

and cosine function per harmonic and by evaluating 

U Uy and UZ from the recurrence relationship (equation oO? 

3.19) working from n = 2N-1 to 0. This involves much 

less computational work than the direct evaluation of 

equations (3.17) and (3.18). 

This method was applied to develop the computer 

program subroutine FOURIZR which evaluates the constants 

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

phase angle for every one of the N-l 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 2 as part of 

the computer program DATACOR, 

This method of calculation was also successfully 

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

of data points as described in reference (52). 

3.3 Computer Program DATACOR, 

The experimental frequency response 

characteristics of the subcritical assembly were analyzed 

by means of the computer program DATACOR. The code, which 

was written in Algol for an ICL-1905 system, includes 

the calculations discussed in the previous sections of 

this Chapter and provides a graphical output of the 

amplitude response of the system for every input 

frequency and its corresponding harmonics. 

The output from the analyzer was fed into the
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program which performs the following major operations: 

1 - Corrections for dead time and memory transfer 

time, 

2 - Background corrections. 

3 - Fourier analysis of the corrected input data. 

This includes the determination of both the 

amplitude and phase shift responses of the 

nuclear system for any input frequency and 

its different harmonics. 

Before making any corrections, the input data is 

reduced to one neutron cycle by adding-up the time- 

equivalent contents from each cycle and then calculating 

the average content per channel. This is performed by 

subroutines RBACKGROUP and ARRANGE, 

Corrections for dead time and memory transfer 

times are performed by subroutine CORRSCT, This 

subroutine is based on the scheme discussed in section 

Date 

Once the data has been corrected for losses due to 

the analyzer and the background content per channel has 

been subtracted, a Fourier analysis (as discussed in the 

previous sections) is carried out by subroutine FOURIER, 

Subroutine FOUREXIT provides both numerical and 

graphical output for subroutine FOURIER, The numerical 

output includes both amplitude and phase shift and was 

limited to the first seven harmonics. The graphical 

output was limited to the first, third and fifth 

harmonie contents. The graphical output is based on 

subroutines PLOTCROSS, PLOTROMB and PLOTSQUARE,
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Subroutine FOURHSAD provides the heading for 

the lineprinter output of subroutine FOURIER, 

The program can be used with data corresponding 

to either one or two detectors. In case of two 

detectors, subroutine BACKORDER and DATAORDER are used 

to prepare the background and experimental data in such 

a way that each half of the values always correspond to 

the same detector. 

Subroutine LINEPRIN provides with an optional 

graphical display of the raw data on the lineprinter. 

Subroutine PLOTBULK commands the graphplotter 

for drawing the axis and titles for the graphical output. 

Subroutines OPSNPLOT, CLOSSPLOT, HGPLOT, 

HGPSCALE, HGPAXISV, STRARR, HGPLOGAXIS, HGPSYMBL 

and HGPWH2RS, are standard subroutines for the ICL 1934/4 

graphplotter (53). 

Finally, a listing of the program together with 

‘an input and output examples is presented in Appendix 2. 

A schematic block diagram of the code is also shown in 

  

3.4 Exoerimental results. 
  

The space-dependent transfer functions for 

different source-frequency configurations were measured 

by varying the frequency of the square wave modulated 

neutron source and observing the amplitude and phase 

shift of the resultant fluctuating component of the 

detector response as a function of source frequency. The 

neutron source frequency was varied within the working 

limits of the pulsing system, i.e., between 1 Hz and
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2 Khz. ‘The techniques used for analysing the detectors 

response were those discussed in the previous sections. 

Figures (3.1) and (3.2) show the amplitudes of 

the frequency response functions of the subcritical 

assembly for a particular detector location as given by 

the computer program DATACOR, It can be seen how by 

Fourier analyzing the detector response, it was possible 

to extract additional data from any set of measurements 

for every source frequency, The results obtained over a 

wide range of frequencies shown 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. Furthermore, data corresponding to 

the seventh harmonic proved to be reliable for source 

frequencies included in the range of 10 Hz. to 500 Hz., 

being unrealistic and showing significant variations 

for source frequencies outside this range. 

Figures (3.1) and (3.2), as well as 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 

experiments where the oscillator R.F. and ion source 

extraction voltage had to be kept as low as possible in 

5 order to provide a reliable and steady operation 

of the pulsing system.
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(ii) Experimental measurements have shown how the 

system response characteristics (transfer functions) do 

not depend either on the neutron source intensity or its 

strength, 

The response of the nuclear system proved to be 

very sensitive to different output locations. 

Measurements were taken for different radial and axial 

detector positions. Figs. (3.3) and (3.4) show typical 

examples of the neutron detector responses over a number 

of different axial locations. Measurements correspondent 

to different radial positions are presented in Figs. 

(3.5) and (3.6). 

These curves are the result of a jeast squares 

fitting performed by means of the computer code UAO] (54). 

It can clearly be seen from graphs (3.3) and (3.4) how 

for frequencies of upi to 100 Hzthe amplitude decreases 

very slowly. For higher frequencies, the amplitude 

decreases much more rapidly and the spatial differences 

become more noticeable. I+ can also be seen how the 

spatial differences are more noticeable for points closer 

to the external source. All these effects can be 

observed very clearly in Figs. (3.7) to (3.10)which 

represent the variation in amplitude with respect to the 

axial position for a wide range of frequencies, 

Figs. (3.5) and (3.6) represent the amplitude 

response for different radial positions inside the 

subcritical assembly. Here no spatial differences are 

noticeable for frequencies below approximately 100 Hz, 

and below this frequency, the differences are rather
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EXPERIMENTAL TRANSFER FUNCTION 
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EXPERIMENTAL TRANSFER FUNCTION 
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small, This effect could be explained due to the fact 

that the neutrons produced in an almost point source are 

spread out inside the graphite pedestal which supports 

the system and enter the system in a broad beam. However, 

a much bigger spatial difference is found in the 

reflector where the response is more attenuated due to the 

much longer neutron lifetime in the water reflector. The 

pane effects are seen even more clearly in Figs. (Ae to 

(3.14) which show the variation in amplitude with respect 

to the radial position for different frequencies. 

With regard to the phase response characteristics 

of the subcritical assembly, a very similar pattern is 

observed as shown in graphs (3.15) and (3.16). Here 

again the spatial differences observed in an axial 

distribution are much bigger than those correspondent to 

a radial distribution. Also, the higher attenuation of 

the phase response in the reflector can be clearly 

noticed.
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CHAPTSR_ 4 

PHEORY 

The methods used to obtain the spatially 

dependent transfer functions for a nuclear system are 

presented in this Chapter. First, a multigroup, 

multidimensional approximation is developed, then an 

alternative method based on the time-dependent Fermi Age 

and diffusion theories is considered. In both methods, 

the time-dependent equations describing the kinetic 

behaviour of the nuclear system are solved using well 

known static techniques. 

4.1 Complex source method. 

This method is based in the transformation of the 

time-dependent equations describing the kinetic behaviour 

of a nuclear system into a set of complex equations 

dependent on space and frequency but independent of time. 

Once the time-dependence has been removed, the equations 

can be solved for the real and imaginary components of the 

fluxes using static techniques. It will be shown how the 

method presents no problems if the external source and the 

flux response are assumed to be sinusoidal. 

Consider first a one group diffusion 

approximation. The kinetic behaviour of a nuclear system 

can be described by,
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DV o(x,t)- 3, ¢ (x,t) + (1-8) v dp 6(x,t) + 
os i 2 le odi Gxt) +2 ML Ci (x,t) + S(x,t) = = ae Meiers, 

where S (t) is a source term which represents the external 

disturbance, The other terms have their usual meanings. 

The precursordensities Ci(x,t) are given by: 

oCi(x,t) _ By® -€% (x,t) -% a Cy (x,t) «6... (4.2) a 

If we consider an external sinusoidal disturbance 

and we assume that the flux response is also sinusoidal, 

we can express ¢ (x,t) as 

$ (x,t) = ¢ (x) ed”? Wy ees) 

where (x) is a complex amplitude dependent on frequency 

and position. In a similar manner we can assume that 

Ci(x,t) Ci(x) e* » and 

S(x,t) = S(x) edt see (ALA) 

il 

Where Ci(x) and S(x) are also complex amplitudes. By 

substituting these in equation (4.1) and eliminating eJv% 

the following expression is obtained, 

Dv°¢ (x) ~ (3, + AY) O(x) + 
yo: 

+ (1 -8) ved (x) 4 VE" $(x) 2 Cea) if 
i R24 w2 

+ S(x) =0- eee Car) 

Since $(x) and S(x) are complex amplitudes, their 

real and imaginary components must satisfy equation (4.5) 

separately. This yields two intercoupled equations in 

terns of, and $s, the in-phase and quadrature components 

of? (X), hey can be written as follows,
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These inhomogeneous differential equations can 

be solved using static techniques for the real and 

imaginary components, ? R and Pr of the complex flux 

amplitude. This will in turn yield the gain and phase 

shift characteristics of the nuclear system for every 

frequency of interest. 

This method was first applied by C.#. Cohn et al 

(23). It was later used by other workers (55, 56) in the 

study of source transfer functions in critical systems. 

The method is being applied here to a very subcritical 

system, 

In the present work, this treatment was extended 

to a multigroup model, Both two-group diffusion and 

two-group Telegrapher's equations were selected for the 

present calculations.
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4.1.1 Tvo-group diffusion treatment. 

