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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. 

   



TWO 

    

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.



= AG 

  

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]:  



1 as o ' 

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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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
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graphite pedestal, is important to the measurement of the frequency 

response of the system. This broadening is due to the relatively 

long moderation and diffusion times in graphite. 

The broadening was measured from the time variation of the 

  

thermal neutron flux leaving the graphite moderator. The flux 

variation was measured over a pulsing frequency range from 1 Hz to 

2000 Hz, and at different radial distances. 

The broadening increased with distance from the source but it is 

more sensitive to the increase in pulsing frequency. It was found 

that at frequencies less than 100 Hz the pulse shape could be regarded 

as &@ constant amplitude scuare wave pulse. At frecuencies greater 

than 100 Hz the pulse exhibited longer rise and fall times, effects 

which increased rapidly above 500 Hz. At frequencies greater than 

1000 Hz the modulation depth decreased to such an extent that no 

wave-like properties could be observed. The results are shown in 

Figure 2.7 for frequencies of 100, 300 and 1500 Hz, and at a radial 

Gistance of 25 cm from the source. 

2.7 Quantitive assessment of thermal neutron pulse broadening 

(Computer Code BROAD) 

In order to determine the suitability of the moderating material 

being used to slow down and thermalise the 14 Mev neutrons, it was 

necessary to undertake a auantitive assessment of the thermal neutron 

pulse characteristics. A detailed understanding of the physical 

processes in neutron wave propagation can be gained from the pulse 

shape. WOOD and LAWRENCE (1971) used the pulse data to study the 

neutron wave interference effect; BEYNON and MONDAL (1971) studied 

the relation between the pulse shape and neutron slowing times; 

HINO and OZAWA (1974) used pulse shape data to study the 

superposition of the neutron wave.
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Fig.2.8 Schematjc representation of pulse distortion and 

broadening
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   As illustrated in ms ure 2.8, if the neutron population during 

the ON part of the cycle is aot and that during the OFF part is 

  

"Acer! s then a distortion factor can be defined 

D me ELE ne 

Coe i tire seis lee eniely   

For minimum distortion of the neutron pulse, D(rf) should be small. 

The distortion factor will vary with the pulse repetition frequency 

and the position from the source. 

Pulse broadening can be quantified by measuring the time needed 

for the count in the last channel of the ON part of the cycle to 

reach its half value, i.e. by measuring the decay constant of the 

distorted square pulse. In multi-scaler analysis the accumulation 

time for each channel is equal. Hence, the channel number axis in 

Figure 2.7 and 2.8 represents the time axis. 

4 FORTRAN computer code, BROAD, was written to perform the 

following steps: 

i. to provide a background correction for each channel; 

ii. to calculate the values of fon in the first 20 channel 

of the cycle and 4A in the second 20 channels; 
ff 

iii. to calculate Dy £) according to equation 2.2.3 
, 

iv. to fit the decay of the pulse to an exponential of 

the form: 

HeaA e7 (B-t) +¢ ° 

  

(This form of representation was found to be correct for 

frequencies between 100 and 1000 Hz). A least-squares 

method was used to provide the best values for the 

constants A, B and C;



v. to calculate the number of channels required for the 

count in channel 20n (where n = 1, 3, 5,) 

  

   reach its half-value, such that w   

t =. For minimum broadening of the neutron pulse, (7) 

should be small. 

vi. to repeat the calculation for each cycle, for each 

i detector, and to print out the mean values of Dd. £) 
ft) 

and T (42) for each frequency. 

The computer programme BROAD is listed in Appendix I. 

The results obtained are plotted in Figures 2.9 and 2.10 and 

illustrate the variation of Dens) and T (=) with pulsing 

frequency. Both measurements were performed at a radial distance 

of 25cm from the source. It is evident that both Def) and 

increase with the source modulation frecuency. For graphite, tT 

(r,f) 

Significant distortion occurs at frequencies just above 25Hz. 

2.g Fast neutron contamination of the thermal neutron pulse 

The presence of non-thermal neutrons in the wave is an 

undesirable feature in neutron wave experiments. The epicadmium 

contaminetion in a thermal neutron wave injected into a moderator 

at its boundary can create a distributed source of thermal neutrons 

throughout the assembly. This additional source of thermal neutrons 

can then mask the original thermal neutron disturbance propagated 

from the system boundary. An analysis of the effects of a 

distributed source on wave propagation is given by PEREZ and BOOTH 

(1965). It is essential to investigate the degree of epicadmium 

contamination in the neutrons emerging from the moderator. 

MEGAHID (1975) measured the neutron energy spectra behind 

Gifferent homogeneous and heterogeneous shields. These measurements
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were made with a small organic scintillator, type ND-213, and were 

based on a technique which discriminates between the neutron pulses 

and those pulses due to gamma interactions. A computer code 

FASINSPEC was used to perform the transformation of the neutron 

pulse amplitude into a neutron energy distribution. The same method 

was adopted in this work, using a re-calibrated neutron spectrometer 

40 measure the neutron spectra emerging from the graphite and other 

combinations of moderating materials. The results are shown in 

Figure 2.11 and indicate that there is a considerable fast neutron 

population in the neutrons injected into the experimental assembly. 

This must be regarded as undesirable feature of the source 

conditions and one which should be minimised. 

2.9 Modification of the thermalisation arrangement 

The investigations carried out in sections 2.4, 2.5, 2.6 and 

2.7, to test the moderating properties of graphite, show that if the 

requirements listed in section 2.4 were to be achieved then 

modification to the thermalisation arrangement was necessary. The 

main reasons for the undesirable features exhibited by graphite, as 

compared to other known moderators, are that: 

i. it has a relatively longer moderation time, thermalisation 

time and diffusion time, which results in a non-planer 

wavefront and causes pulse distortion and broadening; 

ii. the low scattering cross sections for high energy neutrons 

results in incomplete thermalisation and fast neutron 

contamination of the source; 

iii. the polycrystalline structure ensures the existence of a 

critical frequency beyond which wave-like behaviour of the 

thermal neutron population fluctuation is not possible.
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This frequency is lower than that which exists in other 

erystalline moderators 

ions 

  

To overcome these difficulties, two heterogeneous combini   

of iron-graphite and iron-polypropylene were tested as alternatives 

to the graphite-only arrangement. 

29.1 MThermalisation with an iron-graphite 

An arrangement was built whereby the tritium target rested on 

supporting graphite blocks. The target was covered with steel plates 

of total thickness 3.75 cm. The steel section was followed by 

graphite leyers of totel thickness of 10 cm and the final moderator 

assembly had dimensions of 120 x 100 x 13.75 ae The steel section 

offers the advantage of having a high inelastic cross section for high 

energy neutrons, so that the 14 Mev neutrons have a creater probability 

of being slowed down past the first few excited states of iron, i.e., 

2.25, 2.09 and 0.85 Mev. ‘The graphite section then acts to 

thermalise these neutrons. 

The iron-graphite combination was tested as described in 

sections 2.4, 2.5, 2.6 and 2.7. The results have been included with 

those of graphite-only moderator, in Figures 2.6, 2.9, 2.10 and 2.11 

and show that a significant improvement was achieved. Figure 2.6 

shows a higher thermal neutron intensity and better planer uniformity 

for the iron-graphite arrangement. Although pulse distortion and 

broadening showed some improvement on graphite, it can be seen from 

Figures 2.9 and 2.10 that these features remain to a significant 

degree. Distortion and broadening of the pulse can be attributed 

to the long diffusion time of thermal neutrons in graphite. Hence, 

further improvements could be achieved with a moderator of much 

shorter thermal diffusion time.
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2.92 Thermalisation with an iron-polypropylene moderator 

  

Polypropylene is a hydrogeneous material n has the chemical 

  

structure of (C,H, ). when it is used in an appro’ 

  

  
of a few mean free pat it can slow down and thermali: 

  

more effectively and more rapidly than graphite. The 3.75 cm layer 

of iron and 10.0 cm graphite layer was replaced with 3.75 cm iron and 

layers of polypropylene of total thickness of 7.50 cm. This 

heterogeneous combination was tested as above. The results are 

plotted with those of graphite and iron-graphite moderators in 

Figures 2.6, 2.9, 2.10 and 2.11. Although the presence of 

hyd@rogeneous material reduces the thermal neutron intensity, the 

other desirable characteristics exhibited in these figures makes the 

iron-polypropylene combination the most appropriate thermalisation 

column, i.e. it has the best planer uniformity, minimum pulse 

cistortion and broadening, in addition to minimum fast neutron 

contamination. A numerical comparison between the three moderating 

arrangements is listed in Table 2.1.
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Parameter 
Graphite Iron-Grephite Iron- £ #., 

a 2n“én 

  

  

  

  

  

    

moderator moderator monera ton 

Thickness 13.5 om 3.75 em iron 3.75 em iron 

+ + 

10.0 cm 7.50 cm. 

graphite polypropylene 

Relative thermal 
neutron intensity 0.865 1.000 ©.470 
at-r = /O\ om. 

Planar uniformity 
of pulse at radial 
Gistance of: 

r= 10 cm 0.820 0.915 0.450 
r= 20 cm 0.720 0.625 0.435 
r = 30 cm 0.625 0.775 6.415 
r= 40 om 0.475 0.675 0.380 

Pulse broadening 
for 

Oarat) 
frequencies: 

10 Hz 0.350 0.005 0.004 
50 Hz 1.225 0.007 0.006 

100 Hz 2.245 1,052 0.015 

500 Hz 4.985 3.450 1.010 
1000 Hz 8.200 6.255 3.820 

Pulse distortion 
for 

Dir, f) 
frequencies 

10 Hz 0.020 0.000 0.000 

50 Hz 0.070 0.035 0.020 
100 Hz 0.150 0.062 0.042 

500 Hz 0.375 0.175 0.100 
1000 Hz 0.855 0.550 0.470 

No. of fast 
neutrons in energy 

venge of: 5.4 x 10° | 3.3 x 10? 1.08 x 107 
1 Mev to 12 Mev 
for thermal count 

2.65 x 108       
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TEE DESIGN OF &£ NON-NULTIFLYING 

  

VITH VOIDS 

The literature review presented in section 1.3 shows that the 

measurements of anisotropic effects of void channels in diffusing 

media were carried out mostly by the application of PST, with the 

majority of these measurements performed in crystalline media. A 

few experiments have been performed te quantify the streaming effects 

in water and the reported results show @ considerable disagreement 

(ABKAD (1969), and KANEKO et al (1974). However, the application of 

NWT promises better accuracy in crystalline moderators, as shown by 

RITCHIE and WEITTLESTONE (1973), and for-non-crystalline moderators 

as shown by WAGNER (1970). 

The physical design of the experimental assembly used in this 

work was chosen in order to obtain accurate data for anisotropic 

diffusion parameters for a hexagonal lattice of empty channels in a 

water moderator, since such a combination of moderator and lattice 

has not been examined previously. Also to allow a comparison between 

experimental and theoretical values of the thermalisation and 

diffusion constants of the medium, the design had to be sufficiently 

Simple to allow a theoretical model of the system to be prepared. 

3.1 The water moderator 

Water is the most-used moderator in nuclear systems. It is 

non-crystalline moderator and has many advantages over others in 

terms of cost, availability and existing nuclear data. The weter was 

contained in a stainless steel tank of 0.3 cm wall thickness, with 

the tank placed directly above the thermalising column. The 

3 dimensions of the water assembly were 86.5 x 112.0 x 81.5 em,



wie 

i.e. about 800 litres of water. The geometrical buckling of the 

system was calculated using the relation: 

a 2 = e * 
Se et ie 

a+ ad Be2a C+ ed 

where A, C are the lengths of the sides of the assembly, and 

  

is its extrapolation length, defined as: 

@ = 0.71 Der 

The geometricel buckling of the assembly is 3.537 x 1077 om“, 

assuming a value for of 0.475 cm. 
tr 

3-2 The choice of void arrangements 

The size and shape of the voids were influenced by the desire 

to simplify the anisotropic calculation in any theoretical model of 

the system and by practicality of the void arrangement to nuclear 

systems. The effects of vcids depend on their location with respect 

to the neutron source and on the nuclear properties of the system. 

These effects are reflected in an increase in the net diffusion 

current per unit gradient of the flux. The current through a void 

channel depends on the dimension and on the orientation of the channel 

with respect to the neutron flux gradient, as well as on the 

scattering properties of the medium and the initial flux distribution 

in the moderator. 

The presence of circular cylindrical empty channels is a common 

feature in most reactors. The streaming effect of a cylindrical 

channel has been investigated in a sauare lattice with PST. Hence the 

choice of a hexagonal lattice and the application of NwT can be 

justified.
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3.3 Construction of the void cells 

The void cells were constructed of a regular lattice of seven 

empty channels of internal radius (r) and triangular pitch giving 

the hexagonal-shaped arrangement shown in 3.1. The void tubes 

  

and the two neutron detectors used for neutron flux measurements were 

held vertical and parallel to each other by means of three thin 

eluminium grids as lattice spacers; both detectors were positioned 

at fixed racial positions, one detector at an axial height H=O and 

the second detector at an adjustable axial height, calibrated within 

O.1 cm. In this way, the radial distance between each detector and 

the centre of the central channel in the lattice was maintained at 

13.6 cm during all measurements. The lattice was inserted in the 

water tank with the channel axis perpendicular to the plane of 

neutron propagation i.e. perpendicular to the thermal neutron 

wavefront. 

Four lattices were constructed, with different void radii and 

triangular pitch. The water level in the tank was the same for all 

lattices when the lattices were inserted in the water tank. The 

centre of the central channel was placed at a fixed point marked on 

the base of the tank, which ensured identical initial source 

conditions for all lattices. Hence, any change in the frequency 

response of the system would be due to the changes in the void 

Gimensions. 

The minimum separation between the void tube walls in the 

smallest lattice was 4.75 cm. Since the transport mean free path 

»y or thermal neutrons in water is 0.475 cm, the probability of a 

thermal neutron traversing more than one channel was very low. By 

maintaining a constant ratio of the cell radius (R) to the void 

channel radius (r) and a constant void channel length, the void to 

moderator ratio within the cell boundary was the same for all



  
Fig.3.1. Hexagonal cell,a, and its approximation,b.
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lattices. sny change in leakage from the cell would be due to the 

of the 

  

effects of neutron streaming. The physical c 

cells are summarised in table 3.1 and a photographsof the cells is 

tu 

! 

provided in Figures3.2. end 3.3. 

Neutron streaming through the detectors was minimised by filling 

  

the detector cases with solid polyethelene, which has similar thermal 

neutron scattering and absorption properties as water. 

Further details of the neutron detectors used in this work are 

given in Chapter Four. 

TABLE 3.1 

Void cell dimension 

  

  

  

Cell | Cell radius | Void yaWois volume ¥. 2 

No. (R,) channel “moderator volume “Cell height 

radius(r) 

4 3.925 1.550 0.184 0.019 

2 4.475 1.750 0.183 0.021 

3 6.175 2.400 0.180 0.032 

4 9.250 3.550 0.178 0.045             
  

(411 dimensions are in cm)
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ACQUISITION     

In this chapter, a brief description is given of the electronic 

circuitry involved in the detection of thermal neutron flux in the 

experimental assembly. This is divided into three parts, namely: 

i. the monitoring of the fast neutron production; 

ii. thermal neutron detection in the experimental assembly; 

iii. the data acquisition system. 

4.1 The monitoring of the fast neutron production rate 

  Previous experimental work with the S.A.N.=.S. accelerator has 

  

shown that there is considerable drift in the machine conditions, 

affecting the rate of neutron production. These variations can be 

attributed to several factors, e.g. fluctuation in thedeuteron beam 

intensity, instability in the accelerating voltage level and depletion 

of the tritium target. The fluctuations in the fast neutron 

production rate was monitored and these measurements were used for 

normalisation of the experiments, described in Chapter Two, to 

investigate the properties of the emerging neutron wave from the 

thermelising column. 

With the D/P reaction, two methods for monitoring the rate of 

fast neutron production were considered, namely: 

i. monitoring the associated alpha particles in the D/T 

reaction;
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ii. monitori 

  

the thermalised neutrons emerging in a 

gle at a particular distance from 

  

The second method has many advantages o 

  

the efficiency of the detection and the 

electronic circuitry. 

counter is an efficient thermal neutron detector, as aa A EF, 

of a high thermal neutron cross section of 3840 barn for the 

On yc) ta reaction utilised in the detector: 

10,4 3. Gis 8 sre 2.78 Mev 

It was reported by PRICE (1964) that BF, counters used for thermal 
S 

neutron detection have a very low gamma ray sensitivity. This is 

very desirable in the present work since an intense gamma field is 

always present from the D/T reaction and from the interaction of 

fast neutrons with the steel section of the moderating column. In 

this work, a BF counter of an active length of 9.5 cm is placed at 

the edge of the graphite pedestal at 40 cm from the D/T source. The 

neutron monitoring equipment, which assembled from standard electronic 

units, was independent of the rest of the detection system employed 

for flux measurements inside the non-multiplying assembly. A 

schematic diagram of neutron source monitoring and detection systems 

is shown in Figure 4.1, 

4.2 Thermal neutron detection in the experimental assembly 

Nowadays, a wide range of thermal neutron detectors are available. 

Their uses depend on the specific requirements of a particular 

detection system. The most familiar types of thermal neutron 

detectors and their characteristics are listed in Table 4.1. The
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Detector Nuclear reaction Cross section for Efficiency Gamma 

type utilised for thermal neutrons compared to radiation Ref 
neutron detection and its energy ae counter sensitivity : 

dependence 

10, 2. > BF B(n,ce ) ‘Li 3840 barn et very low PRICE (1964) 

a) to 30 kev 

Fite 3e(n,p) 7H 5400 barn 20 low BIRKS (1964) 

no 

resonance 

3, 
Fission “33u(n,£) 233y = 524 b 
chambers 225 y(n, £) 2524 = 590 b 0.01-0.1 very low PRICE (1964) 

2. 2. p(n, £) 7 = 729 » 
1 

=. ben 3. 4 ’ ; RKS 
Ta Li(n,« )7H 936 barn ® varies with | low for BIRKS (1964) 

up to 75 kev size and thin and 
s FORT (1974 

resonance at or content cesar) pee) 
243 kev 

Gre S22 

Table 4.1. Summary of thermal neutron detectors properties 

S
i
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reguirements of the present measurements can be listed as: 

  

i. maximum detection efficiency for thermal neutrons; 

minimum detection efficiency for fast neutrons; 

  

My minimum detection efficiency for gemma rays and other 

secondary radiations;   

iv. minimum flux perturbation by the detector inside the 

assembly, and minimum neutron streaming through the 

detector. 

The on glass scintillator was chosen for measurements of the 

thermal neutron flux within the assembly. Thermal neutron detection 

with “Li involves the following exothermic reaction: 

Shs + i 4g + hae + 4.78 Nev 

The energy released is shared between the two products in inverse 

proportion to their masses. The cross section for this reaction is 

936 barn at 0.025 ev, (v=2.2 x 107 cu.sec'), and varies with up 

to 30 kev. The variation of eiGue x cross section with neutron 

energy in a range 1 - 500 kev was studied by COATES et al (1974), and 

in the range 20 - 1700 kev by FORT and MARQUETTE (1974), using glass 

scintillators of thickness between 0.5 to 9.5 mm. Their measurements 

have shown that the = variation can be extended to 75 kev and that 

there is a resonance peak at about 243 kev with a peak cross section 

value of 3.2 barn. No other peaks were detected up to neutron energy 

of 1700 kev. 

The principal advantare of Li glass scintillator detectors is 

the high thermal neutron detection efficiency, (e.g. it was reported 

by PRICE (1964) that 1 cm thick crystal of natural lithium has an 

efficiency of 6%). The efficiency can be effectively improved by



E55 = 

5 
GC. : : 2 
Li-enrichment, (e.f. it was reported 

  

that a emm thick, 

  96% peeecmicved crystal had thermal neutron efficiency of 95.). Th 

1 disadvantage of this detector is 

    be 

energies higher than 3.5 Mev can cause a pile up of pulses, which 

oth alpha particles and electrons. Thus, 

leads to spurious counts in the data acouisition system. However, the 

use of thin and highly enriched crystals can minimise this problem 

effectively. 

Two ors glass scintillators were available for the present work 

and satisfy the compromise between efficiency, size and gamma-fast 

neutron discrimination. Their characteristics ere listed in Table 

4.2. The scintillators were optically coupled to EM 95243 

photomultipliers of the same diameter as the crystals and 12 cm in 

length, and housed inside aluminium tubes of diameter 2.62 em and 

length 93 cm. To minimise the streaming through the detector tubes, 

the tubes were filled with a solid polethelene material of similar 

neutron absorption and scattering properties as water. A photograph 

of the detector system is shown in Figure 4.2. 

The two detectors were used for simultaneous measurements of 

thermal neutron fluxes at two positions in the assembly as described 

in section 3.3. The signal from each detector was input to a charge 

sensitive amplifier-discriminator before further processing. In order 

to minimise the acquisition of counts from the detection of gamma rays, 

the discrimination levels were set after a careful examination of 

the pulse height spectra of the two detectors. The pulse height 

distribution from thermalised Am-Be source neutrons measured by the 

on glass scintillators is shown in Figure 4.3. It can be seen 

from Figure 4.3 that there is a well-defined thermal neutron peak, 

below which the amplifier discriminator level is set.
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Fig.4.3. Li scintillation spectrum from Am-—Be source



  

= : 6 Rea 
Properties of the Li glass scintilletors 

  

Cerium activated lithium silicate glass 
Crystal type type NE9O5 

Lithium content 6.6% 

615 F 

enrichment We 

Dimensions 2.53 cm diameter x 0.3 cm thick 

Scintillation 
time 0.3 micro-sec. 
resolution 

Photo- 
mulcteter EMI 9524B, operating voltage 930 v.         

