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SUMMARY 

A square wave input of fast neutrons from the D-T reaction 
. accelarator. The fast neutrons were 

thermalised by an iron-polypropylene arrangement which designed 
to provide a plane source of thermal neutrons with minimum pulse 
broadening. The thermal neutron waves were propagated axially in 
a water assembly with and without voids, The time profile of the 
thermal neutron pulse was recorded with lithium glass scintillation 
counters input to a multi-channel pulse high analyser used in ea 
tims sequence storage mode and synchronised with the source pulsing 

, frequency. 
Form a Fourier analysis of the recorded thermal flux, the 

frequency response of the system wes measured as a function of 
source frequency, position and void dimensions. This provided 
information on the space-dependent phase and amplitude of the wave, 
from which the attenuation factor and the phase shift per unit 
length were evaluated. The streaming factor of each water-void 
assembly was found to be a frequency-dependent quantity. 

The dispersive properties of each assembly were expressed 
through the dispersion relation which relates the inverse complex 
relaxation length of the wave to the frequency of excitation and 

the nuclear properties of the system. 
Three independent models were developed to calculate the 

dispersion parameters of the systems. The first model was a one 
group diffusion theory; the second model was based on a solution 
of Tlegrapher's equation by P-1 approximation to account for 
transport effects, and the third model was to account for the 
thermalisation effects from the presence of a non-Maxwellian 
neutron energy spectrum. Calculations based on thermalisation theory 

predicted the experimental observations fairly well at frequencies 
less than 600 Hz. 
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1.1 An introduction to analysis techniques for neutron streaming 

  

The problem of neutron transport in heterogeneous media is one 

of great importance in reactor physics. The physical dimensions of 

any nuclear system depend largely upon the mean displacement of 

neutrons from their birth to the point of their capture or escape. 

The presence of empty spaces serves effectively to lengthen the neutron 

mean displacement and, consequently, increase the critical size of the 

reactor. 

Voids in research reactors, in the form of irradiation holes, 

control rod sleeves and in-core instrumentation, are important design 

features. In power reactors, voids occur in the form of cooling ducts 

ang sometimes as part of the control features. Therefore, an accurate 

knowledge of the effect of voids is important for the design, 

operation and safety of all reactors. 

& first order effect of cavities can be found on the basis of 

the overall reduction in the density of the medium. A decrease in 

the average density means e corresponding reduction in the average 

macroscopic absorption, }, Bo scattering, )7 + and transport,) 4. tr? 

cross sections. From diffusion theory one can predict that the 

diffusion area, (L), will be increased accordingly. This is only an 

  

roximation, for when &@ void channel is introduced into a medium it 

  

P 

will cause an anisotropic fusion of neutrons due to streaming along 

the channel axis. Therefore, direction-dependent thermalisation and 

  

diffusion parameters are recuired for more accurate analysis.



ee 

Numerous attempts have been made to provide a theoretical basis 

for neutron streaming effects. Section 1.3 will deal in detail w: 
      

ith 

ng the therm 

under test. Two theoretically equivalent methods are used, namely, 

the pulsed sources technique, (PST), and the neutron wave technicue, 

  

In the PST, the neutron leakage rate is more directly 

measured by relating it to the time behaviour of the neutron flux 

following the introduction of a neutron burst into the assembly. In 

the NWP the neutron field is excited in some periodic fashion and the 

disturbance created is called a neutron wave. This disturbance 

@escribes the collective behaviour of the neutron field according to 

the mode of its interaction with the nuclei of the assembly. The 

inverse relaxation length, (0), of the neutron wave, i.e. the distance 

travelled by the wave to reduce the amplitude of the damped 

oscillation by a factor of e, the variation of the phase angle and the 

decay of the amplitude of the wave are dependent on the frequency of 

modulation, as well as on the diffusion and thermalisation parameters 

of the media in which the wave is propagated. 

Although Nw? has many advantages over PST, it has not been applied 

to the problem of neutron streaming in empty channels in a moderator. 