The two-group diffusion equations can be written 

Fast group: 

D9 76, (x,t) - 724%, (x,t) + Sp (x,t) + Splx,t) + 

+ 8)(x,t) = 7, 06 (x,t) 
ot ; oe e+ 044.8) 

Thermal group: 

Dy 0% o(x, +) -*r,h (x,t) +29, (x,t) + S5(x, +) = 

og 2 (xt) 

at : ene \4e9) 
=o 

"p 

where Sp and Sp» the prompt and delayed fissions source 

terms respectively, are given by: 

Sp(x,t) = (1-4) Sv*fi g (x,t) puters AOD) 
j J 

Sp(x,t) = Ai Cy (x,t) e+e (4.11) 
2 

where j refers to the group number and i to the precursor 

number, Ss) and S85 are the external source terms. 

As before, equations (4.8) and (4.9) can be 

separated into real and imaginary components by making 

substitutions similar to equations (4.3) and (4.4), 

yielding four coupled inhomogeneous equations. These can 

be written as follows:



a=, 

  

  +n es 
iw NG 

+5 + §. C2 $5 2,94) 1 

cachet tele) 

Thermal imaginary: 

2 us) 
ato S27 es 4P 12h + 82 eee, (4205) 

Fast real: 

oB, 
2 a -D,V Ps = a it (1-224) Peta eh 4) + 

OD.B; Sis ee me OL at ir Gey) ct 6S 
v iene fy 1 £5 2 3 

2 

were sa) (4014) 

Thermal real: 

Ve Dy Hat Paghy = 2H, + Dats + 5 Soest (4015) 

It can be noticed how the equations for each 

group are identical except for an interchange in the flux 

subscripts and a sign change in the coupling term between 

real and imaginary flux components. 

The gain and phase characteristics of the nuclear 

system can then be obtained from the complex fluxes as in 

one group diffusion approximation. 

The two-group diffusion analysis developed in this
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section was programmed for a two dimensional cylindrical 

geometry similar in shape and nuclear characteristics to 

the subcritical assembly described previously in Chapter 

2. Both the method of solution of equations (4.12) to 

(4.15) and results will be considered in a later section. 

4.1.2 T2wo-group Telegrapher's treatment, 

In many cases the conditions required in order to 

apply diffusion theory can not be met. These conditions 

include the neglect of the absorption cross-section in 

comparison to the scattering cross-section, the avoidance 

of proximity to sources and boundaries, the assumption that 

the flux is isotropic and that it does not change rapidly 

with position. Besides, in diffusion theory a 

disturbance initiated at any point within or on a boundary 

of a system at steady state is instantaneously sensed 

everywhere within the system. That is, the initial part 

of the perturbation propagates with an infinite velocity. 

Physically, when a wavelike disturbance is 

introduced at some point in the system, the neutron field 

in the proximity of the point is perturbed and the 

disturbance begins to move outwards. Since neutrons 

move with a finite velocity, an initially well defined 

wavefront must be expected and therefore any equation 

describing a time-dependent neutron phenomena should allow 

for this. Furthermore, some residual disturbance effects 

remain within the system even after the passage of the 

wavefront. 

The Telegrapher's equation was selected for the 

present calculations because it describes the time-



To 

dependent neutron phenomena which exhibits both wavelike 

properties and residual disturbance effects. 

In contrast to the diffusion equation, which can 

be derived directly from a balance of neutrons within 

the system, the Telegrapher's equation is obtained from 

the direction and time-dependent Boltzman transport 

equation (57, 10). 

The two-group Telegrapher's equations can be 

written (23) as follows; 

Fast group: 

D775, (x,t) - 72,9, (x,t) + Sp(x,t) + Sp(x,t) 

+ 8, (x,t) oy (ania acs 26,(x,4) , 3D, J go(xst) 
2 2 

Yy ot Vy ot 

oes (4516) 

Thermal group: 

Dy Vb (x,t) — *ro(x,t) + 5 o4(x,t) + ua 22s? 12 P1\ss 

= 

+ S,(x,t) = ( ee ) 2p alt) + 

Vo ot 

3D. 9° 4(x, +) 
oe ge v. ot 2 Wace (4sl7) 

The presence of the second order time derivative 
2 

of flux og introduces into the analysis a finite velocity 
ot 

for propagation of a disturbance which decays as 

determined by the term o¢. 
ot G 

Equations (4,16) and (4.17) can be separated, as
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before, into real and imaginary components, This yields 

the following, 

Fast imaginary: 

2 
-1,V54 f %, by => (1430,2r,) dy + 

eae (24,65 TEE )t a eis teeta) 

Thermal imaginary: 

  

3D, ?) 
2 ‘ 2 -# > -D,V box ee 7 - e S es (1 30, ro)by + 

+ 56, + Sp eee (4 gig) 

Fast real: 

  

2 =3D. 
2 SS ame) -w ~0,V% e ( oy =: es =, Gs 3D, 7r,) #5 a 

2 
a > $ +oQ- ae ) (2295284 

@ sane 

  

WN 4 Bi + vd , buBe fo) +8 
to ee 3 

Crean hae)



a7i5 

Thermal real: 

-D,V% 4 Gr, ae ae ae 1+3D,™ 9) by + 

2 

Pots +8, eet) 

As in the case of the two-group diffusion analysis, 

these equations were solved for a two-dimensional 

cylindrical geometry. 

In the next section, the method used for solving 

both the telegrapher's and diffusion equation is presented 

in detail. 

4.1.3 Method of solution. 

Both the diffusion and Telegrapher's equations 

were solved by means of the computer program SNAP (58, 59). 

The code is a Fortran IV program that solves the finite 

difference form of the group diffusion equations in one or 

two dimensions (*). The program can handle up to 60 

energy groups and fixed source problems are allowed. 

The code solves for each group the following pair 

of equations, 

-v-D, (r)v¢ g(r) + *e(r) g g(r) =Q mover (4ee2) 

que ne (ri (ry + hg &,,(r) = zr: r Ca rie 
af nti Ry B. The 

G 
et (Ue) ane 2, Cle Satr) Sain (4525) 

(*) there is now available a three dimensional version 

of the code (60).



Where, 

& = energy group. 

G = total number of groups. 

M = number of fissionable materials or nuclides. 

r = two-dimensional position vector. 

g = effective removal cross section. 

2ne = scatter cross section. 

= emergence spectrum of fission neutrons. 

= unknown positive eigenvalue greater than the 

modules of all other eigenvalues, 

= neutron flux (positive eigenfunction corresponding 

to Ki), 

Now, let us consider a four group problem with 

only one fissionable nuclide. Equations (4.22) and 

(4.23) can be rewritten as, 

Group 1, 

~% Ds, + 24%, 2 

= 243 $1 + 2 oq So + Bay Oy + B41 by + 

x 
a2 >, Fe ie £)y oy + Beda by + (Belg by + 

+ (Ve) 4 b4 ; + 8} chia (4co8) 

Group 2, 

-V. DL Vb a + Boho = 

=o ieee ion Ook aa ho eues toee aa 

Le, + [OP aah + OP eda tat OMe)oty + ORe)4 Hy | + 

re 2 eee. (Ave)



Group 3, 

-V.D3V$ 5 +35 os = 

=B 15% 1 +2 95% +2 55%5 +245 by + 

‘i “ (Pe a (P)ob + CB este eg %y ie 85 

soeee (4.26) 

Group 4, 

UENO gt 4 = 

Sate oat pi saiaaat aan 

M4 f (03,).4 vB.) 9 VE.) gb A ket ey? 1 + (Po? op + (M%)5 

ee, 4%] + 4 rae ee (Geek) 

In the present calculations, where only one 

fissionable nuclide is considered, the emergence spectrum 

of fissionable neutrons is (58) (1,0,0,0); that is, 

all fast neutrons from fission are assumed to appear in 

the first group. 

The scatter fission and removal cross sections 

necessary to run the program, are obtained by comparing 

equations (4.24) to (4.27) with those describing either 

theoretical model,diffusion or Telegrapher's . Thus, by 

comparison with equations (4.18) to (4.21),
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6 bi where g = BPs, WS, and 2%) has been neglected in 

comparison with Zpo- 

In the same way, the cross-sections corresponding 

to the diffusion model are, 
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The fission cross sections for the diffusion 

treatment are the same as those of the Telegrapher's 

treatment (4.29). 

These frequency dependent constants were used to 

calculate the fluxes for different frequencies in a two 

dimensional cylindrical geometry very similar to the 

subcritical system under study. The values of the fluxes 

were computed in 250 different positions inside the system, 

Programming details referring SNAP can be found 

in refs. (58, 59, 61 and 62). 

Calculations were performed for frequencies 

ranging from 0 up to 400 Hz. Beyond 400 Hz the code was 

unable to find a solution, For low frequencies, the 

convergence of the problem was very uniform and only 

around 25 iterations were required. This rate of 

convergence was approximately constant up to 200 Hz. At 

higher frequencies the rate of convergence became 

completely non-uniform, For instance, no convergence was 

achieved after 100 iterations at 225 HZ while at 250 Hz 

convergence was achieved after 24 iterations and 82 

iterations were necessary at 275 Hz. This behaviour 

seems to indicate that the iteration scheme followed by 

SNAP is somewhat unstable when the off diagonal elements 

of the coefficient matrix reach a limiting negative
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value which in our case seems to correspond to around 

225 Hz. The same unstable behaviour was also observed 

by Cohn when using CRAM (63) an older code which has 

many features in common with SNAP, Cohn was unable to 

use CRAM for frequencies greater than 50 HZ when trying 

to calculate the transfer functions in a D,0 moderated 

critical system in a one-dimensional geometry. It seems 

therefore that the succesive over-relaxation techniques 

(SOR) used by SNAP (64) represent an improvement over the 

PDQ. method used by CRAM, A definite conclusion can not 

pe drawn, however, without testing SNAP in a critical 

system, It should also be desirable to test the latest 

version of SNAP which includes the possibility of using 

a three dimensional geometry (60). 