4,5 The data acouisition system 

A brief description of the data acquisition system is given 

within this section; the function of each individual unit and its 

mode of operation is described. Several electronic units are 

standard, commercial modules but the key control units were 

modified versions of those previously used by GIL-RAMOS (1974), re- 

built as standard (NIM) modules. 

4.3.1 Pulse generation and signal analysis 

A&A RIDL 400-channels analyser was used in a Time Sequence 

Storage mode, (TSS), to record the time-variation of the neutron flux 

in the non-multiplying assemblies. In the TSS mode each channel 

accepts a number of pulses delivered to the analyser during a fixed 

interval, between time (t) and (t+dt), where dt is the channel width. 

Two signals were input to the analyser: the channel advance signal 

and the processed detector signal. The total time required for a 

400 channels sweep is (400 x dt). Since both detectors were used



= Soe 

simultaneously, the signal from each detector was fed into the 

  

  

analyser for an alternative pericd of (200 x dt), with each half of 

the analyser memory allocated to the same detector for the duration 

of the measurement period by means of the pulse processing seouence 

adopted in the remainder of the neutron detection and data acquisition 

system. 

' The experiment was controlled by FARNELL two-channel pulse 

generator. This unit provided, simultaneously, two signals identical 

in frequency but with different height and polarity. One signal, 

+4v and of 1 ps duration, was input to a frecuency dividing unit 

which was used to control the external pulsing system of the S.A.M.E.S 

accelerator (as described in section 2.2) and the other signal, 

-10v and of 1 us duration, was input to a unit which controlled the 

channel advance of the analyser. 

4.3.2 The frequency divider unit 

The +4v signal from the pulse generator, frequency F, was input 

to the frequency divider and pulse invertor circuit shown in Figure 

4.4. The dividing part of the circuit produces square pulses of +4v 

amplitude and frequencies (F/n) where n is 20, 40, 80, 160, 200 and 

400. The following output freouencies were used: 

i. F/40 to drive the light transmitter unit, which is part 

of the external pulsing system of S.A.N.E.S accelerator; 

ii. F/200 to a dual gate unit through a pulse invertor circuit; 

iii. F/400 to a start-stop unit. 

-3.3 The dual gate unit, (adapted from GIL-RAMOS (1974) 

This unit was used to gate the input pulses from one detector 

while the pulses from the other detector were addressed into 200 

channels of the analyser allocated to that detector. The PHA memory
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requires a signal of +12v in amplitude and 1 us duration, so the dual 

gate unit also amplfies and shapes the detector signals to be 

  

compatible to the analyser reoui 

  

ents. A circuit diagram of this 

unit is shown in Figure 4.5. 

4.3.4 The start-stop unit 

4A start-stop unit was used to eliminate random starting of the 

PHA and to assign the first 200 channels to one detector and the other 

200 channels to the second detector. The unit synchronises the first 

channel advance signal reaching the PHA with the dual gate (i.e. 

detector) pulse. 

The output pulse shape and amplitude proved to be an important 

factor in the reliability of operation of this unit, so it was 

necessary to design a circuit which eliminated any pulse shape 

distortion, in order to make the start-stop unit output accentable to 

the channel-advance gate of the PHA. The circuit diagram of this 

unit is shown in Figure 4.6. 

& photograph of the data acquisition system is shown in Figure 

4.7. 

4.3.5 Measurement procedure 

2 For each measurement of the neutron flux in the assembly, the 

following procedure was followed:- 

i. the start-stop unit was set so that no pulses reached the 

channel-advance gate of the PHA; 

ii. the PHA accumulation was initiated using the start 

pushbutton on the analyser - as the channel advance 

Signal could not reach the PHA, all pulses reaching 

the PHA from the detectors, via the dual-gate unit, 

were stored in the first channel;
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iid. the start-stop unit wes set to allow pulses to reach the 

channel advance gate of the analyser; 

iv. date accumulation wes halted at any reguireé time by 

stopping the PHA or, alternatively, the start-stop i : : 
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CHAPTER FIVE 

EXPERIMENTAL MEASUREMENTS AND DATA ANALYSIS 
  

The method by which the frequency response of the non- 

multiplying assembly was obtained is presented in this chapter. A 

Fourier analysis of the measured time and space dependent fluxes in 

the different lattice arrangements was extended to determine the 

frequency dependence of the wave parameters. The dispersion laws 

for each assembly are measured, and the effect of voids on the wave 

propagation are quantified, the degree of anisotropy caused by 

voids being related to the frequency of the source modulation. 

5.1 The measurement and the analysis of the experimental data 
  

The main function of the data acquisition system described in 

Chapter Four was to record the time profile of the thermal neutron 

pulse. The recorded time-variation of flux in different assemblies 

was corrected, first for the time resolution of the data acquisition 

system.and, second, for detector background. 

The time-variation of neutron population at positions in the 

non-multiplying assembly was recorded by using two Sr detectors as 

shown in Figure 5.1. One detector, (detector A), was at fixed 

position to record the pulse data at the system boundary; the 

second detector, (detector B), was moveable and could be located at 

several positions along the Z-axis, but with the same (X,Y) position. 

A BF, counter was located outside the system and was used to correct 
2 

for source variation and to normalise the data recorded by the two 

or detectors.
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Fig.5.1. Experimental arrangement for measurement 

of the SDTF of the water assebly.
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5.1.1 Data corrections 

The most significant loss of counts in the acqui 

  

ition system 

eccurred in the analyser due to the dead time and memory transfer 

time. ech channel of the analyser records the counts between time 

(t) and (t+f) where 7 is the chennel width. The cweep count (Q) that 

shoulé be recorded in any given channel in (N) number of cycles is: 

Q = NeT sececesecees Fe 

where c is the average count rates However, the recorded counts 

a 
per channel (Q ) are somewhat smaller than (Q) due to the dead time 

(gs) and the memory transfer time (~). (For the RIDL analyser , is 
A 

12.5 us). The relationship between (Q) and (Q ) are derived by GIL- 

RAMOS (1974) as: 

4 t -eT 
Q ane p * 1-e 
— = tH secvevevecee Fee 

Q 1+ 6.6 7 et 

This relationship is a function of the mode of the 

operation of the analyser and depends on the maximum count rate per 

channel, as indicated by RITCHIE and WHITTLESTONE (1973). It is very 

difficult to obtain a unique resolution time for the data 

acquisition system when working with high time-varying count rates, as 

in recording e square pulse of thermal neutrons. However, Eq. (5.2) 

can be used to characterise the system if the count rate remains 

below 5x107 counts per channel per second. The maximum count rate 

per channel per second encountered in this work does not exceeded 

4107 

5.1.2 Fourier analysis of the corrected data 

The recorded shape of the thermal neutron pulse after applying 

resolution time correction and background subtraction can be described
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by square wave function Fux in the interval -7rexem: 

= Se <0 

" ” ~ oo 

° Ocoee cam 

dn arbitrary function F can be represented by ea trigonometric 
- (x) - . 

  

jas mae cos nx + eo sinnx . 
aie n=si 7 

Eq. (5.3) is the Fourier expansion of the function Fy) and aos 
a 

ay and b. are the Fourier coefficients, defined by ARFKEN (1973) 

as: 

. T 

a= f ax 
° f (x) 

-F 

ii Fou) cos nx ax pier heree tres ores 

— 

© " 

4 : : 
, = ~ fis sin nx dx 

pai 

For the scuare wave function in the intervals described above, 

a= O for n ¢ O and 
a 

(sin x + ¢ sin 3x + al BAe Sms ove) oeckne ce eo 
5 

By expanding the measured thermal neutron flux as in Eq. (5.3) and 

performing a numerical evaluation of the Fourier coefficients, the 

thermal neutron wave parameters can be evaluated. 

The wave amplitude (ADs and the phase lag angle (@),are 

Getermined from the relationship:
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an cos nx + BL sin nx = AL sin (nx + @) Gili cee ES 

Then, 

; wea aoe A, = (a, +b) 

eeredeciennce Def 

a, 

e, = arctan(>) 
n 

A modified version of a computer code DATACOR is used to perform 

the following operations: 

i. correction for background; 

ii. correction for Gead time and memory transfer time of the 

analyser; 

iii. analysis of the corrected data, including numerical 

evaluation of the Fourier coefficients and determination 

of the wave amplitude and the phase angle for any source 

frequency, in accordance with Bos. (5.6) and (5.7). 

The output of the program provides the values of ay by AL and ey 

The output also provides a function H(w), which is the ratio of the 

amplitude of the nth harmonic to the amplitude of the zero harmonic, 

And . The function H(w) is regarded as a measure of the 
A =0 

2 

amplitude attenuation. The amplitude gain is defined in decibels as 

Gain = 20 Lo€10 H(w) 

Program details of the code DATACOR can be found in GIL-RAMOS (1974). 

5.2 The space-dependent transfer function of a non-multiplying system 

when a modulated source of neutrons is introduced into a 

moderating medium, the response to the source can be measured by ’
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measuring the ratio of any localised output to the original input to 

ystem. This ratio is a pace dependent and is called the 

Space Dependent Transfer Function, (SDIF). The SDIF concept is of 

  

fundamental importance in the dynamic analysis and control of nuclear 

systems. The SDIF relates to & mathematical quantity, the ratio of 

the Laplace transform of the output to the Laplace transform of the 

input. In neutron wave experiments, the observation of the wave 

parameters at different locations in the system yields the requency 

response of the system. This is an experimentally measurable 

quantity linked to the SDIF. 

The most convenient way to assess the freauency content of the 

thermal neutron pulse is to provide separate graohs of wave amplitude 

and phase as a function of source frequency, assuming the neutron 

pulse to be a continuous spectrum from zero frequency to some high 

frequency cutoff. 

5.2.1 Measurement of frequency response parameters 

The amplitude attenuation function H(w) and the phase angle of 

the neutron wave in the water assembly without voids is plotted in 

Figure 5.2 and Figure 5.3. The two figures represent the frequency 

response of the water moderator at 25 cm from the source-moderator 

boundary. These curves are drawn using the data of the funamental 

frequency, (n=1) and harmonics up to and including the seventh, (n=7). 

It can be seen from Figure 5.2 that the higher harmonic data are in 

good agreement with the fundamental frequency data. This was the 

case for all measurements regardless of the axial distance from the 

source-moderator boundary. This can be attributed to the 

improvements in the source conditions described in Chapter Two. In 

Figure 5.3 the data were restricted to the fundamental and the third 

harmonic only. It was found that the data obtained by the higher
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harmonics of frequency were not always in agreement with the 

  

the amplitude decay function and the phase 

angle with frequency characterise the frequency response of the 

system. Two parameters have been introduced to quantify the 

characteristics of a moderator lattice: The break frequency (F) 

and the cut-off frequency (FQ). To evaluate FP, and Fo consider the 

transfer function (G) for a time dependent input function of the 

form: 

= at 
CC)ancut =e 

The transfer function, i.e. the ratio of laplace transform of the 

output to the laplace transform of the input, can be written as: 

pds 4 
Se) gta 

eiieeeseesier Os0   

where s is the Laplace parameter, which has the value of (jw) for a 

sinusoidal input. The real and the imaginary part of the transfer 

function are derived by KERLIN (1974) as: 

Re sy) = ZS Lear say Soe 

“Ww 
I) = emrae Sawlanivslewsice Oe 10) 

The amplitude A 50) and the phase angle 5 oo be written as: 
iw 

+ 4 z 
Ar = at eeccecevcees Dott 
(3e) {zal 

w 
= ti — Teisine haiti s ee. ery arctan (——) 5



    

ing the asymptotic values of LS) and Se 

i. for very small frequencies: 

4 

' dim A( ju) = & 
wro0 

Rensinen ae eee: 

-1 
1a 8 50 =jtan > (0); = 0 

MeO, 

ii. for very large frequencies: 

A = 3 

lim “(je) ~ w 

a Base ete eS ea 
-1 ° 

lin S50) stan (*) = -90 

woe 

Hence, the amplitude has a constant value of eo) at low 

frequencies and varies as ® at higher frequencies. The asymptotic 

phase values are (0) at low frequencies and (-90°) at higher 

frequencies. 

The asymptotic approximation is shown in Figure 5.4 for the 

frequency response curve of the water assembly without voids at a 

distance 20 cm from the source. The intersection of the two 

asymptotes determine the FL value. It can be seen from Figure 5.4 

that Fo can be defined as the frequency beyond which the wave 

aplitude attenuation, or, the phase angle, becomes independent of 

  

the frequency of mo tion. However, =e oceurs at frequencies 

higher than 6000 Hz for water and it is difficult to determine its 

value because of phase and amplitude fluctuation at higher harmonics. 

Therefore, Fp is taken as a measure of the frequency response curves.
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5.2.2 The frequency response of the water moderator wi 

  

The frequency response of the parallelpiped-shaped water assembly, 

Neen pare -2 J 
of geometrical buckling B” = 0.003565 cm, was measured at seven 

axial distances from the moderator-source boundary. The results are 

plotted in Pi 

  

cure 5.5 and show that the general shape of the frequency 

response curve is characterised by gradual reduction in Ee) for 
) 

frequencies up to 200 Ez. Above 200 Hz, amplitude function decreases 

  

more rapidly, up to the cut-off frequency, beyond which the variation 

becomes insignificant. The curves in Figure 5.5 indicate that: 

i. the general shape of the frecuency response remains the 

Same up to distance of 50 cm from the source-moderator 

boundary; 

ii. The spatial differences are more noticeable at higher 

frequencies; 

iii. the spatial differences are more noticeable at locations 

closer to the source-moderator boundary, i.e. small h; 

iv. the break frequency (Fy) decreases with locations further 

from the source-moderator boundary. 

A similar set of curves can be drawn to examine the spatial 

effects on the phase angle response of the system, and (i-iv) above 

remain valid for phase response. 

5.2.3 The frecuency response of waver-void assemblies 
  

As described in Chapter 3, four water-void assemblies of 

different void channel radii were used to study the effects of the 

presence of voids in the water moderator. The results are shown in 

Figures 5.6, 5.7, 5.8 and 5.9. 

In Figure 5.6 the amplitude decay function Ey) response for a 

water-void assembly (void radius 2.4 em) is compared with the
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amplitude response of the water moderator. Both responses were 

measured at a Gistance of 20 cm from the moderator-source boundary. 

ure 5.6 that the presence of the void 

  

It can be seen from the 

  

9. © 4 9 o y moderator increases the attenuation of the amplitude consi 

While the response at frequencies up to 10 Hz does not differ 

   significan: with the introduction of voids, the voic effect on the 

plitude attenuation function, and the phase lag angle, is 

appreciable at frequencies larger than 50 Hz. The break frequency 

is also reduced by 50 Hz by the presence of voids. 

The effect of void dimension is shown in Figure 5.7. It can be 

seen that, by increasing the void channel radius, the amplitude 

decay function attenuated more rapidly, and the break frequency 

decreases as the void radius increases. 

The spatial effects on the frequency response, for the water- 

void assembly with void radius = 2.40 cm, can be seen in Figure 5.8. 

Unlike the water-only results presented in Figure 5.5, Figure 5.8 

indicates that the spatial effects are more significant when void is 

present in the moderator, and more noticeable at distances far from 

the source. The break frequency decreases more rapidly with distance 

from the source. At distances more than 30 cm, the cut-off 

frequency (F,) occurs within the source frequency range i.i. less 

than 1250 Hz. 

Further examination of the spatial effect is presented by 

plotting the phase response in Figure 5.9. These results confirm 

the presence of the cut-off frequency below 1250 Hz at a distance 

50 cm from the source. The phase response data is obtained from the 

first and third harmonics only, since the higher harmonics data for 

distances higher than 20 cm were unreliable.
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5.3 Determination of space-independent neutron weve parameters 

4s stated in Section 1.3.2.2, an attenuated 

  

  

ane weve travelling 

in the positive Z-direction can be represented as: 

tw Z elt ieee D 
ee Pele 7 ie 

  

where bo is constant for a given frequency (w) and eis the complex 

inverse relaxation length defined in terms of the aplitude attenuation 

@ and phase lag —€ as: 
w w 

2, = a + 3 5, ee RS Tie hate ALO 

: a 
In @ neutron wave experiment, a set of (2) and §& (240) 

must be determined for each detector location. In this section, the 

ete Bs = ees 
measured values of q (#2) and Se) are related to the complex 

inverse relaxation length Gan by reducing the measured wave 

parameters to freauency dependent parameters. 

5.3.1 The mathematical treatment 

The Fourier expansion of the function Fey) presented in Eq. (5.3) 

can be represented in a complex form as: 

jet 
F = cle coceccccocee Sel7 
(t) nei 2 

where eo is the complex Fourier coefficient, defined by KERLIN (1974) 

as: 

eenseveceeee Dal0 Q 
i) 

" 

I
>
 

—
 

& 
o & 5 
a 

a cm



whereW = ee 
n ua 

and T is the time duration of Fey: 

To compute the values of ce for a scuare wave, the Fourier 

  

coefficients of the functi @) from Za. (5.4) can be expressed as: 

  

et oe jax ~Jnx, 4 5 3 = suf Fup Ce +e Jax eo olack siete Rete eo 

ce a dex _ .-Jnx, a 
By as Foyle e ax Pass Sevecea oe ROR EGY 

by adding Eqs. (5.19) and (5.20); 

wT 

: ee e _ounx 
2(a, + db,,) = oe Foye a: 

-7T 

x seinen Ges else aut 

comparing Eq. (5.21) with Eq. (5.18), then, 

=i + c= (a, + Jb,,) . 

  

Eq. (5.22) shows that the complex Fourier coefficient c,, can be 

defined in terms of experimentally measured quantities, a, and bo 

To relate the complex Fourier coefficient to the complex inverse 

relaxation length of the wave, Pe)? we define a continuous complex 

function of position and frequency Gow)? where the measured c, are 

complex numbers which represent the values of the function G28)? 

The function Gow) is related to the inverse relaxation length 

Pw) by the expression: 

5 Pw) 2 
Bc, ws) chs) © coseesenslocaieee



164 0— 

or: 

eC td: Fan)! 2 ee (®) () : Go) = Aw) @ eee seeps ore 

where 4) is a complex constant of proportionality with respect to 

@ given value of. 

, The complex function ve v) can be regarded as having real and 
1 

imaginary parts. An amplitude R, and the phase a, are defined in 

a@ way similar to Eq. (5.6) and Bq. (5.7) as: 

Reo = et oe 2 4 (Im eet 2 (zw) = CSR (G, y 2 (92) 3 1 eee 

Zo (80a) } 

= arctan ——————_ Woe wr aetee sues, B 
(2,0) Re ae } 

From Eq. (5.24) 

log Cee wy? + JB(o wo) == ( ws) + Fwy + log Aw) Selec 

Separating Eq. (5.27) into real and imaginary parts and equating the 

equivalent terms for a given harmonic number yields: 

log Rosy = > o (wy) + fu) Sos eeececenmen ces 

Bow) = -& (w)2 + Bes) once sles ceca 2 

where fou) is the logarithm of the modulus of Aw and Bw) is the 

logarithm of the argument of Aw)? Eqs. (5.28) and (5.29) can be 

» pplied to the experimental data to evaluate the experimental values 

of 4 (w) and & (a)? as will be discussed in the following section.



    

The output data of computer code ACOR provides the values of 

the litude gain (Section 5.1.2). These values can be taken 

  

as @ measure of log R in Eo. (5.28). The slope of the plot of 
ee (Zw) 2 es I 

the gain versus the axial distance from the source-moderator boundary 

will yielé the values of Cys Similarly, the 
) 

  at a given frequency 

values of eS = in Ec. (5.29) are regarded to be equivalent to the 
1) 

measured phase lag angle © in Eq. (5.7), and plots of © 
(2,4) (2) 

versus the axial distance will yield a straight line whose slope is 

equal to EA w)* 

Figure 5.10 and 5.11 show the linear plot of Eqs. (5.28) and 

(5.29) respectively. The slope is obtained from a linear least 

squares fit of the experimental values of Gain and ee e)? for 
y (2,2) 

several frequencies of interest. It can be seen from Figure 5.10 that 

the amplitude gain attenuates more rapidly at higher frequencies. 

The phase response data are presented in Figure 5.11, from which a 

Similar conclusion can be drawn. The neutron wave parameters for 

the water assembly without voids are listed in Table 5.1, the data 

being derived from the linear least squares fit of the experimental 

data. 