Moreover, the application of this technicue for multiplying assemblies 

   containing empty channels can be cited in very few publications, 

QUDDUS, et al (1969) and WARNER (1970). 

1.2 The extent of the present work 

The present work is an attempt to apply the Nw2 to study the



Giles 

  

   the initial condition of neutron source 

  

experiment. A considerable effort was expended in 

an optimum 

  

resultant source character: 

  

stics are presented in 

  

work. A lattice containing seven empty, parallel cylinders was 

placed vertically in a tank containing 800 litres of water. Four 

different lattices were used, of different cylinder radii but of the 

same effective height. The detail design of the assemblies is given 

in Chapter Three, while the neutron detection technique and the 

relevant electronic circuitry is employed in neutron flux measurements 

within the assembly presented in Chapter Four. 

  

The frequency response of the system, th and without voids, 

was measured. The observed effects of the voids on the shape of the 

frequency response curves of the system and on the neutron wave 

parameters are presented in Chapter Five, as well as the methods 

developed for analysis of the experimental Gata are presented, 

together with the evaluated parameters of the neutron wave from which 

the diffusion and thermalisation of the system can be evaluated. 

Three theoretical models were employed to evaluate the experimental 

results. The development of the theoretical models is presented in 

Chapter Six. Chapter Seven deals with the comparison between 

  

theoretical results predicted by each model with those obtained 

  

  experimentally. Finally, in Chapter Bight some principal conclusions 

drawn from this work re given, in addition to some experimental and » 

present work. 

  

1.3 A literature review 

The work done in the field of neutron stre ng through voids in 

  

@ nuclear system can be classified according to the experimental



eo.
 

These can be ided into two 

  

condition of the neutron source 

    

A static approach based on 

  

sources; 

    & @ynamic approach based on time-dependent, pe 

or non-periodic sources. 

1.3.1 The static experimental and theoretical treatment 

In much of the theoretical work, the problem is treated by 

homogenising the heterogeneous effects created by the presence of 

voids. BEERENS (1949) determined the characteristics of a 

theoretical medium in which the neutron distribution coincides with 

  

the cistribution of a real medium averaged over a cell. Similer, but 

more detailed work was carried out by CARTER AND JARVIS (1961), which 

reached a different expression for the radial effects. However, 

better results are obtained by the application of the iteration 

methods: the Monte Carlo calculation used by SCHAEFER and PARKYN 

(1958) and the perturbation theory applied by MARTY and SCHENEESERG 

(1962). Although the iteration calculation predicts better results, 

itisa lengthy computational approach. 

In his early work BEERENS (1949) derived a formula for cavities 

of an: shape, assuming that the cavities were uniformly distributed 

in @ homogeneous neutron flux and that all neutrons had identical 

  

probability cf passing through them. Taking the diffusion area, 

as a reference, Behrens obtained the following relations: 

i. For parallel cylindrical cavities of any cross sectional 

area located at a great distance apart so that the neutron 

does not traverse more than one cavity during the time of 
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where Li, and Ly are the parallel and perp: 

diffusion areas for the anisotropic lattice, L, is the 

  
diffusion area for a homogeneous lattice, m is void to 

  

material ratio, @ is a constant dependent on the shape 

of the void, r is the hydrolic radius of the void, 

which can be calculated for any void shepe as: 

  

void surface area 

and Agyp is the transport mean free path of the neutron 

in the moderator. 

though Behrens gave an approximation formula which can be used 

for any distance between cavities and any shape of cavity, equations 

(1.1) and (1.2) cannot be applied to the case of non-uniform 

  

tribution of holes or to the presence a small number of holes. 

GRANT (1958) proved that equation (1.2) is incorrect in slab 

geometry. CARTER (1961) applied appropriate boundary conditions for 

&n asymottic neutron flux on the cavity surface. He gave a 

different expression for the radial streaming: 

2 
Lj r+ m2r + Dy_) 

Ss = 4 2 tee [2s | voedainn, Tee 
Lb r+h, + ZA, 

ich gives lower values of (sy) than those obtained from equation 

  

1.2. Calculation of Si and Sy carried out by SCHAEFEER and PARKYN



ey 

  

s for both (1958), using a Monte Carlo method, gave lower     

   streaming parameters. 