It was possible, however, to perform 

calculations beyond 400 HZ by considering a simplified 

nuclear system which consisted of the equivalent 

unreflected system in which the negative upscatter terms 

corresponding to the graphite were assumed to be equal 

to zero. By using this approximation most of the off 

diagonal elements of the coefficient matrix with negative 

values were eliminated, With this arrangement it was 

possible to perform calculations for frequencies going 

up to 1500 Hz, 

Results are presented and discussed in the next 

Chapter. 

4.2 FermiaAge - Diffusion method. 

An alternative method of calculating the 

spatially dependent transfer function in a nuclear system
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is being considered in this section. As in the previous 

theoretical model, the transfer function refers to the 

relationship between the thermal neutron density 

fluctuations at a point in the nuclear system and the 

fluctuations of an artificial source of fast neutrons 

having a known spatial distribution, 

The method, based on the Fermi Age and 

diffusion theories was first applied by C.D. Kylstra 

and R.E. Uhrig (65), (66) and @6). The method of 

analysis to obtain the spatially dependent transfer 

function is very cumbersome and therefore is not 

presented in detail in the present work. 

Let us consider an isotropic and homogeneous, 

single-region multiplying nuclear system. The driving 

function or input to the system is a time-varying source 

of fast neutrons. These undergo a slowing down phase 

represented by the time-dependent Fermi Age theory. 

Upon reaching thermal energy, the neutrons enter a 

diffusion phase at constant velocity represented by the 

time-dependent diffusion theory. Additional neutrons 

are created by fission and join the source of neutrons 

in the slowing down process, 

It is also assumed for simplicity that the 

neutrons from the artificial source, the prompt neutrons 

from fission and the delayed neutrons have the same 

energy at birth. This energy is defined as the zero 

point on the lethargy scale. 

In order to determine the spatially dependent 

transfer function in the system under consideration, the
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following procedure is followed: 

(1) The dynamic behaviour of the system is represented 

by three linear differential equations, These are the 

Fermi. Age equation for continuous slowing down, 

absorption and leakage, the time dependent diffusion 

equation and the equation of the delayed neutron 

precursors, 

They can be written as follows: 

The time dependent Fermi Age equation for continuous 

slowing down, absorption and leakage (25) 

stay HG) = teeth - a(u)P(r,u,t) + 

+ D(u)V%}(r,u,t) + Sa(r,t)S(u) +B,€(1-A)d,(r,t)P(u) + 

aN +5 ‘i Ci (r,t)f(u) 
iy 

u?o nome gl Ansa) 

Neutrons from prompt fission ve (1-6) $,( rt), from 
n 

the decay of the neutron precursors > a Cs (r,t)»ana 
isl 

from the artificial source Sa(r,t), start the slowing 

down at zero lethargy. The slowing down neutron flux is 

¢ (r,u,t) and the thermal flux which is not a function of 

lethargy is oe (r,t). The slowing down density is 

represented by q (r,u,t). The other terms have their 

usual meaning. 

The Dirac delta function g(u) in the source 

terms is necessary since the source neutrons have zero 

lethargy by definition.
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The time-dependent diffusion equation is, 

ae Ce Hot) . 3d (r,t) + 0, (r,t) 4a(r,u,,t) 

voees (4,54) 

and finally, the equationsfor the delayed neutron 

precursors are, 

OCi(r.t) _g vxe x _ ae 6% 4 (r,t) ~r, ¢, (r,t) 

Lal ceccsscvccs oM 

seeee (4.35) 

Equations (4.33), (4,34) and (4.35) are coupled; 

equation (4.33) is coupled to equation (4.34) by 

a(r,u,, t), equation (4.34) is coupled to equation (4.35) 

by Pye? et) and equation (4.33) is coupled to 

equation (4.34) and (4.35) by [ve (1-8)h, (r,t) + : 
#3 OM GE (r,t) | 8 (a). 

isl 

(2) These equations are separated in terms of the 

steady-state and time-dependent components. This 

produces three linear, time dependent equations in terms 

of the change in the thermal neutron density, the slowing 

down density, the precursors and the artificial source. 

(3) These equations are Laplace transformed. This 

eliminates the time derivatives from the equations and 

produces a change from the time to the frequency domain. 

(4) The slowing down density, thermal neutron density, 

precursor density and the artificial source are expanded 

in a series of spatial harmonics. This yields the 

expression which gives the perturbation in the neutron 

Gensity at any point inside the system, caused by an
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artificial source. 

Let us now consider a homogeneous, cylindrical, 

multiplying nuclear system with the artificial source 

located at the centre of the bottom face which 

represents the origin of the system, The spatially 

dependent transfer function is given by the expression 

(65, 66) 

wo J,(%P) 
T(r,®) = P(u,)1 exp(-Ju ot 720) 

fy 27D 

oo exp(=r B24rR2) 
3 * 2 2p2_72p2,- is -@R,[L +7(1+L Bi-L Re+Jo1,)] 

' ena =cut { expr-R, (248i) +exp [R, (2-Ha)]} | 

Dasclen ate O)) 

P(u,) = resonance scape probability 

Le = thermal lifetime 

1, = slowing down time 

v = n'th zero of the Jo Bessel function 

p = radial co-ordinate divided by the system 

radius, R 

H = height of the assembly 

Z = axial co-ordinate 

Ri represents the routs of the following,
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Equation(4,36)was numerically solved by means of 

the computer program FaRMI (written by the author) which 

uses essentially the same numericaltecimiques 45 SPAT 

(65, 66). The program, written in standard FORTRAN 1V 

is listed in appendix 3 together with input and output 

examples. .The main differences from SPAT include 

(apart from the language itself), a complete change of 

most machine subroutines which were incompatible with 

any modern ICL or IBM compiler and a change in the whole 

structure of the program including the input and output 

channels, Reneral graphplotter options were also 

introduced in the program, They allow the user to obtain 

a graphical display of the chatige of amplitude with 

frequency. A graphical comparison between the calculated 

and experimentally obtained amplitudes can also be done 

with the program. Details of the input requirements and 

output optionsare given in Appendix 3, 

The code was used to calculate the source transfer 

function for an homogeneous cylinder of 81.3 ems. high and 

39.0 cms. radius which are the extrapolated dimensions of 

the subcritical assembly used in the present experiments, 

Calculations were performed for different output locations 

and for frequencies ranging from 0 up to 3,000 H%,
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Results, which are shown in the next Chapter, 

were compared with those obtained both with the lumped 

parameter model and the complex source method described 

in the previous section. They were also compared with 

those obtained experimentally.
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CHAPTER 5 

RESULTS 

In this Chapter, the results obtained with both 

theoretical models described in the previous Chapter, are 

presented and discussed. Also, in order to test the 

validity of both methods, the theoretical results are 

compared with those obtained experimentally. No 

reference is made in this Chapter to the measurements of 

the transfer function performed via gamma detection, 

Those measurements are discussed in the next Chapter. 

By definition both theoretical models give an 

amplitude of 1 and a phase shift of O at zero frequency. 

This is also assumed in the experimental analysis. 

Therefore, the values plotted in the theoretical graphs 

of this Chapter, are directly comparable. 

5.1 Complex Source Method, 

As described in the previous Chapter, both the 

amplitude and phase shift characteristics of the Nuclear 

System were calculated by means of the computer vrogram 

SNAP. The code was used to determine the fluxes 

corresponding to the solution of both the Diffusion and 

Telegrapher's equations. These fluxes were calculated 

for frequencies ranging from 0 to up to 400 Hz for a two 

dimensional geometry similar in size and nuclear 

characteristics to the subcritical system used to test 

the validity of the theoretical method. The values of 

the fluxes, which represent the real and imaginary
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components of the complex amplitude, were computed in 

250 different positions inside the nuclear systen, 

including several points inside the reflector, The 

values of the real and imaginary components of the 

complex amplitude were then used to determine the 

amplitude and phase shift for every frequency and 

position of interest. A cross section of the nuclear 

system as assumed in this theoretical model is given in 

Figure (5.1) which also shows the nuclear system assumed 

for the Fermi Age diffusion method, 

Figures (5.2) and (5.3) show a comparison between 

amplitude and phase response for the two-group diffusion 

and the two-group Telegrapher's equations. It can be seen 

from these figures how the response is practically 

identical for both theoretical approaches, at least for 

the range of frequencies in which SNAP was able to find 

a solution. A comparison between the theoretical results 

and the experimental ones, showed that the experimental 

results follow slightly better the Telegrapher's than the 

diffusion approach. For this reason, all graphs shown in 

this Chapter referring to the complex source method, will 

correspond to the Telegrapher's approach. 

The theoretical amplitude response of the nuclear 

system for different axial positions is shown in Figures 

(5.4) and (5.5). These two figures show how 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, 

however, the amplitude starts falling down before this
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frequency. Beyond 100 Hz, the amplitude decreases rather 

rapidly and the spatial differences become much more 

noticeable. 