The experimental data for the water-void assemblies are treated 

in a similar way. Figure 5.12 shows the amplitude gain variation 

with the axial distance for the waver-void assembly with void 

channel radius = 2.40 cm. The results of several water-void 

assemblies for a single frequency are presented in Figure 5.13 and 

indicate that the amplitude gain decays more rapidly for smaller 

void dimensions. Although Figure 5.13 represents the data obtained 

at a modulation frequency of 500 Hz, the results obtained at lower 

frequencies, (i.e. 200, 150, 100 and 75 Hz.), confirm this 

observation. At 75 Hz, the gain variation with the void dimension



  

  

  

  

  

Hermonig Frequency 

No. Be, | red/sec, 

iste 10 62.28 0.305 0.094 0.085 9.057 

tet. 25 | 157.08 0.310 0.082 oo 0.051 

ist. 50 | 314.15 0.344 0,091 Slaton 0.062 

ist. 15 | 471.23 0.355 0.124 0.114 0.088 

1st. | 100 | 622.80 0.372 0.139 0.119 0.103 

ret. | 150 | 942.47 | 0.388 | 0.185 enne 0.143 

ast. | 200 |1256.63 0.389 0.205 o03 0.159 

3rd. 300 | 1884.94 0.450 0.253 2.120 0.217 

ast. | 350 1219.11 0.425 0.259 0.413 0.220 

3rd. | 450 | 2827.43 0.434 0.297 9.100 0.258 

tet. | 500 | 3141.59 0.455 2.308 np 0.280 

3rd. | 600 | 3769.91 0.471 0.327 0.715 0.308 

tat. | 750 | 4712-38 0.510 0.375 0.120 0.382 

ist. | 1000 | 6283.18 0.605 0.338 0.188 0.808 

tet. | 1250 | 7853-98 0.635 0.599 0.247 0.507 

3rd. | 1500 | 9424.77 0.782 | 0.362 0.559 

gra. | 2250 | 14137. 0.810 | 0,326 ¢ 0.529 

3rd. | 3000 | 18849.5 0.847 0.371 0.579 0-629                  
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Fig.5.11, Phase lag variation with axial distance for 
several frequencies jn water assembly without 
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becomes difficult to detect. This indicates that, with a void cell 

producing significant neutron streaming, the amplitude attenuation 

becomes less noticeable at lower frequencies. At higher frequencies, 

     
(i.e. beyond 1250 Hz), the effects of void dimension become negligible. 

Similar conclusions can be drawn from the phase response presentations. 

The numerical values of a, , and € for several water-void 
@) (@) 

assemblies are listed in Tables 5.2, 5.3, 5.4 and 5.5, the values 

being obtained from the least squares fit of the experimental data. 

5.4 Determination of diffusion and thermalisation parameters 

The method used to determine the diffusion and thermalisation 

parameters of the water assembly without voids and several water- 

void assemblies is presented in this section. The mathematical 

treatment of ‘the observed wave parameters is presented first, 

followed by its application to the experimental measurements. 

5.4.1 The mathematical treatment 

The time-dependent one group diffusion equation for a non- 

multiplying medium is given by LAMARSH (1967) as: 

5 2 g cs Eg ees Pox ,y 2.) 
oon Gays2st) @* Gyys2,.0) > ¥ bt 

allerorsicie eehcw: oe SO! 

where D, and = , are the thermal diffusion constant and the 
a 

macroscopic absorption cross section of the moderator averaged over 

@ Maxwellian energy spectrum. The Maxwellian average is omitted 

hereafter). 

Introducing the wave solution presented in Eq. (5.15) into 

Eq. (5.30) will yield:



“umericel results for voi. 

void chennel redius = 1.55 cn. 

92 

Teble 5.2 

  e221 

  

  

  

  

      

Sermonics Prequency Hey) =e ie 2%) Fe), 

To. Bz rea. ca! on™? Le 

tet. 10 62.28 | 0.240 | 0.956 9.005 0.027 

Aste 25 | 457.08 | 0.245 | 0.062 0.005 0.030 

ist. 50 | 314.15 | 0.246 | 0.068 0.955 0.053 

1st. 15 | 471.23 | 0.255 | 6.107 0.054 0.054 

ist. 700 | 628.80 | 0.262] 0.136 0.049 0.071 

ist. 150 | 942.47 | 0.264] 0.162 0.040 0.085 

ist. 200 | 1256.63 | 0.256] 9.179 0.037 0.102 

Sra. 300 | 1884.94 | 6.201 | 0.208 9.038 0.121 

ist, 350 | 2799.11 | 0.319 | 0.251 0.038 0.164 

5rd 450 | 2827.43 | 0.318 | 0.250 0.060 0.159 

ist. 500 | 3141.59 | 0.320] 0.222 0.060 0.142 

$e4, 600 | 3769.91 | 0.344] 0.240 0.048 0.165 

tet. 750 | 4712.58 | 0.348 | 0.269 0.045 0.187 

1st 1000 | 6233.18 | 9.367] 0.302 0.048 2.221 

tet. 1250 | 7955.98 | 0.385] 0.327 0.086 0.251 

324. 1590 | 9424.77 | 0.472] 0.337 3.065 0.518 

Sra. 2250 |14177.10 | 0.522] 0.382 0.982 0.398 

3ra. 3000 |78349.50| 0.563 0.123 0.557         
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Mable 5.3 

Numerical results for void cel? 

Yoid chennel redius = 1.75 cm. 

  

  

  

  
  

jemonie|__rreeweser | uy | Ge) OF Geleseor Zon 

To. Ez. rad.3! cz! ea! =? a? 

ist. 25 157.08] 0.075 0.095 0.004 0.014 

ist. 50 344.15] 0.205 0.115 0.028 0.047 

tet. be) 471.23] 0.278 0.138 0.058 0.076 

1st. 100 628.80] 0.377 0.197 0.103 0.148 

ist. 150 942.47] 0.394 0.214 0,109 0.168 

ist. 200 1256.63] 0.409 0.251 0.104 0.205 

bra. 300 1864.94] 0.434 0.279 O14 0.242 

Ist. 350 2199.91] 0-453 0.294 0.119 0.266 

3rd. 450 2827.43| 0.463 0.325 9.108 0.300 

1st. 500 3141.59| 0.472 9.335 O.112 0.314 

33d. 600 3769.91| 0.486 0.356 0.114 0.347 

ist. 750 4712.91| 0.508 0.372 0.119 0.378 

ist. 1000 6283.18] 0.537 0.418 0.425 0.449 

3rd. 1500 9424.77| 0-584 0.419 0.165 0.489 

3ré. 2250 34137.10| 0.635 0.529 0.128 0.671 

33a 3000 19849.50| 0.680 | 9579 oer ©. 787             
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Redle 5.5 

EZumericel resuits for void 

  

  

  

  

  

  

  

  

Yoid Chennel redius = 3.55 ca. 

Hezmonic Preauency 

Ho. Hz red. eal 

ist. 50 314.15] 0.182) 0,081 0.027 | 0.029 

dst. 75 £71.23 0.274 0.199 0.065 0.060 

tet. 100 628.30] 0.365] 0.195 0.096 | 0.141 

Ist. 150 942.47 | 0.381] 0.217 0.098 | 0.165 

tat. 200 4256.65 | 9.397] 9.246 0.097 | 0.195 

oe 300 1884.94 0.422 0.286 0.097 0.241 

tah 350 2199.71 | 0.432] 0.502 0.096 | 0.261 

338. 450 2827.45 | 0.451] 0.332 0.093 | 0.299 

dst. 500 5141. 0.460 0.341 9.095 0.313 

5rd. 609 3769.91 0.475 0.365 0.093 0.546 

18%. 759 4712.91 | 0.495) 0.384 0.100 | 0.377 

1st. 1000 6285.18 | 0.5241 9.402 0.113. | 0.421 

33a. 1500 9424.77 | 0.569] 0.451 0.121 | 0.513 

2259 14137610 0.621 9.463 0.172 0.575 

3000 18849 0. 663 0.561 9.126 0.744                     



  

  

  

  

2 
2 a 1 ee hs a eae semevicevecce Ss 52 
& ° L 

w 
2 =_— ssedtecevece Feo ae, wD, 5 Ba 

where L is the thermal diffusion area. 

z Eos. (5.32) and (5.33) suggest that Le ye anc Tj can be 

determined by observation of % ana & + To check the 
@) (») 

asymptotic behaviour of Eos. (5.32) and (5.33) they can be combined 

  

  

  

  

to give: 

2 2 5 1 1 we eee ) Beene 
() ete v ve 

2 -1 aes 
E ae Wises aeeuwae G625e ) aye z ve 

Bas. (5 and (5.35) show that, when w approaches zero, © (> 2 

and £ (a QO. For large frequencies, E(w) anda Bus, approach 

® 4 
& common value of (SF. 

The phase velocity (4) is defined by (i = ) has 
2vD w 

assymptotic values of = aS wW approaches zero and (2vo,w)2 for 

  

large frequencies. 

To facilitate the comparison with theory, it is convenient to 

present the wave parameters in a plot of ( %, ) versus ( & ) for
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the range of the modulation frequencies of interest. The resultant 

  

Giagram is called the (? ) dispersion law. ly, the plot of 
2 2 ¢ 

Cop oo) versus (2 4 E ) is called the (, “) dispersion law. 
ww 

  

The values of (4 ) and (¢ ) of the thermal neutron wave a E 

  

propagated in the water assembly without voids are listed in Teble 5.1. 

These values, which were obtained from a least souares fit of the 

experimental data, are used to plot the variation of (2 % , E pace 

2 E 
and ( q 2 ) with modulation frequency. The results are 

shown What 5.14 and 5.15. The solid curves are the least 

squares fit performed by a standard FORTRAN curve fitting routine 

UAO1. This program fits a polynomial to a set of values of a function 

of one variable using the method of least scuares via orthogonal 

polynomials. The dashed lines represent the linear fit of the 

experimental data for frequencies lower than, and including 600 Hz. 

Figure 5.14 indicates that the linear relationship between ( 2g . E a 

and the frequency holds up to 600 Hz. Beyond 600 Hz the relationship 

given by Eq. (5.33) is no longer valid. Figure 5.14 also indicates 

that even below 600 Hz, the best straight line through the 

experimental points does not pass through the origin as predicted by 

Eq. (5.33). The relationship between (oe - te ) and frequency in 

Figure 5.15 deviates from the constant value predicted by Eq. (5.32) 

at frequencies larger than 600 Hz, where the sensitivity to change in 

frequency is greater than that of (2, . g 2 oe 

It is apparent from Figures 5.14 and 5.15 that the diffusion 

approximation based on Eq. (5.30) can not interpret correctly the 

experimental observations in the entire experimental frequency 

renge. Hence, a more comprehensive theoretical model is necessary. 

The slope of the linear fit in Figure 5.14 should give the value
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4 5k : ? . * 
of Gs and the zero frequency intercept in Figure 5.15 gives the 

° 

)pawecn( value of ( ) for the water assembly without voids. 

  

These values are found to than the accepted values for 

  

water. This discrepanc y is commented upon in Chapter Seven.   

The first order dispersion law for water assembly without voids 

resented in Figure 5.16, where the relation between ( & w ) and 

w ) can be examined. The (°%— )plane can furnish some 

information about the presence of a discrete wavefront and continuum, 

11 be discussed in Chapter Seven. It can be seen from Figure    

5.16 that at frequencies higher than 600 Hz, (or 3769 rad as e@ well 

defined cyclic behaviour occurs. This will be related to the 

attenuation of the discrete and the continuum modes of the thermal 

neutron wave in Chapter Seven. 

The phase velocity (i cm =), and the wave length (A cm) of 

the thermal neutron wave in water, are plotted in Figure 5.17 versus 

He It can be seen from Figure 5.17 that the 
  

frequency in rad. 

  

phase velocity is related to the modulation frequency and increases 

as frequency decreases. This indicates the dispersive nature of the 

thermal neutron wave. The wavelength variation with frequency is 

another way to show the dispersive nature of the thermal neutron 

wave. Both curves in Figure 5.17 indicate the presence of a finite 

wavefront velocity, which contradicts the diffusion theory assumption 

of the infinite wavefront velocity. 

The measurements of the frequency response of several water-void 

assemblies were performed and the data obtained are presented ina 

way similar to those for water assembly without voids. The numerical 

values of the wave parameters are listed in Tables 5.2, 5.3, 5.4 and 
2 2 

5-5. The dependence of ( % y - E w ) on the source frecuency for one 

of the water-void assemblies is shown in Figure 5.18. This figure
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shows that the relationship given in Eq. (5.3 

  

) holds satisfactorily 

for source frequencies up to and including 600 It was found that 

  

< mn ‘ 2 
beyond this frequency the measured values of ( g - £ ) increase 

wv w 

with frequency, as can be seen from the solid curve in 

  

which was obtained as a result of the polynomial fitting of 

  

experimental data for frequencies up to and including 3000 Ez. 

  

' To investigate the effect of the void dimension on the va 

of the wave parameters function (2° y g w with source frequency, 

the values of (2 a Ae ), obtained over the range of the experimental 

frecuencies, were plotted versus frequency for several water-void 

assemblies. The results are shown in Figure 5.19. The results of 

the water assembly without void is also drawn in Figure 5.19. 

Figure 5.19 shows that by the introduction ef voids into a moderator, 

the wave function (2 ae, ) becomes more sensitive to the source 

frequency. It was found that this sensitivity to the frequency 

increases by increasing the void dimensions. The linear relationship 

between (2 a wee ) and the source frequency for the water assembly 

was found to be valid up to 600 Hz. By the introduction of voids 

into the moderator, the frequency upper limit decreases to 450 Hz 

for a water-void assembly with void channel radius of 1.75 cm. It 

was foune that further increase in the void dimension reduces the 

frequency upper limit below which Eq. (5.33) can be applied. 
2 2 

The effect of void on the variation of (% , - ©, ) with 
Z 

frequency was examined by plotting the values of ( % y= E ) 
w 

versus frequency for water assembly without void and three water- 

void assemblies of different void channel radius. The results can 

be seen in Figures 5.20 and 5.21. Figure 5.20 shows thet below 

600 Hz the size of the void channel has a little effect on 
Zz 2 

3 wr E w ) curves. However, the effect of the voids on the zero- 

frequency intercepts is noticeable. Figure 5.20 provides the values
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a P 2 
i diffusion area (L,) for each assem 

@ 2 

of the zero-frecuency intercept on ( @ wrt w ) axis according to 

of the ax: 

  

the reciprocal 

he axial streaming factor can be found as: 

  

where, (ty) is the axial diffusion area of the water-void assembly 

end ape is the axial diffusion area of the water assembly without 

voids. 

Figure 5.21 shows that the values of i? -e ) become 
w w 

freouency dependent for frequencies larger than 600 Hz. It can be 

seen from Figure 5.21 that by the introduction of voids into a 
2 

moderating assembly, the velues of ( ° ,, -= ii ) become less 

  

sensitive to frequency and this sensitivity drops further by 

increasing the void size. Figure 5.21 provides a mean of 

wW, 

evaluating the frequency dependent axial streaming factor, (ss 

which can be defined for a given frequency (F) as: 

  

  

wee 2 2 

(2) (LS eee 
2 a sees 

(os oy at : dp 

w 
2 2 

The numerical values of ( % an a ) for water and water-void 

assemblies and the associated values of (8) for certain frequencies 

are listed in Table 5.6. These values are drawn in Figure 5.22, 

which shows the variation of the axial streaming factor with source 

frequency. Figure 5.22 indicates that by increasing the frequency 

of modulation beyond certain value, the axial streaming increases 

significantly with the frequency. Hence, the increase in the source 

frecuency is equivalent to an increase in the void dimension.
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Frequency dependent « 

  

for severel weter-void essemblies 

  

    Freauency | Jeter esse: 
  

without voi     
  

(eth,    
  

  
° 0.125 0.105 [1.199 | 0.097 | 1.286] 0.091 | 1.573 

100 0.126 0.106 1.192 | 0.098 11.295] 0.092 | 1.380 

300 0.126 0.106 41.196 | 0.098 | 1.296 ~093 | 1.376 

500 0.128 9.107 11.195 | 0.099 | 1.292] 0.093 | 1.380 

700 9.136 0.114 |1.192 | 0.104 | 1.307] 0.098 | 1.387 

1000 0.439 0.136 0.126 | 1.406] 0.104 | 1.730 

4200 0.220 0.148 9.144 | 1.527] 0.108 | 2.037 

1500 0.504 0.176 0.168 | 1.809] 0.120 | 2.533 
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ORETICAL MODELS FOR 

  

TICN CF NEUTRON 

  

The methods usec to caliculete the thermal neutron wave parameters 

for the different moderator assemblies are presented in this chapter. 

A one group time-dependent diffusion model for neutron wave 

propagation is developed, followed by a P,-approximetion based on the 

solution of the Telegrapher's equation. A thermalisation model is 

Geveloped to account for neutrons with a non-Maxwellian energy 

Spectrum. The dispersion law for each model is derived to provide an 

accurate prediction of the wave parameter dependence on space and 

frequency, and to facilitate the comparison with the experimental 

observations. Finally, a set of parameters are derived to quantify 

the effects on the neutron wave parameters of voids in the moderator 

and the streaming of thermal neutrons along the vertical axis of the 

assembly. 

6.1 Fundamental concepts of neutron wave calculations 

The Characteristics of & thermal neutron wave propagating in non- ; 

multiplying system were referred to in sections 1.3, 5.3 and 5.4. 

This analysis considers a parallelepiped moderator with a periodic 

plane thermal neutron source at the lower face of the parallelepiped, 

(Z=0). The source intensity, Sct)? can be represented by a steady 

component, Bo(2)? and the real part of the oscillatory component, 

S(p)-e*, ise. 

  

Jot 8(2,t) = Soc.) + se[ S(2)e ‘ .



dex amplitude.     

1966) indicated 

  

will be introduced 

  

z.t)? Z,t) 

  

propagating Gisturbance created by the real part of the source 

modulation, £2) welt Lees 

Ha,r) * Pots) * | Bi oil ee eae 

where £2) is a complex amplitude. 

The neutron density near the source will oscillate in-phase with 

the source. These forced oscillations are produced by the collective 

behaviour of neutrons which, at the same time interact with the medium 

and travel with e finite velocity. Thus for regions far from the 

source, there is a delay in the oscillation. MOORE (1966) showed that 

because of the space-depencent phase, the disturbance possesses wave- 

like properties and can be described as a damped thermal neutron wave. 

HETRICK (1971) showed that an attenuated plane neutron wave travelling 

in the positive Z-direction can be represented as: 

Boa,t) = bo Fwy? Weare ne )eo yeas 

Pierce aiews a ~ § where A, is a constant and ( (w)? and ( (w)? are the frecuency 

Gependent attenuation and the rate of change of the phase angle of the 

wave at a certain distance along Z-axis. 

By defining a complex quantity (Pp) as: 
» 

fey? 09 * 38 ey 
or: 

  

pean a: 
Boyt Men > Fay + 5255
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then, Ec. (6.3) can be written as: 

Pia atheee ace ae setae 6.5 

  

It is evident from dc. (6.5) that (P) is 

  

length of the wave. 

The time-dependent one group neutron ciffusion equation at a 

Point (x,y,z) in @ non-multiplying medium can be written as: 

4 Cease) 2 

od Pxyyz4t) r a Pex yi2,8) cay: at +0066 

where D5 is the thermal diffusion constant, and Sk a is the 

macroscopic absorption cross section. Both D_ and Se are 
> ~o a 

averaged over a Maxwellian energy spectrum. 

It hes been shown in Section 5.4, that by substituting Eq. (6.5) 

into Eo. (6.6.), the squared inverse relaxation length ( p*) of the 

wave cen be expressed in terms of diffusion and thermalisation 

parameters of the non-multiplying medium as in Eqs. (5.32) and 

(5.33). 

2 2 + = _ Plots of (©) versus ( §,)) and (exc) Su? versus 

ease rs % (2@Q5 § wy? are often referred to as the (Py and ( Q°) dispersion 

laws. These will be derived independently for any theoretical 

models in the following sections. 

€.2 The methods of calculation of neutron wave parameters 

The theoretical models developed to calculate the thermal 

neutron wave parameters (% ay) and { Su) are presented in this 

section. A parallelepiped-shaped moderator with a plane, thermal 

neutron source at the lower face is assumed. 

6.2.1 One group fusion model 

The laplacian operator, ww), used in Eq. (6.6) can be written 

as:
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if: 

  

) = Fex,y)%c2,t) areecee sisigees Ose 

then Ec. (6.6) can be written as: 

2 2 

Boot) PY” Cay xy) * Pez) POV" (2)6n4t) 

oe ae Ce we a 2 x,5)%(2,t) = Gay ian 6.9 

LANARSH (1967) indicated that it is possible to solve such an 

equation by an eigenfunction method, in which the solution can be 

found in terms of solutions to another differential equation; 

ve + Be Sea ee GG 

where Be is a constant and the function % satisfies the same initial 

and boundary conditions as in Eq. (6.9). The fundamental eigenvalue 

B™ known in reactor physics as the geometrical buckling. For a 

parallelepiped moderator it can be written as: 

2 2 2 Bo TS een ae re oo Os 14 
ll 1 

  

where the (||) and (1) suffixes indicate parallel end the normal 

direction to the neutron motion. Eq. (6.1C) can be separated into 

two equations by using Eq. (6.7) and Eq. (6.11), such that: 

8 
“V7 Gyieee =B Pe) Teaiaslg eesiee Cole 

re 2 -V eS Bot) = Bi ORS) ere Wal cisia'cierere 2 6.15
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Substituting Eqs. (6.12) and (6.13) into Ee. (6.9), then: 

5 4 2204) e Be (z.t) 6.14 DV Hat) - OB + Sa) Ae) a nto ents vee 6.48 

ti
 e. (6.14) is @ one-dimension diffusion equation which accounts for 

  

a is ‘very. the change in the transverse buckling, a feature 

desirable in this work and especially in void calculations. Ea. (6.14) 

is @ parabolic differential equation which does not have a true wave 

solution, (UERIG (1967)). A familiar technicue to obtain a wave- 

like solution is to introduce a complex source term, as reported by 

COHN (1966). The Complex Source Method, (CSM), is based on the 

transformation of the time-dependent equation into a set of complex 

equations dependent on space and frequency, but not on time. CSM 

has been tested by many workers, BRIDGES (1972) showed that the CSM 

precicts accurate results in studying space-independent phenomenz, 

€.€. reactivity of multiplying system and systems in which a 

secondary source of neutron exists. GIL-RANCS (1974) applied e 

multigroup version of CSM and showed that CSM predicts with good 

accuracy the core region of & subcritical system. However, the CSM 

leacs to a complicated analysis which involves long computation time. 