BENCIST (1968) produced a general treatment 

  

gives, as a first approximation, the 

  

y Behrens. Three corrections to the 

to allow for: 

    

the consecutive passage of neutrons through the same 

channel; 

the interaction between Gifferent channels; 

  

iii. the finite dimensions of the void cell. 

  More satisfactory results, based on an analytical model which allows   

for flux mapping inside the channels, and hence, for neutron currents 

along a channel wall, are given by BIEMAD et al (1964). He also 

reports a set of experimental results in good agreement with his 

theoretical prediction. 

rom the above discussion it is evident that there is not a 

  

Single, general but rigorous theory to the problems presented by 

experimental work employing steady state neutron sources. This 

demanded a new approach; the problem was resolved by the dynamic 

experiment using periodic and non-periodic neutron sources. 

1.3.2 The dynamic experiment techniques and theoretical treatment 

Most of the experiments to be discussed in this section can be 

Givided into two classes: 

i. Experiments using PST; 

ii. Experiments using NwT.



ager 

  

PST to neutron streaming problems 

  

GOID (1964), « 

    

   

  

exponentially 

  

   jection of @ burst 

  

exponential decay, caused by leakage and absorbtion, depends on the 

size and the shape of the system i.e. on the geometrical buckling, 

2 : ; . 2 
(3D) as well as on the nuclear properties of the moderator. It was 

assumed by DAUGHTRY and wWALTNER (1965) and by JOSHI et al (1965) 

  that the variation of the decay constant (,) with the buckling at a 

  

‘ 5 a 
given temperature can be expressed for 4 &) moderator as: 

Aaa DB? - cst + FEC Halse idee eta eniclarweieinsi es hat 

where ) ot ve ,» Dis the diffusion coefficient, C is the 

diffusion cooling, which accounts for the higher probability of 

leakage of higher energy neutrons from the system boundary, and F is 

&@ constant which accounts for the spectral variation of neutron flux 

and is called the spectrum hardening constant. The PST method is to 

measure the time constant () ) of the decay and to correlate it to 

the geometrical buckling, (Bs of the assembly. The resulting ()) 

  

versus (Be) curve is analysed in terms of the diffusion parameter of 

the moderator. In 1965 the Proceedings of the Symposium on Pulsed 

Neutron Research, organised by IAEA, were published. In the first 

volume there were many contributions to the application of PST to 

non-multiplying assemblies. The extensive theoretical work of 

Ci 

  

IGCLD (1965), wOOD (1965) and PUROHIT (1965) provided a sound 

analytical model to the problem of the neutron thermalisation 

parameter. OOLE (1965) gave an excellent review of the application 

of PST to the measurement of neutron spectra in moderators and



reactor lattices. The common difficulties shared by 

  

' 0 1 

y : 2 eae 
ying ()) versus ()) curve analysis were: 

  

ii. 

iii. 

of @ non-asymptotic neutr 

  

background, especially in 

   

like beryl of 

  

the low ener @ limit beyond 

which () ) cannot be detected discreetly; 

the calculation of (B”) from a given dimension of 

the scattering medium, where the extrapolation 

A fey : oN 
distance decreases with the increase of @) cue 

te diffusion cooling effects. 

the statistical fitting of the (, ) versus (3_) 

5 ey 
curve and the lensth of the (e) interval use 

  

BULL et al (1970) performed an experiment on a graphite system and 

suggested a solution to (i) by placing the system in cadium-lined 

box with a borated polyethelene shield. To overcome (ii), the 

extrapolation distance (d) was calculated by an iterative method 

from the diffusion constent, Dos for a given energy distribution 

as: 

Gp) Se Dae ae clear pete Ces cial SRA Oona Tas 
v 

. 
To overcome (iii) it. was suggested that es intervals should be 

increased for small size systems and decreased for a large size 

system, to provide better statistical fitting. 

The application of PST to study the effects of void chi 

  

anels in 

moderating media were reported by UTZINGER (1965), PAGE (1967), 

DENIZ (1968), BULL et al (1970), DANCE and CCNNOLY (1971). 