The response varied markedly for different radial 

positions as shown in Figures (5.6) and (5.7). Here, no 

spatial differences are noticeable for frequencies of up 

to nearly 50 Hz, and above this frequency, the differences 

are rather small. This effect could be explained, as 

already seen in Chapter 3, by the fact that the neutrons 

produced in an almost point source, are spread out 

inside the graphite pedestal which supports the nuclear 

system and enter the system in a broad beam, Also, from 

Figures (5.6) and (5.7) it can be seen how the spatial 

differences are much higher in the reflector, where the 

response is more attenuated due to the much longer neutron 

lifetime in the water reflector. 

The theoretical phase response of the nuclear 

system for different axial and radial positions is shown 

in Figures (5.8) to (5.11). Here, again, the spatial 

differences are much more noticeable in the case of an 

axial distribution, Also, the reflector effect is very 

marked, 

5.2 Fermi Age - Diffusion Method. 

The equation representing the spatially 

dependent transfer function (4.36)was numerically solved 

by means of the computer program FERMI which has already 

been described in Chapter 4 and which is listed in 

Appendix 3.
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The code was used to calculate the transfer 

function for a homogenzous cylinder of 81.3 cms. high 

and 39.0 ems. radius which are the extrapolated dimensions 

of the subcritical assembly used to test the validity of 

the theoretical models. Calculations were performed for 

a wide range of output locations and for frequencies 

ranging from O up to 3000 Hz. 

Figures (5.12) to (5.15) show the amplitude 

response for different axial positions. Here, as in the 

previous theoretical model, the amplitude remains constant 

for frequencies of up to nearly 100 Hz, It can also be 

noticed how the spatial differences become more pronounced 

for points closer to the artificial neutron source, This 

effect is even more noticeable for the radial distribution 

as shown in Figures (5.16) to (5.19). It is also shown 

here, as in the complex source method, how the spatial 

differences are rather smaller than those corresponding 

to an axial distribution, These spatial differences 

practically disappear at the higher end of the nuclear 

system (away from the source). This smearing out effect 

could be due to the following causes: 

(1) A point source. 

(2) In the lower planes (e.g., H = 15 cms.), the 

on axis points are much closer to the source 

than those near -the edge of the core. 

(3) In the higher planes, the distances from the 

source are almost equal. Furthermore, the 

flux probably does not depend much on direct 

source neutrons but comes mainly from neutron 

leakage from lower parts of the core.
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This smearing out effect was also noticeable 

  s and to a smaller 

  

in the experimental mesasureme 

extent in the other theoretical model . The fact 

that it was less noticeable could be explained by 

considering that both in the complex source method 

calculations and in the experimental measurements, the 

source at the base of the core had a broad distribution 

rather than being a point source due to the spreading out 

of the source neutrons inside the graphite pedestal, 

Similar effects were also found in the phase 

response of the nuclear system as summarized in Figures 

(5.20) to (5.23). Here, however, the phase shift at a 

particular frequency is considerably greater than in the 

complex source treatment. This discrepancy between both 

theoretical methods is considered in the next section, 

where a comparison between them is made, 

5.3 Comparison between theoretical methods. 

It was shown in the previous sections how the 

amplitude and phase responses of the nuclear system as 

given by the two theoretical models approximately follow 

the same trend. However, in order to establish a 

quantitative difference between the results obtained with 

both methods, a direct comparison between them is 

necessary. 

A numerical comparison between the amplitudes as 

given by both theoretical models is given in tables 2, 3, 

4 and 5, The tables, which present values corresponding 

to the central axis of the subcritical assembly, also show 

the corresponding experimentally obtained values,
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TABLE 2 

Numerical values of the Amplitude as given by the 

different theoretical models and experiments. (H=15 cms.) 

Fermi Age - 
Frequency (Hz) Diffusion Telegrapher's S8xperimental 
  

cone 1.0 1.0 -- 

1 0.990 ~~ 0.988 0.976 

10 0.989 0.987 0.960 

50, 0.983 0.980 0.946 

100 0.968 0.972 0.929 

150 0.943 0.940 0.895 

200 0.920 0.916 0.868 

250 0.893 0.889 0.844 

300 0.864 0.860 0.834 

400 0.804 0.800 0.800 

500 0.733 -- 0.730 

750 0.604 -- 0.628 

1000 0.505 -- 0.523 

1500 0.368 -- 0.449 

3000 0.176 -- 0,226
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TABLE 3 

Numerical values of the Amplitude as given by the 

different theoretical models and experiments. (H=30 ems.) 

  

Frequency (Hz) Ditfasion 7 felegrapher's Experimental 

0 2.0 1.0 ao 

a 0.975 0.976 0.960 

10 0.924 0.976 0.950 

50 0.969 0.969 0.935 

100 0.955 0.951 0.902 

150 0.928 0.918 0.874 

200 0.894 0.890 0.834 

250 0,854 0.849 0,801 

300 0.5L 0,808 0.793 

400 0.721 0.709 O.72L 

500 0.635 -- 0.631 

750 0.453 - 0.490 

1000 0.328 -- 0.397 

1500 0.186 -- 0.264 

3000 0.056 ~ -- 0,094
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TABLE 4 

Numerical values of the Amplitude as given by the 

different theoretical models and experiments. (H=45 cms.) 

  

Frequency (Hz) metueien e felegrapher's Sxperimental 

0 dO) E50 == 

1 0.961 0.967 0.954 

10 0.960 0.966 0.940 

50 0.954 0.954 0.930 

100 0.932 0.928 0,892 

150 0.897 0.894 0.847 

200 0.852 0.861 0,818 

250 0,800 0,820 0.768 

300 0.244 0.741 0.740 

400 0,629 0.627 0.632 

500 0.522 --. 0.542 

750 0.518 -- 0.393 

1000 0,195 -- 0,292 

1500 0.081 -- 0.141 

3090 O,0L2) = -- 0.032



ee 

TABLES 5 

Numerical values of the Amplitude as given by the 

different theoretical models and experiments, (H=60 cms.) 

  

Frequency (Hz) Dirtision = Telegrapher's Sxperimental 

0 L5G 1.0 a 

z 0.951 0.950 0.933 

10 0.949 0.950 0.928 

50 0,940 0.938 0.890 

100 0.914 0.910 0.858 

150 0.874 0.878 0.819 

200 0,822 0.834 0.766 

250 0.761 0.766, 0.732 

300 0.696 0.702 0.707 

400 0.567 0.569 0.612 

500 0.449 -- 0.516 

150 0.239 -- 0.343 

1000 0.126 -- 0,222 

1500 0.039 7 0.097 

3000 0.003 oe 0.015
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Pigures (5.24) to (5.27) show a graphical 

comparison between the amplitude responses as given by 

both theoretical models, It can be clearly seen how the 

agreement is remarkably close. This sort of agreement 

was found all over the nuclear system. This is not the 

case, however, for the phase responses where both 

theoretical models give quite different answers as shown 

in Figures (5.28) to (5.31). It can be noticed from 

these figures how at the bottom end of the system, both 

theoretical models give a very similar answer for a 

frequency range of up to approximately 200 Hz but beyond 

this point the discrepancy between both models becomes 

significant. This effect gets worse in the upper end of 

the system. For instance, at a plane located 60 ems. 

above the bottom of the core, the phase lag given by the 

Fermi-Diffusion treatment is twice as big as that given by 

the Telegrapher's equations. 

The explanation of this discrepancy could be due 

to the fact that an artifically high thermal lifetime of 

84 microseconds was used for the Fermi Age calculations. 

The nuclear system is made up of two regions with 

quite different thermal neutron lifetimes, on one hand the 

lifetime for thermal neutrons in the core is around 40 

microseconds while in the reflector it is 210 microseconds, 

Therefore, we should expect the thermal lifetime for the 

- system as a whole to have an intermediate value between 

these. 

Simple perturbation theory shows that the 

statistical weight of a neutron is proportional to o?,
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ete, 

This suggests that the effective thermal neutron 

lifetime of the system as a whole could be calculated as 

follows, 

le | g?av + a | g av 
core reflector ( ) 

wiosieiee (Died 
lore = 

¢ av 

core+reflector 

Based on experimental measurements of the 

relative fluxes inside the core and the reflector, and 

applying equation (5.1), a value of 78 microseconds was 

found for the thermal neutron lifetime of the subcritical 

facility. The experimental determination of the relative 

fluxes was performed using indium foils. 

This value of 78 psecs. is not quite the same as 

84 psecs. used in the present calculations. However, 

with a thermal lifetime of 84 usecs. a good agreement 

between the amplitude resnonses of both theoretical models 

was achieved. Furthermore, this value also gives a good 

agreement with the experimentally measured amplitude 

response, 

The sensitivity of the Fermi-Diffusion method to 

different values of the thermal neutron lifetime is shown 

in Figure (5.32). Here, the -3dB amplitude value was 

calculated for different values of the lifetime and for 

different output locations inside the system, It can be 

seen, for instance, how the -3dB point varies from 13520 Hz 

to 320 Hz for an output position of coordinates H=15 cms., 

R=0.0 cms., when the thermal lifetime is varied from 30 

to 150 microseconds,
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Another fact that proves that the Fermi-Age 

method does not represent properly the thermal neutron 

lifetime in an heterogeneous system is that Kylstra (66) 

had to assume a thermal lifetime of 200 psecs. to obtain 

good agreement between the theoretical calculations and 

the experimental ones corresponding to a natural uranium, 

light-water subcritical assembly. 

5.4 Comparison between theoretical and experimental 
  

results. 

In this section, the results obtained with both 

theoretical models are compared with those obtained 

experimentally. 