Substituting Eo. (6.5) into Eq. (6.14) yields: 

  

eo 2 a a p = @ + ee Vewine'e oder bet 

By comparing Eq. (6.15) with the squared of Eq. (6.4), the two wave 

parameters can be related to the system parameters as: 

2 12 ef 
oe - eS Roeees for” fay = =i wo vevedes ure ene 

and: 

Cn eats One eas une   

(ey gw) vd
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end by defining : 

  

B= 5+ 22 w 
D, 

Therefore: 

    
  

    

From Eq. (6.18) and (6.19), ©). and Say can be calculated from 
» Ww 

the knowledge of the system parameters and the source frequency. 

This method was first used by UHRIG (1965) to calculate the 

system transfer function using isotropic point source conditions, 

    

  

and later by MILES (1974) to calculate the dispersion laws for 

  

berellyium at frequencies below 10CO Hz. The method is extended



=A 

in this work to calculate the wave parameters of a thermal neutron 

  

6.2.2 The one group P,-approximation model 
  

: The equation which described the time behaviour of neutron 

populations in energy-phase-space parameters is called Boltzmann's 

Transport Equation, (BIE). The diffusion equation is a simplified 

version of BIE which can be used satisfactorily to describe neutron 

transport in a system under certain conditions. These conditions 

include the assumption thet the flux is isotropic and does not 

change rapidly with position, the neglect of absorption cross 

section in comparison to the scattering cross section, and the 

avoidance of flux calculations of the system boundaries and near to 

the source. 

The use of a diffusion approximation in the treatment of an 

external wave-like neutron disturbance introduced into system predicts 

that the disturbance travels instantaneously in all directions with 

an infinite velocity, i.e. no initial wave-front expected. Therefore, © 

the use of a more refined theory which will predict the wave 

properties of a disturbance is essential in NW? treatment. 

Another simplified version of BIE is by the well-known Pio 

approximation in which the angular distribution of flux is expanded 

in Legendre polynomials restricted tc the first two terms of the 

expansion, as detailed by WEINBERG and WIGNER (1958). The 

propagation of mon-energetic neutrons through a system is considered 

by averaging the energy dependent parameters over a Maxwellian 

spectrum, which leads to the familiar Telegrepher's equation:



3D. ay 

  

° 4 c 
sus (xy,2,t) += (14+ 30 E 
vo at> v o 

pve a gZ ‘ 6.20 DEV Pe yey 2 Sees) serine nage HORSO 

A one-dimensional Telegrapher's equation can be determined for 

a@ rectangular moderator with source symmetry along the Z-axis by usin, & y 3 E y 

the approach detailed in Eqs. (6.9) to (6.14); 

2 2H 

By Fear) (1+ 22 By) Mee 
ve ae v at 

ele sleisielee need)   

iS a 

DY Pizt) - BL + Ba) Hoty oe 

WEINBERG and WIGNER (1958) heave indicated that the solution of 

Eq. (6.21) shows a phenomenum of retardation, i.e. the solution has 

a@ well-defined wave front in addition to a residual disturbance. Thus 

the solution of Eq. (6.21) must represent a damped wave travelling 

with finite velocity as: 

  

Jwts P 
ot) = Ay e be Pz 

Introducing Eq. (6.22) into Eq. (6.21) yields: 

  

2 2 35, iw a =~ 28), 224 eae Gs p' cr + 3) + oe (1+ 3D, =.) is 6.23 

By comparing Eq. (6.23) with Eq. (6.4) and using the same method as 

in the previous section, the wave parameters as a function of 

frequency and system constant can be given as:
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+ (BP + 2a - 28) Bik on eee 
D 

4 

  

+ 
2 

- (2 4 Be 3h Woe eo. 62s 
ei Do, a Mige 

6.2.3 The thermalisation theory moder 

  

In a non-multiplying system, the main processes experienced by 

the slowed-down neutrons are thermalisation and absorption. Recent 

work by RITCHIE and WHITLLESTONE (1973) and KOBAYASHA et al (1975) 

hes indicated that the presence of a non-Maxwellian energy 

distribution affects the discrete mode of the propagation, i.e. the 

values of iy) and Su: Moreover, the presence of voids in the 

moderator requires a correction to the Maxwellian-averaged parameters 

as reported by WARNER and ERDMANN (1969). In present work, the 

effects of the energy distribution of the neutrons in a moderator 

will be taken into account by means of a thermalisation theory. 

The ciffusion approximation to the Boltzman equation, 

describing the neutron field in a rectangular moderator of
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extrepoleted dimensions a, b and ¢ and having a plane source of 

  

thermal neutrons in the Z=O plane, is given by W 

(1958) as: 

De 2 ee ats 57 

oY Poxy,2,dst) ‘lacey E ne PCy, 2,B,t) 

anu cs PF x yiesBst) en Eee + ea gv = 
Jz. S(pi_ppy (X92 Sioa vat 

where, ee is the Macroscopic absorption cross section of the medium, 

pe e is the macroscopic scattering cross section of the medium, 

toa is the scattering kernel for a neutron of energy =! 
(E'—p5) 

Scattered into energy interval between E and E+dE. 

Eq. (6.26) can be solved applying the following boundary conditions: 

FoxB ys, Bio) 5 = Pex,yo8 2,5, Ler aro fo tHRPn Ley 

poe Gaye ee) ae 
i °(p) az =e xsy, Est) weecee 0820 

z=0 

where S is the neutron source. A third boundary condition can be 

formulated by assuming that, if c Wes then: 

Pers deme Et)” ° eoeses 6029 

Following the method described in sections 6.2.1 and 6.2.2, Eq. (6.26) 

can be written in one dimension as:



- 2 

Vee P(e) (a.8,2 ie ea + ae ies ee) 

a 2, zt) sisssiecie ee Ge a0 
¥ Ot. 

  

where the integration is to be performed over all possible energy 

intervals into which the neutron might be scattered. 

To generalise the treatment it is convenient to carry out the 

theoretical analysis in the frequency domain. The Fourier transform 

+ ti Span fa 
of the neutron field Bose? and of the source 5 (x, 755i), are 

defined as: 

oO 

zs -jot : 
Pea wis) = J: Hoo e,t)ot Gleave noose 

o 

a 

S(x,3,2,0) = fs at wecepeceeOsse 

s (x,y,E,t) 

By using the relationship in Eq. (6.31), it can be shown that the 

Fourier transform of Eq. (6.30) can be written as: 

2 ie - Ww 
VY (282,50) ~ (Ge + Ze. + DB + 3 Ps ne) aS (2) () () 

+ Peo %e ney EO vesoseaweOnss 

& 

Eq. (6.33) is an integro-differential equation which describes the 

neutron field in terms of space, energy and frequency. The convenient 

method to solve Eq. (6.33) is by the elimination of the integral term.



  

This was performed by PEREZ and BOOTH (1965), with a solution based on 

the symmetrisation of the scattering kernel, ap - It can be 

(E'—p2) 
shown that, by following the method suggested by PEREZ and BOOTH, the 

  

solution of Eq. (6.33) for a discrete mode of the neutron wave can be 

expressed as: 

2 
vM, 1. p 

(B) =f oe 
Rr may SA (2) e {w) einelb anidele tow ae (2,E,w) ‘° Diz) 

where 4, is a constant for the discrete mode of the wave, 

Ie is the complex inverse relaxation length of the wave and 
S 

Mis) is the neutron Maxwellian energy distribution which can be 

defined for n(E') neutrons per unit volume per unit energy 

interval at the energy (z°). If n is the total number of 

thermal neutrons of energy (E) per unit volume, then: 

ye 

ACE!) 2 Vint Woe epoca eB! at lepton 6s () be 
to UF Y 
  

UHRIG (1965) derived an expression for the squared complex inverse 

relaxation length for the thermalisation model in terms of the source 

frequency and the system parameters as: 

  

  

reais Kwe 
ete ee || Wie sissies esa One 

° 

-1 
where C is the diffusion cooling coefficient expressed in ae 5 and 

ie is the thermel diffusion area in om2. Bq.(6.36) cam be separated 

into real and imaginary components and by comparing with Hq.(6.4):



  

Real 

2 2 Cet 5 
Cw) Foe (Bf + be] 1+] ) + J —! cd... 6.37 

ime.ginary: 

  5 ae ake ocean 6.38 
() “(oy 2vD 4vD ne 

° ° 

The expressions for Cc and fo in terms of the system paramaters 

(w) 
and the modulation frequency can be found by the same method expressed 

in sections 6.2.1 and 6.2.2, as: 

  

          

        

        

as 5 2 
ee [j-— {eee}. (4 od] + 

(a) “2 ae wD 1 avd, 

3 a z 
fh. wee [°-= A ee {=} oa] 

2vD, 4yvp ol 2 Te AyDoL 2vD, 

ete 6.39 

and 

i ee GF ions Ei tr { Ho (= ‘ é| z 
(w) 42 hg are Axe wD Le Sales 

3 2 3 

cet, me w|-[x.& + He}. {E hed] 
2vD yD 14 Lo a? yD 2vD
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6.3 Evaluation of void effects on the neutron wave parameters 

The space-time distribution of the thermal neutron flux in the 

moderator in neutron wave experiments has been expressed as: 

-~vz jwt 
; 

Pat) = Are Pz ed oragearse Sout 

where A, is 2 constant for the first discrete mode of the neutron 

wave travelling in the positive Z-direction. 

In neutron pulse experiments, e.g. WAGNER (1970), the space-time 

distribution of the thermal neutron flux is given as: 

#0) = 4% edBy2 _7t Uses secu Orne 

where A is a constant for the first discrete mode of the neutron 

pulse travelling in the positive Z-direction, Bey is the system axial 

buckling and A is the pulse decay constant. 

PEREZ and OHANIAN (1968) have shown that, in NWT, the squared 

complex inverse relaxation length GP associated with a given 

discrete mode of the wave can be expressed in a power series in 

frequency as: 

pé = SP 509? sed a eh en 
n=0 

In PST, e.g. BULL (1970), the decay constant ( A ) associated with a 

given discrete mode of pulse propagation can be expressed in a power 

series in system buckling as: 

x = ay, et vD,Be - Bt + FBO + Gere Pessseeris oon 

It was shown in Chapter One that both Nw? and PST are theoretically 

equivalent. The analogy between NWT and PST was detailed analytically



eee oae 

  

by i SEL and MOORE (1968), they showed that the coeffici    

the frequency expansion in Eg. (6.43) can be written as a linear 

combination of the terms that appear as coefficients of the buckling 

in Zc. (6.44). Therefore, it is possible theoretically to express the 

thermal neutron flux measured in NWT, Eq. (6.41), with parameters 

measured in PST. Hence, by comparing Eas. (6.41) and (6.42), the 

coupling relationships between the two methods can be expressed as: 

=P 24g 
“ll 

jw 

When a void is introduced into moderating medium, anisotropic 

diffusion is observed because there is streaming of neutrons along the 

void axis. This phenomena requires direction-dependent neutron 

transport parameters. In the present work, the k number of directions 

mentioned in Eq. (1.6) is reduced to two directions, i.e. (1!) and (1), 

designated the directions parallel and perpendicular to the void 

channel axis. Therefore, for an anisotropic medium, the first three 

terms of Eq. (6.44) can be written as: 

2 2 4 4 = - - Ssenceven Gsm Ne veers Wo) 8) > wD, Bi 8) Cy By 6.46 

Introducing Bg. (6.45) into Eq. (6.46) results in: 

2 = 4 yt -jWU=v2,+ a - Won a GB - oy bis vn ecepae tee 

Eq. (6.47) relates ( P) to the direction-dependent diffusion and 

thermalisation parameters of the moderator in which the wave propagates, 

Thus, the weve peremeters cen be evelueted for eech model es follows: 

i. For the diffusion model, Eo.(6.47) can be termineted et 

the third tem, ( i.e Cy= C= 0 ), therfore:
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ii. For the P-1 model: 

        

The wave parameters are: 
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Eqs. (6.49 to (6.53) can be reduced to Eqs. (6.18), (619), 

(6.24) and (6.25) by putting, DL =D) = Dy» which is 

valid for homogeneous moderators. 

For thermalisation theory, the procedure followed to obtain 

an expression for ( pe ) for anisotropic lattice with 

voids can be summarized as follows: 

First, Bq. (6.47) can be rewritten as: 

2 
apie span ce 6 nclsasisic se es eu Cet 

where, 

4 4 2 Y 
ae eo atest Yo, sadicrssG)| = 182, B av 20s 

oll ork 

Eq. (6.54) can be solved for the positive value of (P*) ast 
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he 6.57 

ct ye 4009 pee e ee enews 6.58 

then . y> = 16 cay? ep isieinerseimieoeso) 

  

Therfore, by 

    

a? ie & a ploie 

wy ~™w) = 26) ag bccd 

end 

2a = 
er 

  

if Kp ) is the value of en energy-dependent nuclear 
9 

perameter measured at the neutron most probable velocity, 

( Ve 2200 mei), then the avarage value of thet perameter 

over a Mexwellian energy distribution, Ey? cen be evelueted 

as: 

   
where (B) is eny possible energy the neutron cen teke.
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(6.61) 

using Eo.(6.62). The weve pereneters (oc 

  

thermel neutron weve in a mod 

  

    

where x, and y, are the velues of x end y at v = v, = 2200 mes! 

Eas.(6.63) end (6.64) can be reduced to Bqs.(6.39) and (6.40) 

for homogeneous moderator by putting: 

C= 
fies 
Bo=D. =D 
O|| oO) on 

8 
and putting the values of 3 end 3 37 6 to zero.



- 130 - 

£ y ndence of     anisotropy 

  

‘equency dept 

It has been shown in Chapter One that a convenient way for the 

evaluation of the degree of anisotropy in a lattice is to introduce 

  

      

  

  

vanes : ; 2 Wat ; 
a@ correction factor to the diffusion area L”. The ratio in 

L 
2 m 

ps Nee ee oy 
Eq. (1.1) and the ratio = gq: (1.2) are a measure of the 

L 
0 

parallel and perpendicular anisotropy in a moderator containing voids. 

An alternative form for the anisotropy measurement is suggested by 

BENOIST (1968) as the ratio of the diffusion constants of the lattice 

with and without voids. BENOIST (1968) defined the diffusion constant 

for a moderating medium with void channels of a radius (r) as: 

D = ay (200 + De) os eair exes ObOD 

provided that r is much greater than the transport mean free path Aype 

By assuming that the macroscopic absorption cross section for a 

  

¥ 

material with void, 24 decreases with the void-material fraction, X, 

as: 
s 

a 

Se Sateen tote eece 
a Taek 

BEHRENS (1954) reduced Eq. (1.1) to give an axial streaming factor, S\, 

as: 

  

Doi, r 
§) = = 14 X% 4°29 (———) «eee eee «+ 6.67 

oS Bhp 

H is the effective void channel height, and Q is a geometrical factor 

equal to “Ys for a long circular cylinder. 

6.4.1 Evaluation of anisotropy by diffusion theory 

To investigate the anisotropy of a lattice in which the thermal
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neutron flux is time dependent, as in neutron wave experiment, it is 

necessary to develop a theoretical model which relates the effect of 

the source frequency to the degree of anisotropy in the lattice with 

voids and to assess the effects of voids on the neutron wave parameters 

co. and . In the present work, this theoretical model cu Sess . i 
  

has been   

developed by following a procedure which can be summarised as: 

i. 

ii. 

iii. 

the frequency dependent amplitude decay of a thermal neutron 

wave propagating in the axial direction of the void lattice, 

ne wes defined by Eq. (6.49) for diffusion theory model, 

by Eq. (6.52) for P-1 theory model and by Eq. (6.63) for 

thermalisation theory. 

the frequency dependent amplitude decay of a thermal neutron 

wave propagating in the axial direction of a homogeneous 

moderator, vos was defined by Eq. (6.18) for diffusion 

theory model, by Eq. (6.24) for P-1 theory model and by 

(6.39) for thermalisation theory. 

from Eqs. (6.65) and (6.67): 

  

Oy) Pom *5 hee 

D 
° 4 

= = (aos - 1) 

D Ss 
oj) M 

Then, by introducing Eqs. (6.66) and (6.68) into Bq. (6.49), 

it follows that:
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iv. the frequency dependent amplitude streaming factor 

caleuleted by diffusion theory cen be evelueted as? 

co at, ~—«Eg. (6.69) 
ww 

s   

a, Eq. (6.18) 

or: 
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Similarly, § » the frequency dependent phase lag of a thermal neutron 
w 

wave propagating in the axial direction of the void lattice was defined 

by Ec. (6.50) for the diffusion theory model and can be written as: 

2 
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The phase lag of the thermal neutron wave propagating in a homogeneous 

moderator was defined by Eq.(6.19). Therefore, the frequency 

dependent phase lag streaming factor is defined as: 

By, _ Ba. (6.71) 
Eq. (6.19) 
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by F-1 theory 

To obtain expressions for the frequency dependent amplitude and 

phase streaming factors in P-1 theory, the procedure explained in 

(i) - (iv) above is followed, resulting in the following expressions: 
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Eqs. (6.71) and (6.73) relate the frequency dependent streaming 

factor to the void dimensions, the nuclear parameters of the system 

and the modulation frequency. It can be seen from Eq. (6.67) that the 

value of (sy) is always greater than unity and increases with the 

channel radius (r). Hence, it follows from Eqs. (6.71) and (6.73) that: 

s° anes an 

“laiee. Ne ASG 

v m 
or, oR <a Laci ’ 

which indicates that the amplitude of the thermal neutron wave decays 

less rapidly over all frequencies. Eqs. (6.72) and (6.74) show that 

the presence of voids decreases the phase lag of the wave for all 

frequencies.
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6.4.3 Evaluation of anisotropy by thermalisation theory 

The direction dependence of the diffusion cooling coefficient, C, 

its relation to the system size and its relation to the diffusion 

coefficient, vD,, were investigated by PUROHIT (1961). He suggested 

that for a large system, i.e. (Bh)* and (aa) are very small, and with 

a Maxwellian energy distribution, the relation between the 

cgiffusion cooling coefficients for a moderator with and without voids 

can be expressed as: 

  eoveseverses Oc75 

Combining Eq. (6.75) with Eq. (6.68) yields: 

  

  

  

a 
oGer*) ereecececeee 6.76 

From Eq. (6.75): 

c vD 
m . Soll a" we was cose 6277 

To evaluate the effect of voids on the neutron wave parameters 

and to evaluate the frequency dependent anisotropy, the procedure 

detailed in Section 6.3 is followed after substituting Eqs. (6.75), 

(6.76) and (6.77) in Eq. (6.57). Therefore Eq. (6.57) can be 

wrottem as: 
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Similarly, Eq. (6.59) can be written as: 

2 2 
v 2s 2 22622) Acollic Ie. 2 I 2 

y = 16 cw = 16 . Sr arer pce GspencenOere 
2 vs 

It can be shown that by following the method detailed in Section 6.3 

and using Eq. (6.66) and by defining the thermal diffusion area 

; 8 Ne 2 
in a moderator containing void, (Ly) as? 

2 
i, 

2 
Ly 

2. Poi Zaza 
= wae = y and 

q a Ny me 
      = 8) 

a 

v 
where aoe is related to the void fraction, X, by: 

= 

v a 

ne + §+X 

then the wave parameters as a function of system nuclear parameters, 

  

source frequency and void dimensions can be written as: 
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It can be shown that Eqs. (6.79) and (6.80) can be reduced to Eqs. (6.39) 

and (6.40) for a moderator without voids by putting: 

oll OF om 

8 = 5, =4 

xX =0 

D  « 12 : 72 = on 
  

The effect of the source modulation frequency on the streaming can be 

evaluated as in the previous sections as: 
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Thermalisation Ge Eq. (6.40)



      

EEORETICAL MODELS 

The theoretical models, which were cetailed in the previous 

chapter, are compared to each other in this chapter. The results 

obtained by each model are compared with those obtained in the 

experimental measurements to establish the validity of the model. 

This procedure is applied to the experiments with the water moderator 

without voids and several water-void assemblies. The discrepancy 

between the theoretical results and the experimental observations is 

discussed with reference to the physical characteristics of each 

assembly and the frequency of modulation. Finally, an attempt to 

explore the possibility of thermal neutron wave interference has been 

made by examining the dispersion relation of each assembly under 

investigation. 

7.1 Comparison between theoretical models 

The calculations of thermal neutron wave parameters, i.e. 

& (a3) and Gey for a neutron wave propagating in the axial direction 

of a water assembly without voids, are presented in this section. The 

calculations are performed using the formula which relate the wave 

parameters to the nuclear characteristics of the assembly and the 

modulation frequency. A comparison between the numerical results is 

given. 