* the g suffix to the buckling will be omitted hereafter 

They



= 401 

   d the principle suggested by ? (1969) that, for streaming 

  

direction-dependent diffusion parameters must be used. 

Benoist defined a direction-dependent diffusion coefficient (,) in 

term of leakage (K) as: 

    

3 3 

K = — D,. Be sss cere ax dy éz oe oe NG 

where Te va) is the space dependent flux in an anisotropic system 
93s 

and k refers to the directions x, y and z. If the k direction is 

designated parallel and perpendicular to the axial direction of the 

channels, then: 

  

De aD and Deeb 
its yy lI z 

Beas) oe eS i + —i : sie sieisieine 
i Gees (y + 24)° 

DANCE and CONOLLY (1971) solved the equation for neutron transport in 

the void channels and described the time behaviour of the neutron flux 

in the moderator in relation to the void dimensions. They found that 

& single decay constant cannot describe the neutron population decay 

following the introduction of a neutron pulse into & system containing 

void. The application of PST to evaluate the direction-dependent 

a@iffusion coefficients of 4 system requires a definition of the 

parallel and the perpendicular diffusion coefficient in terms of 

parallel and perpendicular leakage, i.e. yee Ky. The parallel 

leakage Ripon unit flux per unit volume can be found from the 

following relation: 

2 

Rye Py er Mtxy,2) ax dy dz eeialarats cere



    The total volume-intergrated flux refers on to the flux in the 

2, n by ° = E a o o 1 8 Pid]
 

s an o °. WW S ip o = 3 2 fe
 a moderetor, and the flux in the voi 

reguire @ prior knowledge of the 

  

    void channel or, h certain 

CONOLLY (1971), the knowledge of the ratio of the actual volume- 

  

intergrated flux to the simple cosine flux that would exist 

the voic. Another approximation is to neglect the void-moderator 

interface flux variation. Therefore, the validity of extending the 

conventional PST to anisotropic system requires many approximations 

and assumptions. 

  noccuc pplication of Nw? to neutron streaming problems 

In this type of experiment, the neutron field is excited in some 

periodic fashion. The resulting disturbance is called a neutron wave. 

when a periocic excitation ef frequency @) is injected at the 

boundary of a moderator at the plane Z=0, an attenuated plane neutron 

wave travelling in the positive Z-direction can be represented as: 

Pies fe Exp. -{az- j(wt -¢z) Ralsheceiesea gies tO 

where, A. is a constant for a source symmetric along the Z-axis, ° 

a is the attenuation constant, i.e. the reciprocal of the 

attenuation length of the envelope of the wave shape, and 

—& is the phase constant, i.e. 277 divided by wave length. 

HETRIC (1971) derived relationships between the wave parameters ( «) 

and (¢) and the nuclear properties of the medium in which the wave 

travels: 

eeeee 1410 

  

Sree ey esse 

    

 



function of 

  

ay 2 

Ee. (1.19) shows that (a -— ) is exclusivel 

gx aS sx a 3 9 a t 

  

(2a— ) depends 

parameters, and both equations suggest 

      

found from observation of 

neutron source placed 

at the centre of the lower face of a rectanguler-shaped moderator to 

study the thermalisation properties of a moderator. They found 

that NWP is equivalent to a poisoning experiment, where the frequency 

of modulation is equivalent to the amount of the a poison. PEREZ 

and THE (1965) presented a series of measurements using graphite 

as a diffusion medium and indicated that diffusion theory is velid 

only for modulation frequencies smaller than the inverse of the time 

between two neutron collision. 