For convenience in producing the curves for the 

comparison between experimental and theoretical results 

the two sets of data were normalized to the experimental 

result at 1Hz. However, the theoretical and experimental 

values of 1 Hz agree to within 1.8% or better as shown in 

tables 2, 3, 4 and 5 and so these comparisons are almost 

identical to plotting the unnormalized values. 

In Figures (5.33) to (5.36), the amplitude 

response of the nuclear system as given by the two group 

Telegrapher's model approximation is compared with that 

obtained experimentally. The agreement between the 

experimental and theoretical data is fairly good for the 

range of frequencies in which the computer program SNAP 

was able to find a solution. Also, a very good agreement 

was found between the experimental and theoretical phase 

responses as shown in Figures (5.37) to (5.40). As many 

measurements were taken in every position for every
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frequency of interest, the error bars in the graphs 

represent the spread in the values of both the 

amplitude and phase lag. The points related to harmonics 

of the fundamental generally show a larger spread in 

values than those obtained from the fundamental. 

As a conclusion, it can be said that the complex 

source method when used to solve the two-group 

Telegrapher's equations is able to vredict fairly 

accurately the transfer function in the present nuclear 

system for a frequency range of up to 400 Hz. 

With respect to the Fermi Age - Diffusion method, 

the amplitude response is compared with that obtained 

experimentally in Figures (5.41) to (5.44). It can 

clearly be seen how the agreement is fairly good over the 

entire range of frequencies, This agreement, however, was 

found to be worse for the points located in the low end 

of the assembly which are near to the outer edge of the 

system, This effect can be seen in the next set of 

Figures (5.45) to (5.48) which correspond to calculations 

and measurements performed in a plane located 15 cms. high 

from the bottom of the subcritical assembly. These 

Figures show how the agreement gets worse at the high 

frequency end for the points located near the edge of the 

system. This effect, which has only been noticed in the 

low end of the assembly, could be due to the effect of 

source neutrons coming from neutrons scattered inside the 

graphite pedestal and the water reflector without having 

passed through the core of the system, thus giving an 

effectively broad neutron source,
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The thermal neutron lifetime used for this set of 

calculations was 84 microseconds. The neutron velocity 

is inversely proportional to the lifetime (1 = 7a/¥) ana 

therefore a long lifetime is equivalent to assuming a low 

neutron velocity. This implies a slow propagation of the 

neutron wave (velocity ~yf/3) which consequently leads to 

large phase lags, Therefore, a good agreement between 

experimental and calculated phase shifts was not obtained, 

This was not the case, however, of the complex source 

method where relalistic neutron velocities were used both 

in core and reflector. Neutron wave propagation velocities 

should therefore be similar to those in the real system 

and consequently phase shifts should be correctly 

predicted, 

It can be concluded that the Fermi Age - 

Diffusion theoretical model is able to predict with a 

fairly good accuracy the source transfer function in the 

present nuclear system for frequencies of up to 3000 Hz 

provided that an appropriate value of the thermal neutron 

lifetime is selected. 

5.5 lLumped parameter approximation, 

It has been shown all throughout the present work 

how @ spatial effect is always present and therefore it 

has got to be considered in the determination, both 

theoretical and Creer mentary. of the source transfer 

function of a nuclear system, It is possible, however, to 

refer to the space-independent transfer function when this 

term is applied to the reactivity transfer function, 

Since reactivity is an integral or whole-reactor parameter,



specification of the reactivity effect of an input 

does not uniquely specify the input in a space- 

dependent situation, Therefore, there is no such thing 

as a space-dependent reactivity transfer function(23). 

A comparison between the lumped parameter and 

space-dependent source transfer function can be seen in 

Figures (5.49) and (5.50). Here, the lumped parameter 

distribution was obtained by using the two-group 

Telegrapher's equations corresponding to a lumped 

parameter nuclear system(22). These figures show how for 

an axial and a radial spatial distribution, the lumped 

parameter approximation does not predict at all wee the 

system transfer function,
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GAMMA MBASUREMENTS 

Most studies of fluctuations and correlations 

in neutron distributions are based upon the direct 

detection of neutrons. One exception is an attempt 

made to observe neutron fluctuations by monitoring the 

Cerenkov radiation (67). Cerenkov detectors were also 

used by EB, Kenney (68) and W.K. Lehto et al (69, 70) to 

perform reactor noise measurements by monitoring prompt 

gamma rays emitted in fission events. Both Kenney (68) 

and Lehto (69 to 71) based their experiments on 

theoretical studies of gamma noise performed by Gelinas 

and Osborn (72). Further studies on gamma-ray noise 

measurements were performed by Bars and Markkanen (73). 

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 one mean free path around. In the case of 

photons, which have much greater mean free paths, the 

gamma detector is capable of receiving gammas that have 

travelled considerable distances through the core, This, 

of course, implies that the capability to observe 

spatially dependent effects is reduced. Making a
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conservative estimate, the volume of the system which is 

seen by a gamma detector is about 50 times greater than 

that corresponding to a similar size neutron detector. 

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. 

The previous considerations suggested the idea 

of trying to find whether it was possible to determine 

experimentally the subcritical assembly transfer function 

by detecting the high energy prompt-gamma radiation 

generated by neutron iteractions within the core. 

The prompt gamma-ray spectrum contains a 

significant number of photons with energies above ~5 Mev, 

while the fission-product spectrum contains very few 

(74). Meinschein et al (75) reported that there is a 

negligible delayed gamma-ray emission due to fission 

product decay in the time interval between 1074 and 1 

sec, after fission. Delayed gamma emission in shorter 

time intervals (less than 1074 secs. after fission) 

behaves as prompt (72) and it is also a negligible 

fraction of the total gamma energy emitted per fission 

event (75). Long lived fission products can be 

troublesome in the sense that they are the source of 

considerable background due to low energy pile-up.
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Also, Chapman et al (76) show that fission-product 

gamma radiation for energies greater than 5 Mev is 

considerably less than that arising promptly from fission, 

Thus, by suitable photon-energy discrimination 

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

appears that it may be possible to obtain information 

regarding neutron fluctuations by detecting high energy 

prompt photons emitted by fission. Furthermore, the 

high velocity of photons and its long mean free path in 

water compared with thermal neutrons, suggest that the 

frequency response might be less distorted that in the 

case of a neutron detector situated outside the core, 

6.1 Experimental arrangement. 

Three different NaI(T1) scintillators were used 

in turn for the present measurements, Two of them were 

used for outside measurements and the other one was 

located inside the core of the subcritical assembly, The 

counting rate obtained from the latter (size 12.7 mm. 

diameter x 19 mm, thickness) proved to be too small and 

it was impossible to obtain any reliable information from 

it. 

The other two detectors (sizes 44.5 mm. x 38 mm. 

and 101.6 mm. x 101.6 mm.) were used for measurements 

outside the system. They were placed horizontally along 

a radius from the core centre and measurements were 

taken in different axial positions. In order to monitor 

the neutron population inside the system, a neutron 

cetector was used simultaneously with a gamma detector, 

The latter was always placed in the centre of the system
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and in the same plane as the gamma detector. 

Low energy pile-up was minimized by shielding 

the detectors and the lower discriminator end was fixed 

at 5 Mev, 

A comprehensive description of the experimental 

arrangement is given in Chapter 2, 

6.2 Results and Conclusions. 

The frequency response characteristics of the 

Nuclear System corresponding to the gamma measurements 

were evaluated by means of the computer program DATACOR, 

The code is described in Chapter 3 and is listed in 

Appendix 2. 

Fig. (6.1) shows a typical output of DATACOR for 

a NaI(Tl) scintillator detector placed outside the 

reflector at a height of 30 cms. It can be clearly seen 

how the frequency response starts falling off at a much 

lower frequency than the corresponding neutron one. 

A comparison between the neutron and gamma 

detector responses can be seen in Figs. (6.2) and (6.3). 

Here, the neutron detector has been fixed in the far end 

of the reflector and the gamma detector was located in 

the same plane but outside the system. The difference 

in response between the two detection systems could be 

partially due to spatial effects. 

The spatial effects observed with the gamma 

detector can be seen in Fig. (6.4) which represents the 

system response to a gamma detector located in different 

axial positions outside the system. 

The poor agreement between the neutron and gamma
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responses was immediately observed when comparing the 

shapes of the time dependent detector waveforms recorded 

by the P.H.A. as shown in Figs. (2.19) to (2.25) in 

Chapter 2. It can be clearly seen that both detectors 

have a similar time dependent output only for the very 

lowest range of frequencies. For frequencies greater 

than 10 Hz. and up to 250 Hz., the gamma response seems 

to be made up of two exponentials. For frequencies 

greater than 250 Hz., the frequency response is 

completely distorted compared with the neutron response 

and is not symmetrical about the mean level. 

The fact that the neutron and gamma responses 

were completely different, suggested the possibility of 

gamma rays being produced in the target assembly either 

by fast neutron interactions or by excitation by 

deuterons. 

The possibility of gamma rays being produced by 

direct excitation by deuterons was eliminated when no 

gammas were observed on replacing the tritium target 

by a bare copper disc of exactly the same geometry. 

In order to prove the feasibility of gamma rays 

being produced by fast neutronirteractions inside the 

target assembly, the flight tube was removed from the 

subcritical assembly and measurements were taken with the 

detector placed as near as possible to the target. These 

measurements proved that a high intensity of gamma rays 

with energies of up to 10 Mev were produced inside the 

flight tube and target assembly as a consequence of fast 

neutron interactions with the constituent materials.
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Figures (6.5) to (6.8) show the time variation 

of gamma rays output from the target assembly for 

different frequencies. By combining these waveforms with 

those corresponding to the prompt fission neutrons (as 

shown in Chapter 2), the shape of the resultant gamma ray 

waveforms observed when measured after passing through 

the subcritical assembly could be qualitatively 

explained, However, the physical process which produces 

the asymmetric variation in gamma ray output from the 

target assembly is still uncertain.