7.1.1 Calculations for water assembly without voids (computer 

programme WAVE) 

The wave parameters were calculated by means of a computer code 

WAVE. This programme is written in FORTRAN to perform the calculation
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of ~ ww) and ta) (6.;8) and (6.19) for the diffusion theory 

model, Eqs. (6.24) and (6. 25) for the P-1 approximation model and 

Eqs. (6.39) and (6.40) for the thermalisation theory model. The 

calculations were performed over a range of modulation frequency of 

© - 10000 Hz, in steps of 50 Hz. The diffusion and thermalisation 

parameters used in the calculations are listed in Table 7.1. The code 

WAVE evaluates the wave functions a eu on for each model 

and provides the numerical values of the function Guy)? which is 

defined as: 

The wave amplitude a7 frequency = w 
G seceeee Zo   

ces The amplitude at frequency = 0 

The values of Sw) were taken as a measure of the amplitude 

damping with modulation frequency. A listing of the programme WAVE 

and a sample of the output data is provided in Appendix II. 

Table 7.1 

Diffusion and thermalisation parameters of water corrected to 22° 

  

Transverse buckling Be 0.002087 em™* 

Axial buckling Be 0.001483 om™* 

Thermal neutron velocity v 220500 ons” | 

Diffusion constant D) 0.1593 cm LAMARSH (1967) 

Absorption cross section 3 , 0.01913 car KANEKO (1974) 

Maxwellian averaged = 0.0221 on™ WARNER (1969) 

Scattering cross section JT . 2.3551 em”? KANEKO (1974) 

Maxwellian averaged =. 2.6715 om! WARNER (1969) 

Thermal diffusion area i€ 8.245 cms LAMARSE (1967) 

Diffusion cooling coefficient C 3380 ea a PAINO (1968)        
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Q 7.1.2 Comparison of theoretical results 

The numerical values of the amplitude decay function, Susy? 

evaluated by different theoretical models, are plotted against the 

modulation frequency in Figure 7.1. Both the diffusion and the P-1 

approximation models, (denoted by D and P-1), predicted no effective 

amplitude decay of the thermal neutron wave in water up to modulation 

frequencies of 200 Hz. Beyond this frequency, the amplitude decay 

becomes more noticeable but both models predicted the same results up 

to 600 Hz. At larger frequencies, the transport effects associated 

with the P-1 model tend to minimise the amplitude decay. 

The thermalisation theory results (denoted by T in Figure 7.1), 

are more sensitive to the modulation frequency. A noticeable 

amplitude decay appears at frequencies as low as 20 Hz. The amplitude 

decreases more rapidly with frequency than the diffusion or the P-1 

models. It can be concluded from Figure 7.1 that the correction to 

the diffusion theory introduced by thermalisation theory (i.e. due to 

the non-Maxwellian energy distribution) is much more important than 

transport effects correction introduced into the diffusion model. 

The analytical interpretation of the theoretical models can be 

presented by plotting the real and the imaginary parts of the squared 
2 

complex inverse relaxation length, (p), i.e. (7. Fy and 20,5, * 

versus modulation frequency. These plots are presented in Figures 

7.2. and 7.3. In Figure 7.2 the zero frequency intercept on 
Firth 

(en §) axis has the following values: 

  

  

Ay = Br + for diffusion theory, and 

DB 

2 

Ay = BT + Be - =Y for P-1 approximation theory. 
D v
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z 2 
The diffusion theory predictsa constant value for ( mT $) 

over all ranges of frequency, while the P-1 results coincide with the 

diffusion results up to 1500 Hz. Beyond this frequency (3 2 

2 z e 

effectively reduces the values of Oxa-5 Ne 

For the thermalisation theory calculations, the zero frequency 

intercept (Ap) is: 

  

= 
hy = BD + = (4+) 

au yD 

which is smaller than (Ay) predicted by diffusion and P-1 

2 2 
approximations. However, the values of Co oh increase with 

tr _3, 
2vD 

° 

  frequency by a factor of (. Ce 

It can be seen from Figure 7.2 that the corrections to the 

diffusion theory introduced by the transport effects in the F-1 

approximation, (B,), and the correction due to the non-Maxwellian 

energy distribution introduced by the thermalisation theory, (B,), 

are in opposite sense. At a given frequency, (F), 3 > Bas which 

indicates that the thermalisation effects are more important than 

the transport effects in a large-size moderator. 

In Figure 7.3 the values of the function (2 «5, ) for the 

diffusion and the P-1 calculation almost coincide in a linear 

variation with modulation frequency. The slope of the straight line 

: 4 ‘ 4 3 Geno & 
for the diffusion results is ‘vin? and for F-1 is (sabe « 

The thermalisation results show a considerable deviation from a 

linear relationship. The quasi-exponential rise in the values of 

2 oe Su with frequency is reported by GOYAL (197/) following a 

different theoretical approach. However, it must be mentioned that 

the thermalisation theory developed in this work predicts a larger 

deviation from the linearity than that reported by Goyal.
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7.2 Comparison between the theoretical and the experimental results, 
  

-_water moderator without voids - 

The experimentally measured amplitude and phase shift of the 

thermal neutron wave, excited by a modulated source and propagating 

in the axial direction of the water moderator without voids, are 

listed in Table 5.1. These values are compared with the theoretical 

;values predicted by each model and the results are shown in Figures 

“Ok and 7.5. It can be seen from Figure 7.4 that both the diffusion 

and the P-1 approximation predictions underestimate the amplitude 

decay over the whole range of frequencies. The thermalisation theory 

prediction of the amplitude decay is fairly accurate for frequencies 

below 750 Hz. 

It can be seen from Figure 7.5,in which the calculated and the 

measured phase shifts are compared, that the diffusion and the P-1 

calculations underestimate the phase lag up to frequencies around 

1000 Hz. and overestimate it at larger frequencies. The 

thermalisation calculation provides good agreement with the observed 

values in frequency range 75 Hz to 750 Hz. 

An alternative approach is to compare the theoretical results 

with those obtained experimentally the two independent wave parameters, 

2x5. and ee §? » This approach allows the diffusion effects, 

which are the main contributors the wave function (20,5), to be 

separated from the thermalisation effects which determine the values 

of ( on = ). Figure 7.6 shows the measured and the calculated 

(2 ~§,) functions versus frequency. It can be seen that the 

diffusion and P-1 approximations fail to describe the experimental 

observations, while the thermalisation calculations show a good 

agreement with the experimental values in the frequency range 

(© - 1250 Hz).
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Figure 7.7 shows the calculated and the measured variation of 

the function ac g) with the modulation frequency. The 

experimental values do not agree with the constant values predicted 

by the diffusion theory or with the ?-1 predictions, which indicate 

hat the transport effects are not important in determination of 

the function (a - §). The thermalisation predictions are plotted 

over two frequency range, first, (© - 1250 Hz), which is the 

experimental range, and second, (0 - 8000 Hz). The second range is 

presented (the dashed curve in Figure 7.7) to contrast it with the 

least squares fit of the experimental data and indicates that the 

thermalisation calculation predicts the general trend of the 

variation of (xd §) with frequency but is in disagreement with 

experimentally-measured values. The calculated values of (od. - €) 

do not increase with frequency as fast as the experimental results. 

The apparent agreement in the (2~,§,) plot with the thermalisation 

calculations and the disagreement in the (oe - §*) plot can be 

explained by the fact that small errors in determination of the 

experimental and theoretical values of (x) and (Se) tend to 

cancel in the (2@,$,.) plot but re-inforce the disagreement in the 

2 2 
(%,,- §) plot. 

A third method for comparing the experimental results with the 

theoretical results is to present the first order, or (p) dispersion 

law, (i.e. the plot of a versus SD and the second order, or (p* ) 

idspersion law, (i.e. the plot of 2 %., S versus a“, - i. This 
of CHANIA 

method was first used by PEREZ (1968) to investigate the nature of 

wave propagation in graphite. 

The calculated and the measured (p) and (p) laws for water are 

shown in Figures 7.8 and 7.9. Inspection of these figures reveals 

that all theoretical models predict the experiment fairly well up to
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750 Hz. At frequencies above 750 Hz the experimental results depart 

considerably from the theoretical predictions. This departure has 

been noticed in crystalline moderators by many workers (e.g. 

TAKAHASHI (1968) in graphite, RITCHIE and WEITTLESTONE (1973) in 

beryllium oxide and GOYAL (1975) in beryllium. The common 

interpretation was to attribute the disagreement to the presence 

of a strong sub-Bragg continuum at high frequencies. 

In the present work, the thoeretical models dealt with the 

neutron wave as of a single discrete mode but higher spatial modes 

of the wave do exist, and the dispersion laws can be generalised 

to include these spatial modes. The continuum concept can be 

illustrated by the one-group and one-dimensional neutron transport 

equation given by LAMARSH (1967) as: 

ag ag 
i (o5y,t) (zyn,t) 
Tose + U agers + x, Poo pst) 

' 

7De J Pept) ee ere 
-1 

where Le pst) is the number of neutrons per unit volume having a 
oP 

velocity vector with a direction cosine between u and u+du. The 

continuum corresponds to the vanishing of the operator on the left 

of Eq. (7.2), i.e. 

1¥emt) , Me t) oh Dae Brute) =O secccene Fed 

If the flux is assumed to be of the form: 

~ per jet 
¥(oyn,t) ee wresecce Tot



Then by introducing Eq. (7.4) into Eq. (7.3) putting Cp = x +58) 

anc separating the real and imaginary parts yields: 

, 
x7 7 

CoP tesrveseseces 125 

Ww 
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which indicates that the continuum corresponds to neutrons with 

Girection cosine (pn) and whose attenuation is dictated by the total 

removal cross section. HETRICK (1971) showed that the continuum 

contribution increases with higher excitation frequencies. 

The main factors influencing the magnitude of the sub-Bragg 

continuum contributions are: 

ii. 

iii. 

It 

neutron 

and the 

The energy distribution of the thermal neutron source. A 

source of higher thermal-to-fast ratio will increase the 

sub-Bragg continuum contribution, GOYAL (1975). 

The choice of the diffusing medium, i.e. whether it is a 

crystalline or non-crystalline moderator. The sub-Bragg 

continuum contribution is relatively small in non- 

crystalline moderators, WARNER and ERDMANN (1969b). 

The transverse buckling of the assembly which reduces the 

discrete part and hence increase the continuum contribution. 

HETRICK (1971) suggested that at high frequencies there is 

no detectable discrete mode in small assemblies. 

appears from i - iii that in the present work, (where the 

wave propagates in a non-crystalline and large size moderator 
OVER-THERMALISED ), 

thermal neutron source cannot be regarded as\the sub-Bragg 

continuum cannot be held entirely responsible for the considerable 

deviation from the theory at frequencies larger than 750 Hz.
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Moreover, for frequencies larger than 750 Hz, in both (p) and (p) 

Plane, a quasi-cyclic behaviour is observed. 

At frequencies (700 - 2000 Hz) the attenuation of the discrete and 

higher spatial modes components of the wave are the same ,(since they 

are propagate in the same medium), for the same detector location. The 

magnitude of the discrete mode dominates the experimental results 

until frequencies around 750 Hz. Above 75C Hz, the magnitude of the 

sub-Bragg continuum becomes more and more prominent. Hence, for high 

frequencies there are two waves of approximately the same amplitude, 

attenuated with distance, and with the same frequency. Under these 

conditions the phase relationship of the two waves may give rise to 

constructive or distructive interference, which may explain the 

cyclic behaviour in the (p) and (p*) planes. This phenomenon is 

reported by many workers and at different frequency ranges. TAKAHASHI 

(1968) refers to interference between the forward propagating pulse 

(+Z) and the backward reflected pulse (-Z) from the ena surface. 

GOYAL (1975) refers to the interference between the discrete mode and 

the sub-Bragg continuum. However, no other explanation can be cited 

for non-crystalline moderators. 

In view of the possible contribution from the sub-Bragg continuum, 

the present results should be interpreted as the measurement of the 

"effective' phase shift and attenuation. Therefore, the measured (p) 

and (p*) dispersion laws confirm that below 750 Hz the neutron wave 

has the properties of discrete mode and the theory predicts the 

experimental results fairly well. At higher frequencies wave 

interference appears as a strong possibility which the theory fails 

to predict. However, no firm explanation can be given for the data 

fluctuation without critical information about the source energy 

distribution, wOOD (1971), and the other factors affecting the degree 

of sub-Bragg contribution.
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7-3 Determination of the diffusion and thermalisation parameters 

for water assembly without voids 

From the previous section it can be concluded that there is a 

good agreement between the measured and calculated results at 

frequencies lower than 750 Hz. Therefore, the aueeusion and the 

thermalisation parameters of the system were derived from the 

experimental data below 750 Hz. 

The diffusion parameter (vD,) is calculated from the slope of 

the linear fitting of the experimental data in the fu, So versus 

frequency plot shown in Figure 7.6. The linear fitting was performed 

by a computer routine with data in the frequency range (50 - 750 Hz). 

The values of ie were found, from the zero frequency intercept, by 

linear fitting of the a Se versus frequency results. 

The diffusion parameter, and hence the diffusion constant was 

found to be considerably higher than the accepted values (13.%), 

while the error in the measured values of i: does not exceed 2%. 

The considerably high error in the diffusion parameter and the 

comparatively lower error in the thermalisation parameter can be 

attributed, in addition to the experimental errors, to the presence 

of the sub-Bragg neutrons. 

The sub-Bragg neutrons will shift the energy spectrum towards 

a region of larger mean free path and, hence, produce an effective 

Do greater than that associated with discrete mode propagation.



- 158 - 

Table 7.2 

Numerical results for the water assembly without voids 

  

  

  

Experimental Calculated values Percentage 
ea values at 22°C error 

2-1 + ; 
vD, cm § 40900 = 850 35106 13..%6 

D_ cm 0.183 0.159 15% 5 i 

ee 
L” cn’ 8.145 8.245" 1% 

   



7.4 Theoretical results for water-void assemblies (Computer Programme 
  

vor) 
The thermal neutron wave parameters for a wave propagating in a 

waver-void assembly have been calculated for four assemblies of 

aifferent void channel radii, (1.55 cm, 1.75 cm, 2.40 em and 3.55 om). 

These calculations were performed by means of a FORTRAN computer code, 

voID, to: 

i. Calculate a streaming factor for each waver-void assembly 

according to the streaming formula given in Eq. (6.67). 

ii. Calculate ox, and Su for each assembly over the frequency 

range 50 - 10000 Hz, in steps of 50 Hz. 

2 2 
iii. Calculate the wave functions e-5, and 2x S over the same 

frequency range. 

iv. Calculate the amplitude decay function ey as a measure 

of the amplitude damping with frequency, similar to the 

function G explained in Eq. 7.1. 
(w) 

v. Steps ii and iii were repeated for the diffusion theory 

model in accordance with Eqs. (6.69) and (6.70) and for 

the thermalisation model in accordance with Eqs. (6.79) 

and (6.80). 

A listing of the code VOID is provided in Appendix III 

together with a sample of the input and output data. 

Figure 7.10 is a plot of the variation of the amplitude decay 

function a, with modulation frequency. The results presented are 

those of water-void assembly with void channel radius of 1.75 cm. 

As it was the case in the homogeneous assembly, the diffusion theory 

underestimates the amplitude decay compared to thermalisation theory 

predictions.
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Figure 7.11 shows the measured and calculated amplitude decay 

of the thermal neutron wave propagating in a water-void assembly with 

void channel radius 1.75 cm, from the data given in table 5.3. As 

expected, the thermalisaticon results give a better prediction of the 

experiment for frequencies less than 1000 Hz, while the diffusion 

results fail totally to predict the experiment. The reason for the 

diffusion theory failure is that the diffusion assumption is no longer 

valid; with the presence of voids, isotropic scattering in the medium 

cannot be assumed and the changes in the flux gradient are rapid. 

The thermalisation theory extends the diffusion theory to an 

energy-dependent problem which, in the present work, is dealt with by 

considering the deviation from a Maxwellian energy spectrum. The 

Maxwellian spectrum is highly distorted when void channels are present 

in the moderator, due to the anisotropic leakage which affects the 

high energy end of the Maxwellian spectrum and due to diffusion 

cooling. In a moderator-void assembly the neutrons with relatively 

low velocities, i.e. low-energy end of the Maxwellian spectrum, will 

be trapped in the void gap for longer time than higher velocity 

neutrons. Therefore, the spectrum near the void channel suffers 

more cooling than the spectrum far from the void-moderator interface. 

For these reasons the thermalisation calculations shows a better 

agreement with the experimental observations. A similar agreement 

was observed in phase shift-frequency relationship. 

The effect of the void channel dimensions on the calculated 

amplitude decay function Gy, variation with frequency is shown in 

Figure 7.12. The calculations were performed using the thermalisation 

mocel. It can be seen from Figure 7.12 that for larger channel radii 

the theory predicts lower values of the amplitude decay function, 

the sensitivity to channel radius increasing with frequency. Since 

ae is defined as the ratio of amplitude Os a given frequency to the 

[aramele, (x 5



   

   

Ng DIFFUSION MODEL 

THERMALISATION MODEL 

‘07 ~ 104 10 
FREQUENCY (Hz) 

FIG.7.11. CALCULATED AND MEASURED AMPLITUDE RESPONSE IN WATER-VoID 
ASSEMBLY (voID RADIUS: 1.75 cm.) 

a J



    

  

   

3 
Log 

Zz 0.B}- 

o 

& ov}. 
= 

@ os VoID CHANNEL RADIUS : 
= 
S 0s 1.55 cm. 

a ee. 1.75 oa 15 » 
w ee 
8 08 2,40 » 

a 0.2 3.55 4 
a 
a 
at 0a 

10 102 109 
1 

4 

FREQUENCY (Hz) ao 

FIG. 7.12, THE EFFECT OF CHANNEL RADIUS ON THE CALCULATED AMPLITUDE FREQUENCY RESPONSE



9 - 164 - 
fetamekr (Xs) 

amplitude)at zero frequency, (Eq. (7.1)), Figure 7.12 can be interpreted 

as giving lower values for (ay) for larger void dimensions at a given 

frequency. To check this result experimentally, a plot of the 

amplitude decay parameter (oJ) versus frequency for two different 

void dimensions is shown in Figure 7.13. The calculated and measured 

values of Ce) are presented as a function of frequency for two water- 

void assemblies with void channel radii of 1.75 cm and 3.55 cm. The 

experimental results seem to confirm the theoretical prediction of 

lower weve attenuation at a given frequency for the larger void 

dimensions. For the larger void there is greater leakage and, 

therefore, greater anisotropy, which results in further deviation from 

the Maxwellian distribution. However, for both assemblies the 

experimental results are lower than the theoretical predictions. This 

is because the values of the calculated streaming factor incorporated 

in thermalisation calculations is rather higher than the actual values. 

Other experimental errors are also present and these will be detailed 

in a separate section of this chapter. 

The variation with frequency of the real and imaginary parts of 

the (P) dispersion law for waver-void assembly are presented in 

Figures 7.14 and 7.15. In Figure 7.14 the calculated and the 

measured values of the wave funtion (a - s) is plotted for two 

water-void assemblies, {void channel radii 1.75 cm and 3.55 cm). The 

theoretical results for the homogeneous water assembly is also 

presented. Although the theory predicts correctly the general trend 

of the variation with frequency, it underestimates the values of 

(od - §) considerably. This underestimation increases with both void 

dimersions and modulation frequency. There is greater disagreement 

with water-void assemblies due to the overestimation of the leakage 

and the streaming factors incorporated in the thermalisation 
2 

2 
calculation. Both experimental and theoretical values of Corre i)
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fall below those of the homogeneous water assembly since the voids 

cause a considerable increase in the diffusion area in the direction 

of the void channel, producing a lower zero frequency intercept 
D, 
ou f pee 

—=— , the increase in L 

Da 
should be interpreted as increase in D in the void channel 

fe 
value on the (™,- 55 axis. Since re = 

@ 

direction. However, the experimental results show that the increase 
D ene ; r , 

an Ly is lower than the increase in —L ; which means that ZB s 
ae 

suffers considerable reduction, not only because of an overall 

reduction in density but because of energy spectrum variations in 

the vicinity of the void channel. 

In Figure 7.15 the agreement between the calculated and the 

measured values of (2%,5,) is better than in the (oe - sy curves. 

The theoretical results predict correctly the increased slope of 

the (2x§) curve for a larger void dimension. The agreement is 

observed until the frequency reaches 750 Hz, which indicates that 

the energy spectrum variation is less important than the change in 

the diffusion parameter (vD,) on which the function (20,5) is 

highly depéndent. 

The measured and the calculated first order, or (p) dispersion 

law for a water-void assembly with void channel radius 2.40 om is 

presented in Figure 7.16, together with the measured dispersion 

laws for a water moderator without voids. The theoretical dispersion 

law for a water-void assembly predicts the experimental observations 

up to 500 Hz. At larger frequencies the experimental results depart 

considerably from theoretical predictions. The deviation from the 

theory cannot be attributed totally to the quantitative effects of 

anisotropy and to the changes in the neutron energy distribution 

caused by the presence of void channels. The deviation from the 

theory can be explained by the nature of the wave propagation, 

i-e. the discrete-continuum modes relation. This relation is much
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more complicated than the one in homogeneous moderators, (the detailed 

analysis of this relation is given qualitatively by DANCE and 

CONNOLLY (1971) and quantitatively by VAN BINNBEEK (1974)). Both 

works indicated thet the continuum conditions given by Eq. (7.5) are 

not applicable in a system containing voids. Physically, all neutron 

wave modes cannot propagate with characteristic frequency greater than 

( & 
min.” ‘yX 

than unity for discrete mode propagation. The same condition can be 

  the minimum interaction frequency, (v Dy) ) must be less 

extended to systems containing voids. Since in a void region 

  ) (v Zz ) approaches zero, (for an air-filled void), then ( — 

will be very large and a smaller discrete mode part should be expected 

than in homogeneous systems. 