AGvances in the experimental and theoretical fields of NWT can 

be cited in the proceedines of a Symposium on Neutron Noise, Wave and 

Pulse Propagation edited by UHRIG (1967). The work of MOORE (1967), 

KUNAISE (1967) and BOOTH and PEREZ (1967) are of particular relevance 

to this work. MOORE (1964), (1965) and (1967) treated the problem by 

dealing with the dispersive nature of a neutron wave, (i.e. the 

dependence of the phase lag of the wave on the distance from the 

source). Moore defined (p) and Gi dispersion laws as the plots of 

(2 of ) versus (w) and ee me ) versus (w). From these plots Moore 

predicted the presence of exponential flux components in the neutron 

wave field. The analytical work of WILLIAMS (1968), and wOcD (1969) 

reached the same conclusion and interpreted the exponential flux es 

wave continuum in addition to the discrete mode of the wave. To 

include the continuum effects on the measurement of (a ) and (E ), 

WARNER and ERDMAN (19698) used the transport theory solution for 

neutron wave propagation and reported that there is a frequency limit



- 13 - 

  

y fails to explain the Nw? experiments. 

  

limit is when the source frequency is qreater than the product 3 : oN t 

4 ; a ee ese : . 
¢ vy ) for e 2) mocerator. Further work by WANER and ERDMAN (1969p) 

y limitation depends on whether the 

  

moderator. The spatial dependence of (% ) and (& ) at different 

  

£requencies is investigated by RITCHIE and WHITTLESTCNE (1972) and 

(1973). They found for beryllium oxide there is a limit of 520Hz 

below which the spatial dependence of (@ ) and (& ) is of no 

Significance and the N.wW. has the properties of discrete mode of 

propagation. In the frequency range 520 - 720 Hz, the spatial 

dependence is noticeable, and beyond 720Hz diffusion theory failed 

to interpret the experimental results for the crystalline moderator, 

No similar work has been cited for non-crystalline moderator. 

Pulsing the source in a square wave fashion can also be used 

in the same way as a sinusoidal input. Since the square wave can 

be fourier analysed into an infinite number of harmonics of the 

funamental frequency, it can be considered as a superposition of 

sinusoidal inputs. For a linear system the output will be the 

superposition of the outputs due to individual components of the 

input. It has the advantage that the data for many frequencies can 

be taken simultaneously. However, it was reported by GIL RANCS (1974) 

hat the number of frequencies for which the measurement can be taken ck 

is limited because the amplitude of the higher harmonics decrease 

linearly with the order of harmonics. UHRIG (1970) suggests the use 

ef a random square wave to overcome this difficulty. 

  

€ application of NWT to study the quantitative effects of 

neutron streaming in a moderator containing voids is very limited. 

The most relevant work that can be cited is that carried out by 

WAGNER (1970). However, this work was devoted to a measurement of



sate 

the degree of anisotropy as an overall parameter of a multiplying 

system with void channels. Moreover, the analysi: nn v. o hb b a be ° $s 1 s o a o & 

e@ low upper limit to the modulation frequency. 

  

Ww? are theoretically 

equivalent. Z and UBRIG (1967) stated that the location of the 

  

neutron source makes necessary an essentially different analytical 

model for NWT. The equivalence of FST and NwT is detailed by 

MICHAEL and MOORE (1968). The coupling mathematical relationships 

Gescribed in this work will be presented in Chapter Six. The time- 

dependent form of the source in NWT is not relevant and it is a 

matter cf convenience, so long as it is square integrable and can be 

Fourier analysed. The different types of periodic source will be 

discussed in Chapter Two. Some of the experimental features which 

Gistinguish one method from the other are summarised in Table 1.1.



  

Q omparison of experimental 

  

methods 

  

  

  
  

associated 1 

a@ continuous spectrun. 

  

The accuracy of the results is 

Gependent on the noise level in 

nuclear system under test. 

The frequency response is obtained 

  

ing the ratio of the Fourier 

transform of the output to the 

Fourier transform of the input. 

It is a time-domain technique 

where the neutron population is a 

transient quantity. 

The fundamental mode prevails 

Guring the decay of neutron 

population. 

One quantity (i.e. the decay 

  

constant) can be measured. 

  

  
  

he energy 

a discrete spectrum. 

The test signals are assymetric 

and will discriminate against 

background noise in the system. 

The frecuency response is 

ebtained by taking the ratio of 

the Fourier integral of the 

output to the Fourier integral 

of the input. 