250 Hz 

500 Hz 

1000Hz   
FIGS. (6.5) to(6.8) GAMMA DETECTOR RESPONSE AT 

DIFFERENT FREQUENCIES
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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 different theoretical approaches 

towards the determination of the spatially dependent 

transfer function has clearly shown how a spatial effect 

must always be included in any theoretical model to 

correctly describe the transfer function of a nuclear 

system, Furthermore, both theory and experiment have 

shown that even a small system such as the one used in the 

experimental work can not be regarded as a point reactor 

or a lumped parameter model. It was found, however, that 

agreement between lumped and spatial transfer functions 

is obtained at one or two frequencies at a particular 

position. 

Comparison between experimental and theoretical 

results has shown that both theoretical methods are able 

to predict with a fairly good accuracy the source transfer 

function. However, both methods have their advantages 

and disadvantages which could be summarized as follows: 

(1) The complex source method when solved by SNAP is 

unable to give information for frequencies beyond 400 Hz, 

This might be overcome by using either a different code 

or modifying the method of solution used by SNAP, Also,
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the size of the code (200 K of core plus three discs) 

limits its use to very powerful computers. On the 

other hand, its predictions are reasonably accurate over 

the range of frequencies where the code is able to find 

a solution. Another advantage is that SNAP can be used 

with practically any geometry, including reflectors, and 

so for a wide variety of reactor systems, 

(2) The Fermi Age - diffusion method does not present 

any problem regarding any limiting frequency. Also, a 

numerical solution such as that performed by the computer 

program FERMI for an homogeneous cylindrical geometry does 

not require a powerful computer. On the other hand, this 

method possesses the limitations in accuracy inherent to 

any single region reactor calculation, mainly the inability 

to allow for reflector except as a reflector savings. 

Furthermore, the numerical solution of the equation 

describing the spatial dependent transfer function is only 

worthwhile attempting for simple geometries. 

With respect to the experimental side of the 

present work, a great deal of improvement has been 

achieved regarding the pulsing system of the S.A.M.2.S. 

accelerator. The new pulsing system eliminates the 

uncertainty of the beam being in phase with the starting 

command of the P.H.A. Furthermore, the possibility of 

the ion source not being always extinguished when the 

radiofrequency is switched off has been eliminated for 

normal rates of gas inlet to the source, 

Also, the electronic networks developed to
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simultaneously use two detectors can be used in any 

further experiments where two detector correlations are 

required. Furthermore, the expansion of the networks 

to monitor any even number of detectors is quite straight 

forward. 

With respect to the determination of the transfer 

function via photon observation, the results shown in 

Chapter 6 are somewhat disappointing. It is believed, 

however, that further research in the topic will give 

rise to more useful conclusions. 

7.2 Recommendations for future work, 

An extension of the present work should be 

possible on the following lines: 

(1) Further research in transfer functions via 

photon observation. 

(2) Bffect of different reflectors on the neutron 

lifetime and therefore on the transfer 

function. 

(3) Improvement to the Fermi Age model by 

expanding it to a two-region geometry. 

This could eliminate the uncertainties 

regarding the thermal neutron lifetime.
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A simplified method of producing a square beam current wave- 
form from a SAMES 150kV accelerator has been devised. 
Square light pulses are transmitted to the high voltage terminal 

by an optical link using semiconductor devices. The transmitted 

In a previous communication’) a method was 
described for producing a square wave modulation of 
the ion current from a SAMES type J accelerator. This 
note describes certain simplifications and improvements 
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signal controls a high voltage power transistor which extinguishes 

the ion source rf when in the conducting state. Operating fre- 

quencies are from 1 Hz to 2 kHz. 

that have been made to the modulation system. Since 
this no longer includes a modified version of the 
pulsing unit designed by SAMES the method is now 
more readily adaptable to other accelerators. 

The modulated light beam is still used to transmit 
the signal to the high voltage terminal. Since the light 
emitting diode type MGA 100 is now obsolete it has 
been replaced by the more efficient type 1A48. Also 
modifications have been made to the driving circuit 
so that the transmitted light pulse follows the shape of 
the driving pulse instead of producing a short light 
signal coincident with the leading edge. The revised 
circuit is given in fig. 1. Driving signals are taken 
directly from the output of a dividing circuit con- 
structed from SN 7490N and SN 7493N integrated 

circuits. 
When run for long periods the bistable circuit, 
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Fig. 2. Receiver and pulser. 
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to drive the switching pe: 
sensitive to supply voltage variations 

and consequently did not always respond to the trigger 
To overcome this the bistable circuit and the 

switching pentode were replaced by a single high 
yoliage npn transistor type BUIOS. The base of this 
was driven by a square wave voltage signal derived 
from the transmitted light signal and the circuit for 
achieving this is shown in fig. 2. It was found necessary 
to include adequate screening and filtering against the 
intense radio frequency signals produced by the ion- 
source oscillator. One advantage of this method is that 
the beam pulse is in phase with the transmitted pulse 

“whereas previously the phases could differ by 180°, 

depending on the initial state of the bistable circuit. 
When the base of the BU105 is made positive the 

transistor conducts, In this mode it is used in one of 
two ways to shut off the ion source radio frequency. 
The first method, which was used in the original 

SAMES pulsing unit, is to reduce the voltage of the 
oscillator screen grid to near earth. This leaves the full 
high tension on the anode and on the coupling straps 
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to the ion source bottle. In consequence the plasma, 
under certain combinations of gas pressure and high 
tension voltage, may not always extinguish completely, 

thus giving some ion current during the off period of 
the cycle. An alternative method, which has proved 
consistently reliable, is to use the BU1OS5 to short the 
high tension supply to the whole oscillator to ground. 
A 2kQ 100 W wirewound resistor was inserted into 
the high tension lead between the power pack and the 
BUI05 to act as a current limiter, 

This method of pulsing can be easily adapted to 
any desired rectangular waveform where the on period 
differs from the off period, simply by applying the 
appropriate waveform to the input of the transmitter. 
For an applied square wave the system has been found 
to operate reliably in the range of frequencies 1 Hz to 
2 kHz. 
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APPEND 3 

COMPUTER PROGRAM FERRI 

LISTING 

CGO IO III III ITO ITO ITO EIU RIAA A EE 
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THIS PRIGRAM REQUIRES ThE FULL JWING INPUT? 

PLUT CUNTRUL FUR PLOTTING GRAPHs1 YESs1 Ni) 

PEXP CINTRIL Fuk EXPERIMENTAL CUMPARTS INI YES» 0 NO 

EXDAT EXPERIMENTAL VALUES FUR CiIMPAKXIS IN» FIXED AT 14 

NF MAXIMUM FREQUENCY 2UP Ti SONN HZ. 

INCR STEP JF INCREMENT IN FREQUENCY 

RADIUS IF THE SYSTEM 

HEIGHT UF THE SYSTEM 

THITAL ERRIR ALLIWED 

RETA 

1 TAU 
1 RADIAL CiUJIRDENATE DETECTIR 

3 AXIAL CIIRDENATE DETECT IR 

L DIFFUST-IN LENGHT 
FERMI AGE 

SL FAST LIFETIME 

TL THERMAL LIFETIME 

RKF  MJLTIPLYING FACT JR 

EE ERRIR ALLILED FOR RDITS JF CHARACTERISTIC EQUATIJUN 

DFAC FACTIR IN DR AND DI CINCREMENT FIR CINVERGENCY) 

  

  

CHAE EER A EEE EE RHE REAR TETRA TRE RARE SARA AEE EE EAE 
eee eee 
c 
c 

INTEGER PLUTsPExP 

DIMENS LIN," BE (20) 5D0 640) 54Z(20) DIFER COND) 
CIUMMIN FROCSONIZSAL (S00) 2A2C6S90,THE CSOD) sTHACSNOD 

CAMMIN EXDAT C14) 
DATA BES 62694655 +11S8N4s 737125 6540565 1426425 352315 
120300335 +926169s 1231655 M2ANTI4s ML EASIZI» M1241 Al 4s oI SINI2L > 
22014737965 013735845 «112859565 0121s NLL 406245 DINK 6s 126169 
BY 5 82/2240 48556520128 -6537511 7915914 +9309 1 HeNTIL 92) 21165 
42.4+3525 927 64935 930 +6346 2339+7758 23669171 9 40 01 R424301998 946 34122 
S49 +4626 952 6241 55927655256 +90 10 562 © MARS7s SI 9 IQs S39 SASL 2932475 
6ZLZsCT oP 1278 66S HE 964957 298TH 96 e2BSILESSIZeCFACZI NZ IS/O7 oo 
TCANSZ0 670779119 1251321471 4992299257 

TL FURMAT (F201) 

  

701 FIRMATCIA) 

1NN1 FIRMATCIHIZ,110H SPACE 
  
NEPENDENT TRANSFER FUNCTIUN IN 4 CYLINUKICA 

TLoHIMIGENENIS AND MULTIPLYING NJICLEAR SYSTEM 911326 

@H FERMI AGE-OIFFUST IN MIDELs77777532h NUCLEAR SYSTEM CHARACIERI 

BCSte7//INXs 1 THRADIUS SYSTEM = sFSe2o3HCMes//s10X%e 1 THHEIGHI SYSTEM 
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4 = oF 502s 3HOM 
SDIFFUSI IN L 