However, the theoretical models consider the problem as if the 

wave consists of a single discrete mode, which is why the calculated 

dispersion law shows singularity over the complete frequency range. 

It can be seen from Figure 7.16 that for a system without voids, 

the departure from the theory starts at 750 Hz., (W = 4712 rad. Ss), 

while for a void system considerable deviation starts at about 500 Hz., 

(Ww = 3144 redias'), This indicates that the continuum is more 

effective in void containing systems. 

The experimental dispersion law for a water-void assembly does 

not show the cyclic behaviour which was observed in the water assembly 

without voids. In homogeneous systems this was interpreted as wave 

interference between the discrete and the continuum modes. However, 

due to the negligible contribution of the discrete mode at high 

frequency in a water-void assembly, no interference can be expected.
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7.5 Determination of the diffusion and thermalisation parameters 

for water-void assemblies 

The previous section showed that the theory adopted in this work 

predicted the experimental measurements of the thermal neutron wave 

parameters in water-void assemblies for frequencies less than 600 Hz. 

The diffusion and thermalisation parameters of each assembly for this 

frequency range have been determined from the experimental data. For 

each assembly the diffusion parameter (wDo)» and consequently (Do) 

were obtained from a linear fit of the experimental data in the 

Ze) 
D 

° 

  (2« 5 ) versus frecuency plot. The values of Dp or, ( 
L 

were determined from the zer-frequency intercept in the (<2 - €2) 

versus frequency plot. The axial streaming factor (at zero frequency), 

(Soy, ), was obtained as the ratio of the axial diffusion area of 

water=-void assembly, (x4 p? to the diffusion area of water assembly 

without voids, «a? ). The numerical values of the diffusion and the 

thermalisation parameters for each assembly are listed in table 7.3. 

The measured Goss streaming factor was found to be smaller 
from Ey .C6-6D 

than the;.caleulated\values, (13.5% smaller for void channel radius 

1.55 cm, 8.4% smaller for void channel radius 1.75 cm., 4.0% smaller 

for void channel radius 2.40 em and 2.8% smaller for void channel 

radius 3.55 cm). This is due to the assumption in the theoretical 

calculation of uniform distribution of void channels throughout the 

moderator, in addition to other sources of error which will be 

discussed later.



Table 7.3 

Diffusion and thermalisation parameters of 

water-void assemblies 

  

  

  

Void channel (x * Ee. Le Bi gig ee Gi 5y 8) 

radius (cm) (en™*) ce wm) (cm) measured calculated 

1255 0.112 8.928 0.196 4.115 1.290 

1.75 0.105 9.523 0.209 1.190 1.300 

2.40 0.097 10.309 0.226 1.288 1.342 

3.55 0.091 10.989 0.241 1.375 1.415 

   



It was found that the measured axial streaming factor increases 

with modulation frequency for all water-void assemblies. A typical 

illustration is given in Figure 7.17, where the axial streaming of 

the water-void assembly with void channel radius 2.40 cm is shown. 

Figure 7.17 indicates that the increase in the modulation frequency 

has the same effect as the increase in the void dimension, (or the 

‘axial leakage). This demonstrates that the use of a modulated 

source of neutrons is equivalent to poisoning the moderator medium, 

(or increasing neutron absorption), a characteristic feature of 

neutron wave experiments. 

7.6 Discussion of errors 

The errors affecting the experimental measurements and those 

associated with theoretical calculations are outlined in this 

section. The magnitude of individual error is also evaluated. 

7.6.1 Errors associated with experimental technique 

7.6.1.1 The changes in detection efficiency 

The changes in the detection efficiency at high count rates are 

accounted for by compensating for detector dead time and analyser 

memory transfer time. These corrections were incorporated in the 

computation of the amplitude and the phase shift of the neutron 

waves by the computer code DATACOR detailed in Section 5.1. However, 

changes in detection efficiency can be expected at all count rate 

levels due to changes in the E.H.T., drift in amplifier gain and in 

discrimination level. The magnitude of these errors increases with 

the count rate level and modulation frequency, KERLIN (1974). The 

combined effects of these errors can be evaluated statistically 

following the method given by UHRIG (1970). It was found that for 

an average count rate of 107 counts per channel per second and
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modulation frequencies less than 1000Hz, these errors are of the 

order of 0.1%. 

7.6.1.2 Errors in detector positions 

The accuracy in detector position was 23mm. This gives rise 

to errors over the experimental frequency range of between 0.25%: 

and 0.35% in amplitude measurements and between 0.05% and 0.154 in 

the phase measurements. 

7.6.2 Systematic errors 

There were three major sources of systematic errors associated 

with the measurement of the thermal neutron wave amplitude and 

phase constants. These errors are dependent on each other and can 

be described as: 

i. errors associated with the co-existence of a discrete 

mode of the wave with higher spatial modes and 

continuum. The decay of the higher spatial mode at 

large distances from the source leads to smaller values 

of the attenuation constant if the points close to the 

source are included in the analysis. 

ii. errors associated with the change in the neutron energy 

distribution along the axial distance. Generally, the 

neutron energy distribution in a moderator will be 

shifted toward the higher energy end of the spectrum 

at large distances from the source due to changes in the 

energy dependent scattering and absorption processes. 

Therefore, changes in (%,) and (5) will be expected 

if there is to be any changes in the energy-dependent 

cross section, Xz) and diffusion coefficient vDo(E)° 

Water shows a strong variation of cross section with



LIT = 

energy in the thermal range, and therefore, considerable 

changes in the values of (%_) and (§_) are expected for 

any spectrum changes. 

iii. errors associated with the deviation from plane wave source 

conditions. It was pointed out by SOBHANA (1973) that the 

effect of a non-planar source is that the relaxation 

length of the wave tends to increase as the curved wavefronts 

progress. Since away from the source the wavefronts become 

more planar, then the inverse relaxation length, (P ), and 

hence, (* ) and (5) are expected to have lower values. 

The systematic errors associated with (i), (ii) and (iii) are 

all spetially dependent. Therefore, the combined effect of these 

errors was estimated by evaluating («,) and (F) from a set of 

measurements close to the source, (axial distances 5, 9, 15 and 20 cm) 

and from another set at large distances from the source, (axial 

distances 40, 45, 50, 55 and 60 cm). It was found that over all 

experimental frequencies the values of @,) and (§) close to the 

source are 0.5% - 3.5% and 0.075% - 0.150%, respectively, smaller 

than those measured at larger distances. This conclusion is 

illustrated in Figure 7.18 for the water moderator without voids. 

The amplitude gain is plotted versus the axial distance for two 

frequencies and the difference in the slope of the linear fit to 

the experimental data is taken as the magnitude of the total error. 

It must be mentioned that, throughout the present work, the 

experimental data for distances 5 cm, 55 cm and 60 cm showed some 

inconsistancy and were not included in the analysis. 

7.6.3 Statistical errors 

The values of (%,) and (§,) were determined from a linear least 

squares fit of the measured amplitude or phase of the thermal wave
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versus the ax distance from the source. The statistical errors 

  associated with the curve fitting routine is calculated by the fitting 

code UAO1. Over the experimental frequency range these errors were 

e 

found to vary from 1.5% in the determination of (**) and (5) to 

5.5% in determination of the diffusion and thermalisation 

parameters. 

‘7.6.4 Errors associated with the theoretical calculations 

7.6.4.1 The energy-dependence of the system nuclear parameters 

The exact treatment of neutrons diffusion in water at thermal 

energies, (0.01 eV - 1.0 eV), is a complicated problem (GODDART 

et al (1968)). Nevertheless, it is a common practice to approximate 

the neutron behaviour in the thermal region by considering the 

average values of the diffusion and scattering cross sections in 

low absorption moderators. 

To account for energy dependence, the average value of the 

diffusion coefficient can be calculated from the energy dependent 

diffusion equation. Assuming that the flux bee) can be written 

as a separable function of (z) and (EZ), it can be shown that (D) can 

be defined as: 

2 La) 
Sule) cee ee ae ga 

J Pay 

The diffusion coefficient is primarily a function of scattering 

cross section and for many moderators this is constant at thermal 

energies. However, water is an exception since its scattering cross 

section decreases with increasing energy (5), given by LAMARSH (1967) 

as: 

sevecsece 707
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where E, = 0.0253 eV. Since the diffusion coefficient varies 

inversely with the scattering cross section it follows that: 

E 0.470 
D =), (=) s os 708 (z) =“) “5,   

To illustrate the effects of the energy variation on the 

,System nuclear parameters, and hence, on the calculated values of 

(™,) and CS), the constant values of total cross section of 

water are used in this work are compared in Figure 7.19 with 

values obtained from the empirical formula in Equation (7.7), and 

from the experimentally-measured values presented in Neutron Cross 

Sections Tables, HUGHES (1958). 

The errors arising from the energy dependence of cross-section 

was estimated to affect the calculated values of (%_) and ) 

for homogeneous water assemblies by 2 0.01% in the energy range 

between 0.01 eV to 1.0 eV. However, when dealing with water-void 

assemblies this error is more important and increases to about 0.5% 

in (“,) and (§,,). This error is increased further in calculation 

of (2%$.,) and (x - §) because the elastic part of the total 

cross section is associated with (2% §,) and the inelastic part is 

2 
associated only with (w'- § ). 

we w 

7.6.4.2 Errors associated with streaming calculations 

In water-void assemblies, the discrepancy between the theoretical 

predictions and the experimental observations can be attributed to 

some assumptions involved in the development of the theoretical 

models. These assumptions were: 

i. In the calculation of axial streaming by Eq. (6.67) it 

was assumed that the void channels were uniformly 

distributed throughout the moderator. In the
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experimental arrangement six void channels were placed 

to form a hexagonal array with a seventh channel in 

its centre. To approximate to a uniformly distributed 

arrangement, the detectors were placed in such a way 

that they were surrounded by equally spaced void 

channels, (as in Figure 3.1.). This arrangement was 

chosen for simplicity and practical resembleness in 

nuclear systems. This approximation gives rise to 

higher values of the calculated axial streaming 

factors. However, it was found that for larger void 

channel radius the error is minimised, as was shown in 

Table 7.3. 

ii. It was assumed that the insertion of void channels in 

the moderator leaves the radial buckling, (Be), unchanged. 

Although this assumption can be tolerated for a large 

system with few channels and small void channel radius, 

it becomes a serious source of error when the total 

void dimensions are comparable to the radial dimension 

of the water assembly, due to radial leakage. To 

minimise this effect the void cells were placed in the 

centre of the water assembly surrounded by a minimum 

of 35 cm of water. 

iii. It was assumed that the macroscopic absorption cross 

section of a void system is (14X) times lower than that 

without voids, where X is the void to moderator ratio, i.e. 

vy 
ee Seacrencee aro  
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The application of this relation requires a constant 

neutron flux and neutron energy distribution. It can 

be shown that the presence of voids perturbs the flux 

distribution and near the void boundaries shifts the 
v 

energy spectrum towards higher energies, i.e. Se 
& 

becomes an energy and space dependent function. 

PAGE (1967) checked the validity of Eq. (7.9) in 

pulsed source experiments. His results showed that 

the approximation holds satisfactorily when the void 

radius does not exceed, considerably, the transport 

mean free path of the system. PAGE determined the 

fluxes in the void channel and in the moderator and 

calculated flux coupling coefficients which were a 

function of ~ and the pulse decay constant. It can 

be shown that by following the anlytical approach of 

PAGE and by using the analogy between PST and NwT, 

(MICHAEL and MOORE 1968), that Eq. (7.9) is frequency 
v 

dependent and we increases with frequency. 

It is very difficult to assess exactly the error in the values 

of x" and os which arise from i, ii and iii. In large systems, 

error (i) and (ii) act to cancel each other. However, when these 

errors become frequency dependent, in neutron wave experiments, 

further complications arise in the computation of the net effects 

of these errors.
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CHAPTER ET 

  

CONCLUSIONS AND RECOMMEND.     TIONS 

A summary of the principal conclusions reeched in this work 

are presented in this chepter. Some exverimental and analytical 

“studies to extend end compliment the present work are suggested. 

8.1 Conclusions 

8.1.1 Freauency response meesurements 

The spatiel variation of the amplitude decay and the phase 

angle of the thermal neutron wave as e function of the source 

frequency were used in the present work to characterise the 

frequency response of the nuclear system. A comparison of the 

frequency response curves of e water moderetor with and without 

voids indicated thet the presence of the void chennels in the 

moderator reduces the frequency et which the neutron wave suffers 

larger amplitude attenuation and phase leg. These effects can be 

emplified by incresing the void dimensions. The presence of 

voids also make the spatial differences in the measured freauency 

response more noticeable. 

8.1.2 Thermal neutron wave parameters measurements 

The use of three independent theoretical models for the 

calculation of the freauency dependent amplitude decay and phase 

lag of a thermel neutron wave has made it possible to isolate the 

diffusion, transport and thermalisation effects in interpretation 

of the propagetion of thermal neutron wave in moderators. The 

2 

calculation of the (P) end (p>) dispersion laws by eech model
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showed their dependence on the source frequency and the nuclear 

paremeters of the system in which the weve propagates. The use 

of 2 moduleted source of neutrons and the measurement of the 

time-dependent component of the flux is then eauivelent to 

performing a poisoning experiment. 

At frequencies where the time between successive neutron 

collisions is comparable to the reciprocel of the source frequency, 

( 500 Hz), higher modes of the weve affect the measured velues of 

the reel end the imaginary components of (p ) and (p°) dispersion 

laws. At these frequencies, the use of e P-1 approximation model 

showed better egreement with the experimentel observetions then 

the diffusion model predictions. However, es the freauency 

inereased beyond 500 Hz the present work hes shown thet the 

correction due to the non-Mexwellian neutron energy distribution, 

as introduced by the thermalisation theory model, is more 

important than the improvements achieved by the use of P-1 

approximation transport corrections. 

Further interpretation of the experimentel results has been 

achieved by defining two weve functions, (2¢,8,) and («- €). 

This approach offered the adventage of separating the diffusion 

effects associated with the function (20) from thermalisation 

effects associated with the function («i= e) The plots of 

these two function versus freauency egein showed the failure of 

the diffusion theory in predicting the experiment. The present 

results have shown thet the correction to the diffusion theory 

introduced by the P-1 end the thermelisation models are acting 

in an opposite sense and that the non-Maxwellien neutron energy 

distribution corrections are more important. 

In the view of the possible contribution from the presence
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of neutron continuum, the present results should be interpreted 

es the measurements of the effective phese shift end ettenuetion 

constants of the the 

  

neutron weve in weter with end without 

  

voids. The present results confirm thet below 500 Hz e mode of 

weve propegation existed with discrete mode properties. 

The extension of the theoreticel models to e moderetor 

with voids involved e mathemeticel coupling between parameters 

of the buckling expansion in the pulsed source technique and 

those of frequency expension in the neutron weve experiments. 

Experimental results indiceted thet such coupling is possible 

for frecuencies below 500 Hz in e large nuclear systems, i.e. 

systems with small redial and axiel bucklings. This approach 

is epplied to evaluate the enisotropic diffusion end thermalisation 

parameters of a lerge system with voids. This approach hes the 

adventage of linking the neutron streaming to the source 

frequency. In the water moderetor with voids the thermelisation 

model offered better prediction of the experiment. This is due 

to the importent deviation from the Mexwellian energy distribution 

caused by the presence of voids. The thermalisation model predicts 

correctly the general trend of the verietion with frequency but 

overestimetes the numerice] velues of the diffusion and the 

thermelisetion paremeters in ¢ homogeneous moderating medium by 

up to 15%. However, the numerical velues in e hetrogeneous 

medium are found to be closer to the calculated values. 

The axiel streaming of thermal neutrons along the channels 

axis was found to increase with the moduletion freauency. This 

indiceted thet the increese in the source frequency is equivalent 

to an increase in the void dimensions. This can be regarded as 

another way of showing the equivelance between the neutron wave
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technique and poisoning experiments, with the neutron losses by 

   leekege elong the void chennel regerded es the neutron losses by 

the absorption by the poison. 

8.2 Recommendatin§for future work   

The epplicetion of the neutron weve technioue to study the 

‘anisotropic neutron diffusion in nucleer system requires more 

experimental and theoretical work. The theoretical models presented 

in the present work can be refined to investigate the nature of the 

wave propegation through 2 homogeneous or e hetrogeneous moderetors. 

The use of multi-group treatment may offer more information about 

the neture of neutron slowing down and the scettering process as e 

function of the source frequency. More work is also needed to 

investigate the continuum contribution to the measured weve 

paremeters. The introduction of the higher spatial modes of the 

wave propagation in the analysis will offer more informetion 

about continuum contribution and frequency limitation of the 

discrete mode celculation presented in the present work. 

It may be of interest to check the validity of the coupling 

‘between the frequency and the buckling expansions, (as used in the 

present work to investigate the anisotropic diffusion), in a 

multiplying medium containing void regions. This will have many 

practical application in studying power oscillation in reactors. 

The water-void assemblies used in the present work can be 

used to study the possibility of thermal neutron wave reflection. 

This can be done by filling the empty channels with materials of 

different scettering and absorption properties. Information 

obtained about wave reflection cen assist in conclusions about 

the possibility of wave interference, e phenomenon which was not 

possible to evaluate in the present work.
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APPENDIX I 

COMPUTER PROGRAMME “BROAD” 

TRACE 1 

TRACE 2 

START 

NASTER BROAD 

FOR IE ROR IOI a IORI RG III IOI II IOI I III I III I IORI I ie 

CALCULATION OF PULSE GROADENING IN DIFFERENT NODERATING * 
NWATERLALS * 
THIS PROGKANE EES THE FOLLOWING THPUT DATA 1 * 
Hoty NUMBER OF FXPERTOENTS * 
Nos wipe R oF THE CYCLES IN FACH EXPERIMENT * 
NHo1S THE Nunbere OF GHAHNELS PER CYCLE * 

* 

* 

* 

* 

    

TUA TS THE BACKGROUND OF DETERTOR A 
Tob TS THE RACKGROJHD OF DETEFTOR PD 
X is TNE Count per CHANNEL 
OR TO Te ee tO FO I FOO I III IO III IOI OI IOI II ROI IOI Ot 

© 

= 
ol
 

=



DUIENS TON 4610,40).A010) 6010), TAN(10) 0010) 
READ (1612) UeMedne tT BA THB 
FORMAT OOTIM 
oo 41 T1st.4 
REANCTAT) COYOTE. J) dst 140) ,184 
FOLTAT (10890) 
pu 2 184,0 

SuNKeO 0 
Sindad 0 
SUNKZS0.9 
SUNK220.0 
ASUIa0 0 
Bsa) 

dd30 
bo S$ js24-uil 

k=l °20 
VVev Clad) 
JasdJe1 

  

+10) 

ASUNSAGUTFY CL, Je20) 
RSULARSUNFEVY 

  Je Cl. Lens? YYsYY"IBA 
te CELL 
Te Cfy.é 
TEALIGCYY) 
SUNKSSUIK4+X 

Sun2agii7z+e 
SUNAZ SS UNIX Z 4K eZ 
SUMMA ZSSUNXOHK EX 

CONTT ANE 

  

-10) YV=VY-1RB 
yy=1.0 

- 
6
8
1



@) 

TERI DE dw SUNK 2 SIX S UX 
Wor 

ACT 
TAM 

D am CS ae SUC 29 SUNX*SIMZY/ TERN 
d=EXP CCSUINK2*SUNZ=SUMX*SHNXZ) / TERM) 
C1) aH A OG CY OE 2T)/C2HACT)) BCT) 

TAY Ts A HEASURE UF pilLSE DECAY TINE 
DCI 

OD Ts THE 
IF¢ 

4 FONAT CIN 
* "h 

TFC 
sun 

sun 

pas Kad, 

SASUNZBSU 
VTSTURTION OF THE PULSE 
bCD).Gr. 1.0) OC1)= RSUM/ASUH 

URITEC2,4) TeACH BCD) TAWCT) DOT) 
OTETV Te 5K OTA EI2 be SKIL 

2", E17. 406X,'TAWF" 6F12,4, "DISTORTION FACTOR D = 
Pies) GO TO 9 

TA = 0.0 

bs1_0 
5 5 

SUI FAUSSUNT AME TAUCK) 
sul psolhip 

5 CONTINUE 
+D¢CK) 

1,F16.6) 

- 
06
1 

-



© 
TATE ANE SUNTAU LS 
URTVEC2¢6) 
FuRHATCTH . HE AU OF pETECTOR a TAWS TS ',F7,4) 
WRIGEC2,20) DEAN 

20 FORMAT CHIE , MEAN OF NETECTOR A pISTORTION IS & ',F7,4) 
2 IFCT.NE.10) ua Tu 2 

SUNTAN=0.0 

Sunvso 0 

ni 
TANI AN 

o 

D0 % K26410 
SUNTAWSSUMTAW+TAW(K) 
SUNDESUMp Sen CK) 

7 Cont Te 
TAUHE ANS SUNTAUS 5.0 
DEANS SUIID/5.0 

VKEVE C268) TAUNE AU 
FORUATCTH . "eal OF DETECTOR B TANS IS &',F7,4) 
WRITEC2,30) ONRAN 

3f FoORUAT CTX, ‘EAN OF DETECTOR B DISTORTION', 
* F7.4///1Xe NEXT FREQUENCY'//) 

e Cunlriue 
17 coi TUE 

stop 
FD



  
  

  
  

  

3,503501S Ds 0.268557. 
BL49ZLDTSTORTION : 0,274888— 

_ B.S63B4DISTORTION FACTOR D so = O.272925_. 