It is a variable frequency 

technique where a quasi-static 

state can be established. 

The disturbance propagates 

away from the source and the 

dynamic behaviour of neutron 

population is spatially 

dependent. 

  

Two quantities (i.e. amplitude 

attenuation and phase lag) can 

be measured simultaneously. 
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Tl perrren sopeor L NEUTRON Si CONSTRUCTION OF A MODULATED T 

  

The experimental arrangements to provide an o 

escribed in this Chapter. A brief outline of the method of a 

neutron production is given prior to a description of the source 

external modulation techniaue. The greater part of this chapter is 

devoted to the description of the construction of the thermalisation 

systems and their performance. Three types of moderating materials 

were tested and their characteristics are compared. 

é.1 The fast neutron source 

with the use of particle accelerators, it is possible to produce 

neutrons with energies from a few kev up to about 20 Mev. Accelerated 

charged particles such as protons, deuterons or tritons produce fast 

neutrons copiously with the lightest elements as targets. Two 

principle reactions are widely used. These are: 

i. 28(a,n)? He; 

ii. 3n(a,n) He 

Both reactions can be achieved with ae deuteron beam of energy of 

150 kev. In reaction (i), also called the D/D reaction, neutrons of 

energies around 2.5 Mev are produced. In reaction (ii), also called 

T/D reaction, neutrons with energies between 13.6 - 15.8 Mev are 

produced. For a particular deuteron beam energy, the T/D reaction 

offers higher neutron yield compared with the D/D reaction, which 

makes it more desirable in the present work, despite the need tc 

thermalise the 14 Mev neutrons. 

The deuteron beam was furnished by a type-d S.A.M.E.S.
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igh voltage generating capacity up to 

160 Kv. 2 of the accelera ua ° % fe: a 

  

KAS. (1971). 

      

The target assembly consisted of a 

  

    ide target (type 51, manufactured by Radiochemical Centre, 

  

Amersham, U.K.) and integral water-coo @ System, coupled to the 

    
s& +S. accelerator by a 65 cm long flight tube. The target 

assembly was placed on a graphite pedestal under the layers of 

moderator material to be tested. A detailed description of the 

target mounting and its cooling system is given by TWUM-DANSO (1969). 

2.2 The external modulation of the fast neutron source 

The important feature of the neutron detection technicue used in 

this work is that the output from the neutron detectors had to be 

sampled by @ multiscaler at regular intervals during each cycle of 

the neutron pulse. Therefore, it was necessary for the pulsing 

frequency to be @ sub-multiple of that frequency controlling the 

channel advance command of the analyser. An external pulse generator 

and associated electronic units were used to maintain this 

synchronisation. 

The method of pulsing the S.A.M.E.S. accelerator was adapted from 

CCOPER and DOUKAS (1971), and GIL RAMOS and COOPER (1974). In the 

later work, a light signal of the same shape as the driving signal was 

produced by a light emitting diode (LED), type 1448, which has an 

output of 40 uw at 100 mA peak current and a peak wavelength of 930 nm. 

The signal was transmitted to the high voltage terminal of the 

accelerator where it was detected by a light sensitive diode, type 

LS400. This was accomplished by means of a rigid PVC tube housing two 

lenses to improve the light collection and to provide adequate 

focussing onto the LS400 diode. The signal detected by LS4OO diode 

  

  

  

ed by means of an integrated circuit 

  

subsequently amp]:  
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fier to drive the base of a high voltage transistor, type BU105. 

    

istor switched the voltage to the ion source oscillator of 

the accelerator on and off periodically, at the required puls 

  

frequency. In this wey the beam pulse was alw 

    

method of external pulsing was improved by the following 

modifications: 

i. the 1A48 LED was replaced with a lead-framed narrow beam 

LED, type FPE104, which provided a higher output of 10n\//sr 

at 100mA. This permitted the removal of the focussing 

lenses from the pipe coupling the two LEDs; 

ii. the single BU105 transistor was replaced with a 

Darlington pair to reduce the sensitivity of the 

pulsing system to impedence variations; 

iii. adequate screening was provided against the intense 

RF field produced by the ion source oscillator of the 

S.A. S. accelerator. 