Beefs iNXoe 

AAA 7 ANH SQ2HMULTIPLYING FACTOR = sF6e4977510%220H 
GTH = sFA+3s3hCMes 77s 10K 1BHFERMI AGE = oF 602, 4HCh2 

HTHERMAL LIFETIME = sF9«6sSHSECS «977s 1N As THFAST LIFET 

TIME = F9+6s5HSECSe+// a1 Xs BHBETA = sF9+6e77s10%sTHIAY = oF Beds 
8///522H NUMERICAL PARAMETERS 227/710 Xs1SHTITAL ERRUR = oF 865977510 
OXsS4HERRI ALLIWED FUR RI ITS IF CHARACTERISTIC EQUATIUN = oF E6597 
V/o1NXs42HINCREMENT F Jk CUNVERGENGY UN DR AND DI = oF 6.5) 

1003 FURMATCIHIZ, 79K THE TRANS. FUNCTIUN IS BEING CALCULATED Fuk THE 

IFULLUWING PUSITION 7/7519 Xs1OHRADIAL = sF6e323HCMe 97910 %2 9HAXIAL 
2 = oF 6637/77 26% s AHF REN 2 12 Ks AHREAL Ss 12 %s AHIMAGs 13XsSHAMPs 1 4X22HOB » 
B31ISX>SHTHETAs11 Xs SHTHETA 96%s SHIERMS) 

1N94 FURMATOIH sTEL6+7sF 7-0) 
1007 FORMATC 41H9 VALUES (IF NCT1s NR» Ns RBs S3> 

1 s31HFs RARSs RAIS» ARE 2/5315, 2E20-8s 
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TLIL READ CS +701 NF s INCR 
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IF (PLT 152529998 

9998 CALL “IPENPLUT 
S WRITEC651091) RsCoRKFsDLsTsTLsSbs857T 1 sEsEEsDFAC 

WRITE C6,1093)KIsZ3 
NFENF/INCR 42 
DL2=DL+0L 
RISRUZR 
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JIO=J1 
DJ 4M 1=1.NF 
Gd T:1€4N9N 54001 5400224003). 510 

4000 FRICI)=0-0 
JIN=J2 

G1 Td 4014 

4001 FROCI)=160 
J10=J3 

GU Td 4n04 
4002 FROCID=INCR 

JI0=J4 

Gi} Ti) 4004 

4003 FROCID=INCR¥CI-2) 
4004 F=FROCI) 
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R6=Ne 

ARS=0 +
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KF/C) e+ T12) 
KD* CL e+ TP W2 408) 
KD4TIW#8 

1 
IF CF 691) 36005625 

600 IF CNY)60556052390 

O
N
Z
Z
A
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T
G
O
D
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>
 

695 N 
8 S/R HED 
ue +*R2S 
D ++DL2*825 
a L2+T 
B TADTIT+DL2)7(A1 742 -) 

c DTIT-RKF EXP C-TBITZALT 
oO 317%817-C17 
IF COL7)1N22N 20 

IN ROZ= BIT 
Gi) Ti) St 

20 RC2=817-SORT (O17) 

CRR 3*S0RT C802) 
GI 7) 300 

625 Nr=0 

300 CUNTINUE 

DU 70 N=1,20 

B2N=(BZCN)/R) ¥42 

DLBN=DL2*H2N 

TBI=T#R2N 
AA=1e 

301 CIUNTINJE 

IFCRI)33352 

2 CALL F4INCBZOND FR IZAAD 

3 CINTINUE 

COl=1-+DL8N 

Cu2=AA/BECN) 

NR=D 

4 CINTINUE 

EF=EE 

CALL RI ITS(CULsDL2sTS1s Ts tSoiToRKoSKs Nx sAD2sR025 

TANS BNs EF sCFAC sDFACs JI » J25J39d49d5) 

IF CEF-9-59302s3N2s2001 

2001 A=0- 
XK=N- 
GY TI 101 

302 CINTINUE 

RCL=T*402-TBI 

SC1L=T#302 

CALL CMPLXCJ4sRC1 sSC1 »RC25SC25 N59 J5) 

IF CRKI30394134393 

413 RC3=1+ 

SC3=0- 
GJ TJ 41s
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9ns0 

91N0 
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gang 
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sa 
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201 

=17i- 

CINTINJE 

RCZ=DL2A47T*(C1-NL2a*4ap2) 

SC3=T4 (WT-DL2+R8N2) 

CUNTINUE 

CALL CMPILXCJI sANS 8NeRO39SC32RC49SC4) 
CALL CMPLX(J22RC2 + SC2 skC4sSC4+RETS2SC5) 
RN=RCS*CU2 

SN=SCS*C112 

  

FM=0- 
NCT=0 

NCT1=0 

GT=n. 

€ INT INUE 

GP1=Z3+G6T 

ZFP1=GP1*4N-CRR 

CALL CMPLX(J4s-ZFP1 »-GPI*BNoR12 2812555255) 

IF (M)92N 9202905 

GPL =GT-Z3 

ZFP1=GP1#AN-CRR 

CALL CMPLXCJ42-ZFP1 »-GP1L#BNsR22 2522555955) 

  

RIQ=PIT*(R12+R22) 
S12=P1T*(S12+S22) 
CUNT TINUE 

CMPLXCJU1 RNs SNe R12 9S120R201) 

3+01 i 
34DR 

ABS COR) 

  

ARS=AR3+AB J 
S3+AB4 

IF CMD CNR 229999595902929050 

RARS=1 + 

G1) T) 9190 

RAR3=AB IZAR3 

IF €AS3)92003901029209 

RAI3=0+ 

Gd TJ 405 

RA13=ABAZAS3 

CAU=C JU+1 + 
IF €C1U)30 53029 

CONTINUE 
IF CNCT-10095525551 

NCT = 
NCTI=NCTI+1 

WRITE C6 21997) NCTIoNRoNeR32S39F 2RARBZRATS 

IF ONCT1-59$9255271 

IF CRAR3-E 156 256230 

IF CRAI3-E£957257230 

Gi T) 65 
PM=FM+16 
M=M+ be 

NCT=NCT +1 

GT=CL*FM 

IF CCGT-2 «*Z3)*4N-19-9505965565 

IF CRKI2N1 22012259 

IF CFMI7S 975270 
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299 TF CFMI269.26024 

260 TF CNR-197575970 

70 CUNTINJE 

7S CANTINJE 

RRS=CUS OWS) 

SRS=-SINGHS) 

CALL CMPLXCJ1 sRRS»SRS2R3B2S32R69S6) 

IF CP) 74Al TAL 142 

741 RNFERG 

142 A=REZRNE 

%K=S6/RNF 

101 C INTINJE 

DDCLI=C )I+1 

AL CT =SORT CAA K AK) 

IF CI-1) 89NN2,80002e0N4 

69N4 IF CSSS)28NN3,80N3,8000 

603 DIFERCI=CiINS-41 C1) 

IF COIFERCT)289N0.6001 58101 

eNO) DBL INCKADIFERCT DZ CAL CI-19-Al CT) 4FROCT-1) 

SSS=1-1 

6000 A2C1II=ZLZ*ALIGCAI CID) 

THE C1 =CT#ATANCKKZAD 
TH2€1)=16M e-THECT) 

URITE C621 094)F sAs XKs ALCL) 2A2CI)s THE CI) sTH2C12 20001) 

40 CUNTINJE 

WRITE C651NN1993LS 

IF CPL.1T)99975999729996 ° 
9996 CALL PLITTERCI1 2122135 14s NF sPEXP) 

9997 CINTINJE 

ST IP 

END 

   

  

   
   

    

SURRIUTINE CMPLXYCNRTLeR1 2S) 9X2 5S29R32S3) 

Gi) T€1524354)2NRTL 

P*r2=S1*S2 

1#S2+R2*S1 

GJ TJ an 

    

     

  

  

2 242 +S24S2 

R1#R24S1*S2)70EM 
R2Q#*S1-R1*S207DEM 

GJ T) 20 

3 

ORT CK3*R34+S34S3) 

ORT CCC FRB I* 6S) 
IF (€S3)192102100, 

18 Se=S3 

G:) T-) an 
ORT CCC I1-R3 #65) 199 S4= 

  

IGN(S4.S3) 
aq      

an



m1 {32 

SUBRIJJTINE RIITS CORBIS DLs TBI oT uSoWT ons SK 

Tl» Jes J3sJ49J5) 

PNR ae Be AAs Hi sE oF sF2o 

DIMENS TIN AX C500) sBR C500) AAR CSNN) ABRCSNDO) »CIITCSIND 

1995 FURMATO IM051S%571H NUMBER INTERACTIINS EXCEEVED 109 -DECREASE vALJ 

1E UF INCREMENT DR AND DID 

KC=0 
F3=F 
FlsF2 

TF CNR) 255252100 

25 CHNTINJE 

SKT=6 -284F 3/T 

IF CRK~ 615939530550 
30 RI=D31Z70L 

SpswT/7ObL 

IF CRKI5995005200 
50 CJNTINUE 

DB2=DBI 

    

CALL GUESS ()R2sDL2.1TR25T2 2 S2oUT2 2RK2oR1 9 S19 dl 2 JA2 S39 S49 dS) 

GU 77 enn 

100 CINTINUE 

S2=BRONRD 

S=BRCL) 
Ss Se+si) 