3LZQABDISTORTION@ FACTOR=D- = = = 0,268296~ 
5 268946 

  

  

I. is the cycle aumber 

4 end B ere constants of the eauation: 

h = 4 Exp(- Bx) 

AW is a measure of the pulse broadening 

Dis the distortion factor
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TRACE 2 

MASTER WAVES 
FERRER ER ESTER RA EERE REED EE EERE ERE REE ERE RERE EEE ER ERE EE EES ES 
* CALCULATION OF THERMAL NEUTRON WAVE PROPAGATION 
* CONSTANTS IN WATER AS A DIFFUSING MEDIUM BY 
- T= DIFFUSION THEORY MODEL 
~ 2= P-1 APPROXIMATION THEORY MODEL 

3= THERMALISATION THEORY MODEL 
* 
RRR REE EERE REE ERE KEE E ER ERE TERN EKER REEL 

READC1,10)&,S16,0C,DA,V,CC 
FORMAT (4F10.£,2F10.2) 

8 IS THE TRANSVERSE BUCKLING OF THE ASSEMBLY 
S16 IS THERMAL MACROSCOPIC CROSS SECTION OF THE MEDIUM 
DC IS THE THERMAL DIFFUSION COEFFICIENT OF THE MEDIUM 
DA IS THE THERMAL DIFFUSION AREA OF THE MEDIUM 
V_IS THE THERMAL NEUTRON VELOCITY CORRECTED TO Ree: 
CC IS THE DIFFUSION COOLING CONSTANT OF THE MEDIUM 

DIMENS TONE C100) ,41(100),61(100),P1(100),F (160), 
*6(100) ,R(100),A2(100),62(100),P2(100), 
*SuM1(100) ,SUM2(100),A3 (100) ,63(199) ,P3 (100), 
*CA12(100) ,CA13 (100) ,Ca32(100), 
*CP12(106) ,CP13(160) ,cP32(100) 
DIMENSION ALFA1(100) ,ALFAZ(100) ,ALFA3S(106), 

*BETA1(100) ,SETAZC1GC) ,SETAZ (100)    

X=B+(SIG/0C) 

AOT=SGRT(X) 

AOZ=A01 
H=SSPT(3.1415926)/2.9 
Z=H/(V*DC) 

TI=H* (SI1G/DC) 

T2=CC#(Chet2)/ (VOC HDA) 
AOS=SQRTCE+T1¥(14T2)) 

T3=(1+3*DC#SIG) #22 

vO 3 N=1,1700 

FCND=N*100.0 
F IS THE SOURCE MODULATION FREQUENCY 
ECND=CC243.14159264F(N))/ (CV RDC) ) we? 
ATON) =SQRT((SGRT(X**2+E(N})4X)/2) 
PICNI=SQGRT((SQRT(X**2+E(N) =X) /2 20) 
GION) =A07/A17(N) 

RON) SE(N) * (DC#*Z) 

AZCNDESERT (CSQRT CC X—3#R CN) ) #*24E (ND HTS) #X-34R (ND) /Z~0) 
PZCN)= GRTCCSGRTC(X—3"2(N)) e245 (N) TS) —-X43*R(N))/2.0) 
G2(N) SA0Z/AZ (ND) 
SUMTOND=S+T1*C14+TZ)4 (2x3) * CCH (22 L1LISSZE FIN) Dee? 
SUM2CN)=Z* (1-72) *(2*21415926*F(N)) 
AZ CND=SASTCCSSRT CSUMT ON) ©*24+SUM2 (N) )45UM7(N))/Z220) 
PSCN)=ESGRTCCSORT(SUM1CN) #*#24SUM2 (N) )-SUM1(N))/2.0) 
GECN)=AD3/ AF (Nn) 

  

| 
O 

* 
* 
* 
* 
x 
*
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CATZCND=A1(N) /A2(N) 

CATZ(N)=A1(N)/AZ(N) 

  

    
CA3Z(N SOND /A2 (ND 

CPIZ(N TONI/P20N) 

CPIi3(N TONY / PION) 

CP32(N)=P3(N)/P2(N) 

ALFA1OCN)=2*A10N) ®P10N) 

  

   

  

BETAI(CN TON) &*2-P1CN) we? 
ALFAZON *AZCN) *P20N) 
BETAZ(N)=AZ(N) ##2-P2(N) HZ 
ALFA3 (ON 

BETAZ O(N) 

*AZ(N) *P3CN) 
SON) &x2=P3(N) e¥2 

uw CONTINUE 

WRITEC2,5) 
5 FORMAT(IX ,20X,"APMELITUDE DECAY AND PHASE SHIFT WITH FREGUENCY'// 
*1X ,11X,"DIFFUSION THEOKY CALCULATIONS ',10x, 
*5X,"'P=-1 THEORY CALCULATIONS',SX, 
* 'THERMALISATION THEORY CALCULATIONS",/// 
*1X ,*FREQUENCY',5X,'AMPLITUDE’,5X,'GAIN', 5X, PHASE”, 
*7X,"AMPLITUDE', 2%, "GAIN", 5X, "PHASE’, 5X, 
*5X, "AMPLITUDE" 6X, 'GAIN',2X,'PHASE'///) 
WRITE (2,13) (CPCI) A101) ,G1(1),P1CT) ,A2 (1) ,G2(1),P2 (1) ,A3(1), 

*G63(1),P3(1)),1=1,100) 
4S FOEMATCUIX ,F724,,9%,F7 <5 50% -F ToS eho Fle 55 

#5X FT oS ath nF? oS o SX pF T cS, 
#5X,F7 5 -8X,F7 5 6X F725) 

@ 2
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@ @ 
| | 

WRITE(Z,26) 
26 FORMAT(1X ,25X,'COMPARISON OF THEORETICAL METHODS'/// 

*1X ,20X,'AMPLITUDE COMPARISON’,4OX,"PHASE COMPARISON'/// 

*1xX ," FREQUENCY" ,6X,'DIF/P-1'°,5X,*DIF/THER', 5X," THER/P=1",15X, 
R "DIF /PH1°,5%,°DIF/THER' ,SX,"THER/PH1°/S/) 

WRITEC2,25) (CPCI) ,CAIZ (1), CAIS (I) ,CA3B2 (1), 
*CP12(1) ,CP13(1) ,CP32(1)),1=1,100) 

35 FORMAT(1X ,F7-1,9X Fo -6,5X,F8-6,5%, FE 96, 
*17X,FB 6 ,4K FE 6,5X,F S26) 
DISPERSION LAWS CALCULATIONS FOR DIFFIRENT MODELS 
WRITE(2,40) 

40 FORMAT(1X ,10X,"DISPERSION LAWS PARAMETERS*,/// 
*20X, ‘DIFFUSION THEORY MODEL'///, 
*10X,"FREGUENCY*,5X,"ALFA1',5X,"GETAI'///) 
WRITECZ,41) (CF CI) ,ALFAI(1) ,SETA1(1)) ,1=1,100) 

G1 FORMATCIX ,10X,F7.1,7%,F606,4K, F604) 
WRITE(2,42) 

42 FORHAT(1X ,10X," DISPERSION PARAMETERS SY P-1 THEORY ‘///, 
#10X,"FREGUENCY', 5X, ALFAZ",5X, 'SETA2'//) 
WRITECZ,43) (CFC1) ,ALFAZ(I) ,SETAZ(I)) ,1=1, 100) 

G3 FORMATCIX ,1CX,F7.1,7X,F626,4X,F6 04) 
WRITE(Z,44) 

44 FORMAT(1X ,10xX,"DISPERSION SARAMETERS GY TRERMALISATION THEORY'//, 

*10X,'FREGUENCY',5X,°ALFA3",5X,"SETA3"//) 
WRITE(Z,45) (CP CT) ,ALFAS(I) SETAZ(I)),1=1,100) 

45 FORMAT(1X ,10%,F77.1,7%,F604,4%, F604) 
* “SSTOP 

END



APMPLITUDE DECAY AND PHASE SHIFT WITH FREQUENCY 

DIFFUSION THEORY CALCULATIONS P-1 THEORY CALCULATIONS THERMALISATION THEORY CALCULATIONS 

FREQUENCY AMPLITUDE GAIN PHASE AMPLITUDE GAIN PHASE AMPLITUDE GAIN PHASE 

100.0 0.35057 O.99735  0.0e5 55 0.35056 0.99740 0.02576 0237195 0.89185 0.16813 
200.0 0.35329 0.95967 0.05066 0.35322 0.98986 0.05113 0.39910 0.83121 0.22160 
300.0 0.35761 0.97772 0.07507 0.35746 0.97814 0.07579 0-42038 0.78912 0.25766 
400.0 0.36326 0.96251 0.09854 0.36299 0.96322 0.09951 0.45820 0.75703 O.2&542 
500.0 0.36997 0-94506 0.12094 0.36955 0.94612 0.12218 0.45369 0.73118 0.30821 
600.0 0.37747 0.92628 0.14224 0.37689 0.92772 0.14377 0.46750 6.70959 0.32766 
700.0 0.38555 0.90687 0.16247 0.38477 0.$0871 0.16429 0.48001 0.69109 GC.34469 
600.0 0.39403 0.88735 0.18169 0.39504 0.88959 0.18381 0.49151 0.67492 Q.25987 
900.0 0.40278 0.86807 0.19996 0.40155 0.87073 0.20240 0.50218 0.66658 0.37359 

1000.0 0.41176 0.84927 0.21736 0.41022 0.85234 0.22014 0.51216 0.64771 0.38612 
1100.0 0.42071 0.63108 0.23398 O.41295 0.83456 0.23711 0.52156 0.63604 0.39767 
1200-0 0.42975 0.81359 0.24988 0.42771 O-81747 0.25337 0.53046 0.62536 0.40858 

9700.0 0.96505 0.36231 0.89948 0.96782 0.38544 0.96491 0.92377 0.55911 0.66673 9800.0 0.96966 0.36058 0.90443 0.91155 0.38357 0.97087 0.92760 O25 762 0.66739 9900.0 0.97425 0.35885 0.90935 0.91526 0.38202 0.97681 0.93142 0.35616 0.66803 (0000.0 0.97882 0.35721 0.91424 0.91893 0.38049 0.98272 0.93525 0.45470 0.66865 

- 
L
6
L
 -



COMPARISON OF THEORETICAL METHODS 

  

  

AMPLITUDE COMPARISON PHASE COMPARISON 

FREQUENCY DIF/P-1 DIF/THER THER/P~1 DIF/P-1 DIF/THER THER/P-1 

100.0 1.000050 0.942533 1.061024 0.990897 0.151824 6.526599 

200.0 1.000197 0.885233 1.129869 0.990751 0.228610 4.333802 
300.0 1.000433 0.850685 V-176033 0.990517 0.291260 5.399631 
400.0 1.000746 0.826989 1.207188 0.990207 0.345238 2.868184 
500.0 1.001123 0.815463 1.227674 0.989835 2392391 €-522574 
600.0 1.001552 0.807431 1.240419 0.989410 0.434119 ecerote> 
700.0 1.002024 0.803208 1247528 0.988945 0.471567 2.098035 
800.0 1.002530 0.801675 12250543 0-98 8446 0.504876 1.957800 

900.0 1.003062 0.802068 1.250596 0.987921 0.535240 1.845754 

1000.0 1.003617 O.-803842 T-248516 0.987375 0.562943 1.753952 

1100.0 1.004190 0.806634 1244914 0.986812 0.588380 1.677167 
1200.0 1.004777 0.810149 1.240258 0.986235 0.611877 1.611819 

1300.0 1.005377 0.814191 1.254818 0.985646 0.633700 1.555384 

1400.0 1.005987 0.818610 1.228896 0.985049 0.654071 1.506927 
1500.0 1.006605 0.823295 1.222654 O-984444 0.673175 T462389 
1600.0 1.007231 0.&28162 1.216224 0.983852 0.691166 12423438 
1700.0 1.007863 0.833147 1.209706 0.983215 0.708175 1.388378 
1800.0 1.008500 0.838201 1.203172 O-982594 0.724313 1.356588 
1900.0 -1.009142 0.843286 1.196678 0.981969 0.739673 VS27572 
2000.0 1.009789 G-848375 1.190262 0.981340 0.754337 1.300931 
2100.0 1.010439 0.853444 1-183954 0.980709 0.768374 12276344 
2200.0 1.011092 0.858477 V-177774 0.980075 0.781845 1.253542 
2300.0 1.011748 0.863460 1.171737 0.979440 0.794803 1.232305 

J 
9700.6 1.063033 1.044677 1.017571 0.932188 1.349093 0.690974 
9800-0 1.063745 1.045345 1.017602 0.931563 1.355163 0.687418 
9900.0 1.064458 1.045982 1.017664 0.930940 1.361230 O-683896 

10000.0 1.065171 1.046589 1.017755 0.930316 1.367295 0.680407 

- 
86
4 

-



DISPERSION LAWS PARAMETERS DISPERSION PARAMETERS BY P-4 THEURY DISPERSION PARAMETEKS BY THERMALISATION THEORY 

   FREQUENCY ALFA3 BETA3 DIFFUSION THEORY MODEL FREQUENCY ALFA2 BETA2 . a 7 
AaG§ a. § ax F 

100.0 0.1251 0.1101 FREGUENCY ALFA BETAT g 100.0 0.0181 0.1222 200.0 0.1769 0.1102 ea wis 200.0 0.0361 0.1222 300.0 0.2166 0.1103 300.0 0.0542 0.1220 400.0 0.2501 0.1106 400.0 0.0722 O.1219 500.0 0.2797 0.1108 100.0 0.0179 0.1223 500.0 U-0903 0.1216 600.0 0.3064 0.1112 200.0 0.0358 0.1223 600.0 0.1084 GO.1214 700.0 0.3309 0.1116 300.0 0.0537 0.1223 700.0 0.1266 0.1211 800.0 0.3538 0.1121 400-0 0.0716 0.1223 800.0 0.1445 0.1207 900.0 0.3752 0.1126 500.0 0.0895 0.1223 900.0 0.1626 0.1203 1000.0 0.3955 0.1132 600.0 0.1074 0.1223 1000.0 0.1606 0.1198 1100.0 O.4148 0.1139 700.0 0.1253 0.1223 1100.0 0.1987 0.1192 1200.0 0.4533 0.1146 800.0 0.1452 0.12235 1200.0 0.2167 0.1187 1300.0 0.4510 0.1154 900.0 0.1611 0.1223 1300.0 0.2348 0.1181 1400.0 0.4680 0.1163 1000.0 0.1790 0.1223 1400.0 0.2529 0.1175 1500.0 0.4844 0.1172 1100.0 0.1969 0.1223 1500.0 0.2709 0.1168 1600.0 0.5002 0.1182 1200.0 O.2148 0.1223 1600.0 0.2890 0.1160 1700.0 0.5157 0.1192 1300.0 0.2527 0.1223 1700.0 0.3070 0.1152 - - 1400.0 0.2506 0.1223 1800.0 0.3251 0.1144 1500.0 0.2685 0.1223 1900.0 0.3432 0.1135 
1600.0 0.2864 0.1223 
1700.0 0.3045 0.1223 
1800.0 0.3222 0.1223. 

= 
66
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TRACE 1 

TRACE 2 
- ee oa 

MASTER VCIO 
RAE RERE EAN EER ERE RE ERE CEE ER SEER EERE AERER RED EEE RELA RESREE REESE 

CALCULATION OF STREAMING EFFECTS VARIATION WITH * 

FREQUENCY BY: 
* 

, 4- DIFFUSION THEORY MODEL, * 

2- THERMALISATION THEORY MODEL. ® 

GRIT III III IOI III IO III IOI TIO IR IIR EIR I I 

8 IS THE TRANSVERSE BUCKLING OF THE WATER-VOID ASSEMBLY * 

s IS THE THERMAL MACROSCOPIC CROSS SECTION OF THE WATER * 

o IS THE THERMAL DIFFUSION COEFFICIENT IN WATER MODERATOR * 

DA IS THE THERMAL DIFFUSION AREA IN WATER * 

v IS THE THERMAL NEUTRON VEOCITY AT 22 C * 

CC IS THE THERMAL DIFFUSION COOLING IN WATER. * 

RV IS THR RADIUS OF THE VOID CHANNEL * 

RC IS THE RADIUS OF THE VOID CELL * 

VF IS THE VOID TO MODERATOR RATIO IN EACH CELL * 

Sf IS TRE AXIAL STREAMING FACTOR OF THE WATER-VOID CELL * 
PARE AREER ERE RETR EE ERE EERE ERR EE EERE REE EEE REE RE RERE ES 

DIMENSION RV(4) REC) -X (4) -VECG) -SFCG) ,TI C4) -TZCG) ,TS(4) -AVOCG), 

#T110G) T1266) ,AZOV 64) ,F (100) ,T5 (4), 7664) 
DIMENSION T4(4,100),77(4,100) ,AIV(4,100),P1V (4,106) ,61V(4,109), 

*A2V(4,100) ,P2V(4,100) ,G2V (4,100) ,ALFA1 (4,100) -ALFAZ (4, 

£100) ,BETA1(4,100) ,-BETAZ(4, 100),SUM1 (4,100) ,SUM2 (4,100) 

READ(1,5)8,S,D,DA,V,CC 
5 FORMAT (GFIO-8,2F10 22) 

READ(1,15) RV,RC 
15 FORMAT (4F7.4) 

  

DO 6 N=1,6 
XCHDERVON) #*2/ (REON) FH Z—RV (ND RZ) 

SFCND= 14X (ND 40 06837#RV (ND 
TIN) = (8/2) *((3/SF (ND) =1) 
T2CN 1CC1#X ON) *D*SFON)) 

TION VON) +T20N) 

AVO(N) =SQRTCT3(N)) 

po 12 1=1,100 

FCL)=1*100.0 
F IS THE MODULATION FREQUENCY 

T7ON, I) =C(2*3 146159268 F (1) / (VAD*SFON) ) ¥H2 

AIVON, I) =SQRT(CSQRTCT3(N) &*24T7(N,1) )+T3(N) 2/220) 

PIV(N, I) =SGRTCCSQRTCT3(N) **24+T7(N,1) )—T3(N))/2.0) 

GIVON,T=AVOCN)/ATVON, I) 
/(V*D*SFON) ) 

T/DAXSFECN) ) *CCCCRHHEZ) / (CV *D*SFCN))) 

CHAZ) *CHSFOCN) /D*SFCND*DA*SFCN) 41 

TIZ(N) =(H/CVEDESFON) DRS 
TOON, T)=CO#(C223 16159268 F (1) He 

SUM1(N,1)=T10N)4TZ20N)*T1710N)+T120N) #74 ON, 1) 

SUMZ(N,I)=TS(N) *(1-TOCN) *243 14159264 F (1) 

A2VCN, I) =SORTC(SGRTCSUMI(N,1)#*Z+SUM2(N,1) +SUM1(N,1))/2 20) 

P2V(N,1) SGRTC(SGRTCSUM1(N,I)**2+SUM2(N,1) )—SUM1(N,1))/2.0) 

AZOV(NDESQRTCTICND +T2(N)*TITON)) 
G2V(N,I)=AZOVO(N) /A2VON,1) 

    

   

  

   

   



=202 = 

  

   : | 

DISPERSION PARAMETERS CALCULATIONS 
DIFFUSION AND THERSALISATION THEGRETICAL MODELS. 