  

These modifications improved both the reliability and the performance 

of the S.A.M.E.S. external pulsing circuitry. 

The driving signal to the LED was taken from the output of the 

frequency dividing circuit network constructed from two SN 7490AN 

and two SN 7493AN integrated circuits. The circuit diagram of the 

dividing network will be presented as a part of the data 

acquisition system in Chapter Four. The circuit diagrams of the 

light receiver are shown in Figures 2.1 and 2.2, and e photograph of 

. light coupling system is provided in Figure 2.3. 

  

Ideally, the fast neutron production should follow the shape of 

the external pulsing signal and, therefore the manner in which the
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Fig.2.1 Light transmitter circuit,
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Fig.2.2. Light receiver circuit.



  FIG. 2.3. THE S.A.M.E.S ACCELERATOR 
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high tensions app 

    

characteristics were investigated before any modi 

  

introduced into the pulsing circuits. It founé tt 

  

previous circuitry the performance of the external pulsing system 

  

was reliable up to frequency of 1000 Hz, above x 

the pulse shape onto the ion source was noticed. By the introduction 

of (i) and (ii) above, pulse shape distortion was not significant 

below 1500 Hz. The distortion above 1500 Hz was attributed to the 

instability of the output voltage of the oscillator power supply. 

This instability was corrected by the provision of a better 

stabilised power supply, and extended the upper freauency limit to 

2700 Hz. With all these changes incorporated, the distortion in 

_the voltage pulse shape applied to the ion source oscillator of the 

S.A.M.E.S. was insignificant below 10KHz, which is far beyond the 

Gesired experimental frequency range mentioned. 

2.3 The required features of the thermal neutron source 

The NWI has been employed in this work, using a square pulse 

which can be Fourier analysed into an infinite number of harmonics of 

the fundamental frequency. Ideally, the thermal neutron source in 

such experiments should have three basic characteristics. In the 

first instance the source should have a high intensity to overcome 

reduced neutron flux intensities at spatial distances far from the 

source. Secondly, it should have a large modulation depth for better 

Fourier eaigaia Thirdly, it should be a well-thermalised source 

with minimum contribution of neutrons of higher energy. It was 

reported by PEREZ and BOOTH (1965), that the presence of high 

percentage of higher energy neutrons will create a distributed 

source of thermal neutrons throughout the assembly, which would mask 

the original propagation from the plane (Z=0) boundary.
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Unfortunately, i se all three cf Be o ° ct s ° o o Be o BE © ct ° 9 ? a Be 

requirements in a single design because one requirement may conflict 

ct 4 another. It is necessary to compromise, having in mind the wi 

following design objectives: 

i. thermalisation of the 14 Mev neutrons; 

ii. maximum thermal-to-fas neutron ratio; 

iii. planer uniformity of the thermal neutron wavefront; 

iv. maintenance of the thermal neutron pulse shape. 

2.4 Selection of the type of the neutron signal 
  

The quality of the results in neutron weve experiment depends 

partly on the source conditions described in section 2.3, and on the 

duration, shape and the amplitude of the neutron pulse, i.e. the test 

Signal. The quality of any signal can be specified by the signal 

energy at selected frequencies. The signal energy at a particular 

frequency is determined by the total energy in the signal and the 

distribution of this energy over the frequency range. The total 

energy in a periodic signal can be given as: 

2 

ie 
E = y (fey) dt se eeeceeccee 2e 

where es) is the signal measured relative to its average value and 

T is the time over which the signal is input to the system. Thus, 

for a signal with amplitude of A,the total energy (E) is given as: 

Eis A. we eeceeeccee See 

In selecting a particular signal the following pointsmust be 

considered:



pies 

i. the signal must contain many harmonics, permitting 

the determination of the frequency response at 4 

number of frequencies in a single test, 

   
itude and the 

  

ii. the signal amplitude determines the 

location of the harmonics to be evaluated, therefore 

better analysis with higher modulation depth, 

iii. the lowest desired frequency determine the duration of 

the test (T), which can be related as: 

. = 2qnn 

“nin 

where n is the number of the cycles, 

iv. the minimum signal duration in the pulse train is 

determined by the highest frequency desired in the 

test, for shorter pulses give a larger fraction of 

signal energy at high frequencies, 

v. the required level of discrimination against the noise 

in the nuclear system is determined by the signal 

symmetry, the best discrimination can be achieved by 

non-symmetric signals, e.g. the square pulse. 