IF CNR-2990 99095 
90 RI=ARCI) 

GT) 96 
95 RI=ARCNR-1) 
96 CINTINJE 

IFC MIDCNR229910522005105 
10S CINTINJE 

IF ¢€S)J)70924002700 
5 SIGNCSKTsS J) 

a) 

400 531 4+SKT 

200 CiINTINJE 

CuoU=0- 

201 1pyY=1 

RERL 
$=S1 
IF CF1921022072210 

207 Fl=l. . 
210 CUNTINIE 

1-DL#R 

   

    

   
   

CALL CMPLACJ4sRC2 sSCP sRCO3SC3+JSS 255) 

CALL CMPLXCJIsRC1 »SC1 »RCO3+SC3sRC49SC4) 

SCA-RK 

C4+Sk 
CUUSC It] © 
NCT=NCT+1 

  

 



STAs 

ROS=DL4T ret 

SCS=T+SCl 

CALL CHUPLACII +RC3sSC3+RCS2SC52YPs ZP) 
CALL CMPLXCJU22Y1sZ1sYPsZP20R,0S) 

RISRFORAF 

SI=S#nSaF 
250 CuNTINUE 

RE=ARS CORZRY 
IF CS) 7099700157000 

7001 SE=N- 

Gi Ta 7ANe 
7000 SE=A8S(DS/S) 
7002 CONTINJE 

IF Gi 225522555260 
2270 +279 2260 

  

  

255 

260 

  

IF (C:1J-99+2210 52102268 
268 KC=1 

G1 TO 60 
270 CANTINUE 
510 A=R1 

B=S1 
NR=ENRAL 
AR CNRI=ERI 
BRONRD=S1 : 
CALL CMPLXCJ35R1>S1+RCL»SC1>Jd59J5) 
AAERCI 
8 oI 
AAR CNRIERCI 
BBRONRI=SC1 

      

CWUT CNR =ClU 
IF CNR~109961955105510 

Sig KC#1 

600 IF CKC)61156105605 

695 WRITEC651005) 

E=10+ 

610 RETURN 

END 

SUBRIUTINE GUESS(CO31sDLsTH1s To WSs To RKeR1 Sls dls J22J532d49d5) 
“W1)12292 

  

WFACEWT 
GOT) 5 

2 Nwe 
WFAC=uS 

S CINTINGE 
DI=N81-1e 

IF CTBI-DT)7>ksF 

7 NCH 
TFACSDT 
GA TI 1a 

8 NI 1 

TFAC=TA31 
10 CINTINUE 

IF CKFAC-TFAC) 12513513 

  

 



met Tie 

NU i 

CUNTINJE 

IF CNJ2N.20 250 

at DL+T 

R1=C-ALAG CRKIF0T4TB1DZTIG 

SI=CWS4NTO7TIG 

GI) TJ 100 

CONT INJE 

TLF=2.*T*DL 

PL=f*b81 +DL 

QU=WwT*T 

P2=02 

CALL CMPLXCJ4s-TBI s-WS »P2 202255255) 

-RKFP] 

B=WT-RK*02 

Pa=04 

CALL 

   

So 

    

CMPLX CJL P1291 sP1 201 2P 4294) 
PS=P4-2-#TLF APS 
05=04-2-4#TLF#03 
CALL CMPLXCJ32P52059P32932559Jd5) 
RL=CP1-P3)0/TLF 
$1=(01-03)/TLF 
CUNTT NUE 
RETURN 
END 

    

1n0 

SUBRIUTINE PLIPTERCT1s 12213214. NF sPEXP) 

DIMENST IN ¥C5002s¥ C500) 
DIMENSTIN FR(2)2AM (2), TEXT1 C4), TEXT2 C4) 

CUMMIN FRO6590 22416500) 2A2 C500 sTHECSON 
COMMIN EXDAT(14) 
DATA AMC1)/BHAMPLITUDZ 24% (297 8HE 

VHY CHZ) 
QER FUN/sTEXTI C407 8HCTIIN 
3FUS/>TEXT2 (3) 78HTIN MIDESsTEXT2 (47 6HL 

A/ + TEXT3 (276K IN EXPER/s TEXT3 (3) /6HINMENT 

5EXT3 (5) /8HRETICAL 7s TEXT3 66 2/fHRESULTS 

6402) 7 BHCAL 7a TEXTS CL Z&REXPERIMEZ oT 

    

   

      

CEFF =EXDATCIDZAL C2) 

DQ 1 T=teNF-1t 

XCLISALIGINCFROCEALID #1 25 

YCTISALCT +10 4265 

IF CPEXP Tot 

YCLI=YCII*C JEFF 

1 CUNTINJE 

CALL HGPLITC-S-+M510 +1054) 

CALL HGPLIGAXIS CO +MsN ef sFRe-I1> Seal 

caLe HGPAXISV CO «091 69 2AM2 124265290 Dole 

IF CPE XP 252576 

CALL HGPSYM3LCA -f 

CALL PGPSYMIL C3 ede 4o-l2eTEXT4o0 Mo 

CALL KGPSYWBL(3 +522 074s ed 25TEXTS 20-941 

CALL HGPLUTCA-0 93612320) 

CALL HGPLUT C3 eh s2e) 

CALL HGPLIP (3-1 22682997) 

    

     

  

   

oTEXT3 (6) sTEXTAC2) 5 TEXTS (C2) 

2,TH2 C50) 

7sFROL)/EHFREQUENCS sFRO2 978 

Zo TEXTI CL) /6HTHE JIRET 17 TEXT 1 C297 6HCAL TRAN TEXTI C3) 78HSF 

7sTEATACI IE HFERMI AG/,TEX12(2)/8HE-OIF 

7sTEXI3 C1 7ZEHCUMPARIS 

QL /sTEXTSC4)78RAND THEUDZsT 

7s TEXTACL/SHTHENRET IZ TEXT 

ExTS(2)/68HNTAL 4 

2924) 
00+250+522) 

B-SoMel 25s TEXTS 9M 0 247) 

1) 

2)



176s 

CALI. HGPLAT(32.9,2.%, 2,0) 

CALL, HOPLATC3.1559-%5,35N) 

CALL HGPLUTC3.1529.75,25N) 
GO TO 7 

S CALL HOPSYMPLON-1M53-5,0 615s TEXTI»M-W513) 

7 CALL H YMELCN «INS 3els Nels TEXTAsMe Ms TA) 

CALL HGPSCURVE (Es YsNF-1595961,959) 

IF CPEXP)3,354 

4 CALL PLOTCROSS 

3 CALL CLOSEPLOT 

RETURN 

END 

    

SUBROUTINE PLOTCROSS 

DIMENSION %(14)sYC14),F¥FPC14)s¥XC15)5¥YC15) 

co NS FPOCSOND > ALCSNNISAACSANIs THECSANIs THOCSNN) 

COMMON EXDATC14) : 

DATA BY FR/1 +024 70s 95 e Ms TAS ¢ MNS LIK Ns PTT Oo Ns ORS oN AB5 oN HON Ns SIAN 
15831 -9,95MI,1470 Ns AA5N NS 

  

PC1I)#1-95 

  

YYCT)=YC€1) 

CALL 

CALL 

CALL 

CALL 

CALL 

CaLL 

CALL 

  

CALL ASTSYMPOLCKXs Y¥s15315-1359) 

RETURN 

END 

FINISH 

EXAMPLF PUT DATACFORMATS DO NOT COR 

1 1 

09-9767 19425 Ne9PPT NeRORG Ne-PERS 
N<76%3 0+ 72R7 Ne CORT N-6437 N.5352 

eannn 5n 
39.0 R163 nena NeAN6S 
169 ANG A-ANAHIA HennnnRA 

HGPLOTCXC1)sYC1)53,0) 

HGPLOTCXCI24+S5YC125259) 

HGPLOT(Y C1) =S2.7C292 150) 

HGPLOTCXC1IsYCI5159) 

HEPLOTC¥ CIS YC1II+S5150) 

HOPLOT(XC1)5YC12-S5120) 

HOPLOT(XC12sYC1)5159) 

    

     



AT 

3-- LINEPRINTER OUTPUT Ry. 

    

SPACE-DEPF 
MULTIPLYIN 

DENT TRANSFER FUNCTION IN & CYLINDRICAL,NOMOGENEOUS AND 

NUCLEAR SYSTEM 

  

FERMI AGE-DIFFUSION MODEL 

NUCLEAR SYSTEM CHARACTERISTICS: 

RADIUS SYSTEM = 39.9NCM. 

HEIGHT SYST n 

  

61-30CM. 

    

MULTIPLYING FaCcTOP = .f450 

DIFFUSION LENGTH = 1-99 0CM. 

FERMI AGE =. 40+6NCM2. 

THERMAL LIFETIME = f-NNO0NG4SECS. 

FAST LIFETIME = -NN0M13SECS. 

BETA = 0-noésoo 

TAU = 12-7000 

NUMERICAL PAR 

  

TOTAL EPROR = O.N4nnn 

    OR ALLOGED FOR FOOTS OF CHAR STIC EQUATION = 9.0190 

INCH 

  

FOR CON 

  

FNGY ON DR AND DI = fesonnn 

THE TRANSFER FUNCTION IS PEING CALCULATED FOR THE FOLLOWING POSITION 

RADIAL 

AXIAL 
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4— GRAPHPLOTTER OUTPUT EXAMPLE 

A-PEXP=1 

COMPARISON EXPERIMENTAL AND THEORETICAL RESULTS 
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