The mathematical analysis for different signal spectra is given 

by KERLIN (1672), who showed that the square wave has the following 

spectrum: 

0.81 0° Tn 
Ke 

for odd K B, 

" °o
 

for even K Ey, 

where z, is the energy associated with the kth harmonic, nm is the



Ss 

  number of cycles, A is signal amplitude and T its curation. 

& sguare wave can be Fourier analysed to allow simultaneous 

measurement of the frequency response of a nuclear system over many 

frequencies. However, the signal energy is concentrated in the 

Hy irst harmonic, as can be seen from Eq. (2.3), i.e. for K = 1 the 

first harmonic contains 81% of the signal energy. This limits the 

number of harmonics that can be evaluated since the amplitude of the 

higher harmonics decrease rapidly with the order of harmonic, as 

shown in Figure 2.4. For this work the square wave was selected as 

the shape of the input signal because it fulfilled all the requirements 

listed in (i) to (v) above. 

2.5 Thermalisation using graphite 

In the previous experiments performed by DOUKAS (1971), the 

14 Mev neutrons were thermalised by using graphite as the moderating 

material. The neutron source was placed on the graphite pedestal at 

a distance 13.5 cm below the centre of the lower face of the nuclear 

assembly, similar to the arrangement shown in Figure 2.5. The 

characteristics of this arrangement were investigated in relation 

to the requirements listed in section 2.3. 

The shape of the neutron of neutron wavefront passing into the 

assembly was measured by obtaining values for the relative thermal 

neutron intensity along two perpendicular axis drawn in the plane of 

the assembly base (Figure 2.5). The origin is that point directly 

above the source; one of the axis (Y-axis) is fixed parallel to the 

direction of beam entry. The neutron flux was measured at different 

(x,y) points on the Z=-O plane. The thermal neutron intensity wes 

measured using two ora scintillators, with measurements taken 

simultaneously at two points on either side of the source at the 

same radial distance. (The detection circuitry and technique will be
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detailed in Chapter Four). The measured fluxes were normalised to 

account for the relative efficiency of the detectors, different 

counting times, and the variation of neutron production rates. The 

neutron production rate was monitored by a BF, counter, shielded 

  

& 2 cm thick layer of wax and placed just inside the graphite 

pedestal. The relative thermal neutron intensity was measured for 

modulation frequencies ranging from 1Hz to 2kHz. The results are 

shown in Figure 2.6. 

It can be seen from Figure 2.6 that with 13.5 om of graphite, 

the thermal neutron wavefront is markedly non-planar with 

assymetrical distribution around the Z-axis due to assymetrical 

leakage from the graphite pedestal. It was found that by pulsing 

the source, that the radius of curvature of the wave front increased 

with pulse repetition frequency. This is because the diffusion time 

of thermal neutrons in graphite (0.017 s) becomes comparable to the 

length of the 'ON' period of neutron pulse. 

2.6 Neutron pulse-shape measurements in graphite 

The number of harmonics which can be successfully evaluated 

depends on the propagation properties of the medium and on the 

frequency content of the initial pulse. By Fourier analysis of a 

square pulse, of height (A) and ratio (S) of the pulse duration time 

to the pulse repetition time, WAGNER (1970) derived the expression 

for the square pulse as: 

Ls = sin nTS ig F(y) = AS + 2h.8 a SE 008 AWA (t = ETS) veeee 2oh 

» Period 
where G = 27/T, ana T 16 the Pose Perio 

This equation was taken into account in designing the pulsing 

system for the accelerator. However, the broadening suffered by 

the square pulse during moderation, when it passes through the