ALFA= = Axe2=-P*42 

ALFATCN, ID=A1V ONT )**2-PIV(N, T) #82 
ALFAZ(N, IT) =A2V(N,I)**2-P2V(N, I) #42 
BETA= 2*AsP 

BETAI(N,1)=2*A1V(N,1)*P1V(N, 1) 
BETAZ(N,J)=Z2*A2V(N,1) *P2V4N,I) 

12 CONTINUE 
6 CONTINUE 

WRITE(2,30) 
30 FORMAT(1X ,10X,*VOID CELL STREAMING FACTORS'//) 

wRITECZ,31)SF 
31 FORMAT(1X ,10X,F5.6) 

WRITEC2,32) 

32 FORNAT(IX ,*CALCULATION OF AMPLITUDE AND PHASE VARIATION WITH'//, 
*10X, FREQUENCY BY DIFFUSION APPROXIMATION THEORY'//) 
wRITEC2,33) 

33 FORMAT(1X ,15X,*AMPLITUDE CHANGE WITH FREQUENCY '//) 
WRITEC2,34) 

34 FORMATCIX ,5X, "FREQUENCY, 10X,°A1",10X,°A2Z", 12%, °AS*, 10K, "ALI /) 
WRITE (2,35) (FCI), (AIVON,1) ,N=1,4) ,1=1,100) 

ES FORMATCIX ,5X,F7-1,19X pF S05 55X pF Eads SX FS nde Xo F BAS 
WRITE(2,36) 

36 FORMAT(IX ,15X,°AMPLITUDE GAIN CHANGE WITH FREQUENCY'//) 
WRITE(2,37) 

37 FORMAT(1X ,5X,*FREQUENCY*,10X,°G1",10X,°G2",12X,°G3",10X,'G64") 
WRITECZ,38) CFC), CG1VON,1) -N=1,4),1=1, 100) 

38 FORMATCIX ,5X,F7 21, 15% FS eS p 5X pF B05 95K p FE AS eS FB AS) 
WRITEC2,39) 

39 FORMAT(1X ,15X,*PHASE ANGLE CHANGE WITH THE FREGUENCY'//) 
WRITE(2,40) : 

40 FORMAT(IX ,5X,"FREQUENCY*,10X,°P1",10X,°PZ*,12X,"P3",10X,"P4°//) 
WRITE(Z,41) (F(T) ,CPIVON, 1) ,N=1,4) ,1=1,100) 

41 FORMATCIX ,5X,F7-1, 15K, F825 5X, FB a5, 5X p FEMS re SX pF 8 AS) 
WRITE(Z,44) 

44 FORMAT(1X ,10X,"THERMALISATION THEORY CALCULATIONS '//) 

WRITECZ,45) 
45 FORMATCIX ,5X, FREQUENCY’, 10X,°A21",10X,"A2Z",10X, °AZ3",10X,°A24") 

| 
| 

 



@) ; 
| 
\ 

WRITE(2,46) (FCI), CA2V(N,I) ,N=1,4),I1=1,100) 
46 FORMATCIX ,SX,F7.1,15X,F8.5,5X,FE.5,5X -FEe5,5X, F865) 

WRITE(2,47) 
&7 FORMATC1X ,15X,"AMPLITUDE GAIN CHANGE WITH FREQUENCY'//) 

WRITE(2,48) 
SE FORMAT(1X ,5X,*FREQUENCY',10X,"G21",10X,"G22",9X, "G32", 9X, "G24 °//) WRITE(2,49) (F(T) ,(G2V(N,1) ,N=1,4) ,1=1, 100) 
49 FORMATCIX ,5X,F7.1,15X,F8-5,5X,F8.5,5X,-F8.5,5X,F 8.5) 

. WRITE(2,50) 
50 FORMAT(1X ,15X,*PHASE ANGLE CHANGE WITH FREQUENCY'//) 

WRITE(2,51) 
51 FORMAT(IX 5X, "FREQUENCY", 9X,"P21",9X, "P22", 9X, *P23*,9K, "P2L"S/) WRITE(2,52) (FCI), CP2V(N,1) ,N=1,4),1=1,100) 
52 FORMAT(IX ,5X,F7.1,15X,F&-5,5%,F8~555X pFS05,5X,FB oS) 

WRITE(2,42) 
42 FORMAT(1X ,10X,"DISPERSION PARAMETERS CALCULATIONS*,// 

**CALCULATUON BY DIFFUSION APPROXIMATION THEORY’, /// 
*10X, "FREQUENCY", 15X,"ALFA11",15X, *ALFA12°, 15x, "AL FA13", 10X, 
**ALFAIG*//) 

WRITE( 2,63) (FCI), CALFAT(N, 1) ,N=1,4) 121,100) 
43 FORMATCIX ,10X,F10-2,10X,F10-6,10X,F10.6,10X,F10.6,10%, F106) 

WRITEC2,53) 
S3 FORMAT(1x ,10X,"CALCULATIONS OF BETA1 ‘,// 
*1GX,"FREQUENCY* ,15X,"GEAT11°, 15%, "BETA 12", 15X,*BETAI3*, 10X, 
**5ETAIG',//) 
WRITE(2,54) (FCI), (BETAT(N, I) N=1,6) ,121,100) 

54 FORMATCIX ,10X,F10-2,10%,F10.6,10X,F10.6,10X,F10.6,10X,F 10-6) 
WRITE(2,55) 

55 FORMAT(1X ,10X,*DISPERSION CALCULATIONEY THERMALISATION THEORY ',// 
*10X,"FREQUENCY*,15X,"ALFA21°,15X,ALFAZ2",15X,ALFAZ3", 10K, 
*"ALFAZG*,//) 
WRITEC2,56) (F(T) ,CALFAZ(N, I) ,N=1,4) ,1=1,100) 

56 FORMATCIX ,10X,F10-2,10X,F1005,10X,F10-6,10X,F10-6,10X,F10 6) 
WRITE(2,57) 

57 FORMAT(IX ,15X,*FREQUENCY",15X,*BETA21",15X, "BETAZ2",10X,"BETAZ3°* 
*,10X,"SETA2L*,//) 
WRITE(2,58) (F (1), (BETA2(N,I) ,N=1,4) ,1=1,100) 

SE FORMAT(1X ,10X,F10-2,10X,F10-6,10%,F10.6, 10X,F10-6, 10%, Ft0 6) 
STOP = - - ae 
END 

| 

{ END )



  

  
VOID CELL STREAMING FACTORS 

1.295644 

1.300081 
12341883 
1.415232 

CALCULATION OF AMPLITUDE AND PHASE VARIATION WITH 

FREQUENCY BY DIFFUSION THEORY!   
AMPLITUDE CHANGE WITH FREQUENCY 

    

     

Celt | celt2 ceus cetty 
FREQUENCY Al AZ AS AG 

100 .0 0.28384 0.28328 0.27907 0.27223 
200.0 0.28688 0.28630 0.26204 0.27511 300.0 0.29164 0.29102 0.28667 0.27959 400.0 0.29773 0.29706 0.29261 0.28535 500.0 0.30480 0.30408 0.29951 0.29204 600.0 =31254 0.31178 0.30707 0.29938 700.0 0.32073 0.31991 0.31506 0.30714 200.0 €.32918 6.32831 0.32332 0.31517 900.0 0.33778 0.23686 0.33173 0.32334 1006.0 0.346464 0.345468 0.34020 0.33157 1100.0 0.35510 0.25409 0.34868 6.33981 1200.0 0.36372 0.36267 0.35711 0.34801 1300.0 0.37228 0.37118 0.36548 0.35615 1400.6 0.38074 0.37961 0.37377 6.36421 1500.0 0.38911 0.38794 0.38196 0.37218 1600.0 0.39737 0.39616 0.39006 0.38005 1706.0 0.40553 6.40427 0.39804 G.38784 1800.0 6.41357 0.41228 6.60591 239547 

1900.0 O.42749 0.42017 0.41368 0.40303 2000.0 0.42931 0.42795 0.42133 0.41048 2700.0 9.43701 0.43562 0.42888 0.41782 2206.0 0244461 0.44318 0.43632 0-42506 2300.0 0.45210 0.45064 0.44366 0.43220 2400.0 0.45948 0.45800 0.45090 0.43925 2500.0 6.46677 0.46525 0.45804 0244619, 2600.0 6.47396 0.67241 0.46508 0.45305 2700.0 0.48105 0.47948 0.47206 0.45982 2800.0 0.48806 0.68645 0.47890 0.46649 2900.0 0.49497 0-49333 0.48567 6.47305 3000.6 0.50180 0.50013 0.49236 . 0.47960 3100.0 0.50854 0.50685 0.49897 0.48603 Ronn A Pm §1898n OM 84t8 ALSASEn A 409% 

t t 4 \ t 
9900.0 5298 0.84996 0.23666 0.81478 

10000.0 0.85703 0-85400 0.84063 0.81864 
AMPLITUDE GAT CHANGE WITH F ENCY i ee 

FREQUENCY 61 G2 63 Ge 
109.9 0.99629 0.99631 0.99633 0.99635 
260.0 0.98570 0.98580 0.98584 0.98594 
300.0 0.56563 0.96982 0.96991 6.97011 
400.0 C.94579 0.95008 0.95023- 0.95053 
506.0 C.92776 G.92815 0.92835 0.92876 
600.0 0.96475 0.90525 0.90545 0.90599 
700.0 0.28169 0.88224 0.88252 0.88309 
800.0 0.85905 0.85966 0.85997 0.86061 
900-0 83718 0.83784 0.83817 0.83887 

  

1000.0 0.81625 0.81695 0.81730 0.81804



FREQUENCY 

100.0 
200.0 
300.0 
400.0 
500.0 
600.0 
700.0 
800.0 
900.0 

1000.0 
1100.0 
1200.0 
1300.0 
4400.0 
1500.0 
1600.0 
1700.0 
1800.0 
1900.0 
ann o 

9700-0 
9800.0 
9900.0 

10009.6 

  

PHASE ANGLE CHANGE WITH THE FREQUENCY 

P41 P2 Pa 

O-02442 0.02430 
0.04834 0.04808 
0.07132 0.07096 
0.09315 0.09268 
0.11376 0.11318 
6.13311 0.13247 

0.151335 0.15061 
0.16851 0.16773 
0.18474 0.18390 
0.20014 0.19924 
0.21478 0.21383 
0.22875 0.22775 
0.24212 0.24108 
0.25495 0.25386 
0.26729 0.26015 
C.279718 0.27800 
0.29066 0.28945 
0.30178 €.30052 
0.31255 6.31126 
M x23%N4 n 32440 

0.79609 0.79312 
0-80043 C.79744 
0.80474 C.80174 
0.80903 0.86601 

  

  THERMALISATION THEORY CALCULATIONS     

FREGUENCY 

100.0 
200.0 
300.0 
400.0 
500.0 
600.0 
700.0 
806.0 
$00.0 

1000.0 
1100.0 
1200.0 
1306.0 
1400.0 
1500.0 
1600.0 
1700.0 
1800.0 
1900.0 
2000.0 

0.02396 
0.04729 

0.06979 
0.09116 

0.11133 

0.13031 
0.14817 

0.16501 
6.12092 
0.19603 
0.21039 
0.22409 
0.23721 
0.26979 
0.26189 
0.27356 
0.28482 
0.29573 
0.30630 
D R41KEK 

0.78063 
0.78488 
0.78911 
0.79332 

Po 

0.02323 
0.04597 
0.06785 
C.CEEGL 
0.10826 
0.12673 
0.146411 

0.16050 
0.17600 
0.19071 
0.20469 
0.21804 
0.23081 
0.24306 
0.25485 
0.26627 
0.27718 
0.28780 
6.29810 
N.zInRNe 

0.76005 
0.76419 
0.76831 
0.77240 

AMP TOQE CHURN Gs WITH FREQUENCY 
A2d 

0.32868 
0.35713 
C.37876 
0.39657 
0.41788 
0.42540 
C.435757 
C.64869 
O.45895 
0.46850 
0.47766 
0.48590 
0.49396 
6.50152 
C.50&79 
Oud 1575 
0.52245 
0.52889 
0.53512 
0.54113 

A2z2 
0.32806 
0.35646 
0.37806 
0.39583 
0.41711 

0.42460 

C.43675 
0.44785 
0.45808 
0.46762 
C.47055 
0.48498 

0.49297 

C.50056 
250782 
0.51477 
O-5216¢ 
0.52727 

0.53408 
0.54008 

A23 
0.32413 
0.35252 
0.37405 
0.39176 
0.40697 
0.42039 
0.432467 
0.44350 
0.45367 
0.46314 

0.47201 
0.48037 

G.48829 

0.49523 
0.50302 
0.50991 

0.51653 
0.52290 

0.52905 
0.53499 

Aad 
0.31773 
C.34607 
0.36750 
0.38508 
0.40016 
0.41347 
C-42543 
0.43634 

0244640 
0.45576 
0.46453 
6.47279 
0.46061 
O.4€804 
0.49514 

0.50193 
G.50845 
0.51472 
0.52077 
0.52662



FREQUENCY 

100.0 
200.0 
300-0 
400.0 
500.0 
600.0 
700.0 
RON N 

FREQUENCY 

100.0 
200.0 
300.0 
400.0 
500.0 
660.0 
700.0 
800.0 
900.6 

1000.0 
1700.0 
1200-0 
1300.0 
1400.0 
1500.0 
1600.0 
1706.6 
1800.0 
1900.0 
2000.0 
2100.0 
2200.0 
2300.6 
2400.0 
2500.0 
2600.0 
2700.0 
2800.0 
2900.0 
3000.0 
3100.0 
3200.0 

  

AMPLITUDE GAIN 

621 

6.86036 
C.79182 
0.74659 
0.71307 
0.68657 
0.66475 
0.64626 
AM LABOIAS 

0.16748 
0.21798 
0.25172 
0.27761 
0.29854 
0.31696 
€.33283 
0.24700 
0.35982 
0.37155 
0.38237 
0.39244 
0-40184 
0.41062 
0.41902 
3.42692 
0-43442 
0.44156 
0.44639 

G.45492 
0.46112 
C.46720 

0.47300 
0.47852 
C.48296 
0.48917 

0.494620 

0.49908 
0.50380 
C.50538 
C.51253 
O.S1716 
6.52136 
© 82825 

  

- 206 - 

CHANGE WITH F 

G22 

0.86032 
0.79178 
G.74655 
0.712502 
0.68653 
0.66471 

0264622 
N-ARNAI 

  

0.16718 
0.21760 
0.25127 
0.27712 
0.29831 
0.31640 
0.33224 
G.54639 
C.35919 
0.37090 
0.38178 
0.39175 
C.40174 
0.40997 
0.461829 
0.42618 
0.43367 
6.464081 
0.44762 
0.45415 
0.46041 
046642 
G.47221 
0.47778 
0.48316 
0.48836 
0.49339 
0.49826 
0-50299 
€.50757 
0.51201 
6.51633 
0.52056 
fm 82449 

  

0.85782 
0.78875 
0.74336 
0.70974 

0.68322 
0.66740 

0.64293 
N_67495 

0.16655 
0.21657 
O.24998 
0.27560 
0.29662 
0.31455 
0.33027 
0.34429 
0.35699 
0.36861 
0.357955 
0.38930 
0.39862 
0.40738 
0.41565 
0.42348 
0.43092 
0.43801 
0244479 
0.45127 
0.45749 
0.463467 
0.46923 
0.47478 
0.4€&013 
0.68531 
0.49032 
0.49517 
0.49987 
0.50444 
0.50887 
0.51318 
OcS 7ST 
A.89445 

0.85367 
0.78377 
0.73807 
0.70436. 
0.67781 
0-65600 
0.63756 
M_42147 

6.16545 
0.21482 
0.26776 
0.27302 
0.29374 
6.31142 
0.32691 
0.34075 
0.25327 
0.364673 
0.37532 
0.38516 
0.39436 
0.40301 
0.461118 
0241892 
0.462628 
0.43329 
0.43999 
0244641 

0.45257 
0.45849 
0.46419 

0.46969 

0.47499 
0.48013 
0.48510 
0.48991 
O-49458 
0.49912 
0.50352 
0.50781 
0.51198 
A StANL



  

LLorseersion PARAMETERS CALCULATIONS 

CALCULATUON BY DIFFUSION APPROXIMATION THEORY 

FREQUENCY 

100.00 
200.00 
300.00 
400.00 
500.00 
600.00 
700.00 
800.00 
900.00 

1000.00 
1100.00 
1200.00 
1300.00 
1400.00 
1500.00 
1600.00 
1700.00 
1800.00 
1900.00 

i 2000.00 
2100-00 
2200.00 
2300.00 
2400-00 
2500.00 
2600.00 
2700.00 
2800.00 
2900.00 
3000.00 
3100.00 

ALFAIT 

0.079966 
0.079966 
0.079966 
0.079966 
0.079966 

0.079966 
0.079966 
0.079966 
0.079966 

0.079966 

0.079966 

0.079966 

0.079966 

0.079966 
0.079966 

0.079966 

0.079966 
0.079966 
0.079966 
0.079966 

0.079966 
0.079966 
0.079966 
0.079966 
0.079966 
0.079966 
6.079966 
0.079966 

0.079966 
0.079966 
0.079966 

1 

ALFAI2 

0.079657 

0.079657 

0.079657 
0.079657 
0.079657 
0.079657 
0.079657 
0.079657 
0.079657 

0.079657 
0.079657 
0.079657 

0.079657 
0.079657 
0.079657 
0.079657 
0.079657 
0.079657 

0.079657 
0.079657 
0.079657 
0.079657 
0.079657 

0.079657 
0.079657 
0.079657 

0.079657 
0.079657 
0.079657 
0.079657 

0.079657 

ALFAI3 

0.077311 
0.077311 
0.077311 

0.077311 

0.077311 
0.077311 

0.077311 

0.077311 

0.077311 
0.077311 

0.077311 

0.077311 
0.077311 
0.077311 
0.077311 
0.077311 

0.077311 
0.077311 
0.077311 

0.077311 

0.077311 

0.077311 

0.077311 
0.077311 

0.077311 
0.077311 

0.077311 
0.077311 
0.077311 

0.077311 

0.077311 

ALFA14 

0.073570 

0.073570 
0.073570 

0.073570 

0.073570 

0.073570 

0.073570 

0.073570 

0.073570 

0.073570 

0.073570 

0.073570 

0.073570 
0.073570 
0.073570 

0.073570 

0.073570 
0.073570 

0.073570 
0.073570 

0.073570 
0.073570 

0.073570 

0.073570 
0.073570 
0.073570 

0.073570 

0.073570 
0.073570 
0.073570 

0.073570



CALCULATIONS OF BETAT 

  

FREQUENCY BEATI1 BETAI2 BETAI3 BETA14 

100.00 0.013867 0.013767 0.013338 0.012646 

200.60 0-027734 0.027533 0.026675 0.025293 

300.00 0.641602 0.041300 0.040013 0.037939 

400.00 0.055469 0.055066 0.053351 0050586 

500.00 0069336 0.068333 0.066689 0.063232 

600.00 0.083203 0.082600 0.080026 0.075879 

706.00 0.097071 0.096566 0.093364 0.088525 

600.00 0.110938 0.110133 0.106702 0.101172 

900.00 0.124805 0-123899 0.120040 0.113818 

1000.00 0.138672 0.137666 0.133377 0.126465 

1100.00 0.152540 0.151432 0.146715 0.139111 

1200.00 0.166407 0.165199 0.160053 0.151758 

1300.00 0.180274 0.178966 0.173391 0.164404 

1400.00 0.196141 0.192752 0.186726 0.177050 

1500.00 0.208009 0.206499 0.200066 0.189697 

1600.00 0.221876 0.220265 0.213404 0.202343 

1700.00 0.235743 O-224032 0.226741 0.214990 

1800.00 0.249610 0.247799 0.240079 0.227636 

49nn nn MM PATLIR N PAISAS MN 9S3L97 N_PLNARE 

\ 1 { 4 t 
9800.00 1.358990 1.349125 1.307098 1.239353 
9900.00 1.372858 1.362892 1-320436 1.252000 

10000.00 . 12386725 1.376659 1.333773 1.266666 
DISPERSION CALCULATIONGY THERMALISATION THEORY 

FREQUENCY ALFA21 ALFA22 ALFA23 ALFA24 

100.00 0.079981 0.079672 0.077324 0.073581 

200.00 0-080025 0.079715 0.077363 0.073614 
300.00 0.050099 0.079787 0.077429 0.073671 

400.00 0.080202 0.079888 0.077521 0.073749 

500.00 * 0.080335 0.0£0018 0.077639 0.073850 
600.00 0.080498 0.080177 0.077784 0.073973 
700.00 0.080690 0.080365 0.077955 0.074119 

#00.00 0.080911 0.080582 0.078152 0.074287 

900.00 0.081162 0.080828 0.078375 0.074477 
1000.00 0.081443 0.081102 0.078625 0.074690 
1100.00 0.081753 0.081406 0.078901 0.074925 
1200.00 0.082093 0.081738 0.079203 0.075183 

= 
90
2 

=



FREQUENCY 

106.00 

200.00 

300.00 

400.00 

500.00 

600.00 

700.00 

800.00 
900.00 

1000.00 
1100.00 

1200.00 

1300.00 

1400.66 

1500.00 

1600.00 

1700.00 
1800.00 

1900.00 

2000.00 
2100.00 

2200.00 

2300.00 
2400.00 

2500.00 

2600.00 

2700.00 

2800.00 

2900.00 

| 
9700.00 
9800.00 
9900.00 
10000-00 

BETA21 

0.110092 

0.155693 
0.190685 
0.220184 
0.246173 

0.269669 

0.291276 

0.311387 

0.330276 

0.348141 

0.365134 

0.381370 

0.396942 

0.411926 

0.426384 

0.440568 

0.453921 

0.467080 
0.479880 

0-492346 
0.504505 

0.516377 

0.527982 

0.539338 
0.550460 
0.561361 

0.572054 

0.582552 

0.592863 

L 
1-084280 
1.089854 
1.095401 
1.100919 

0.109692 
0.155127 
0-189991 

0.219383 
0.245278 

0.268688 

0-290217 
0.310255 
0-329075 

0.346875 

0.363806 

0.379983 

0-395499 

0.410428 

0.424834 

0.438766 
0-452270 
0.465382 

O-476135 
0.490556 
0.502670 

O-514499 
0.526062 

0.537377 
0.548458 

0.559320 
0.569974 

0.580433 
0.590707 

l 
1.080337 

1.085891 

1-091418 
1.096916 

BETA22 BETA23 

0.107970 

0.152692 
0.187009 

0.215939 

0.241427 

0.264470 

0.285661 
0.305384 

0-$23909 

0.341430 

0.358094 

0.374017 

0.389290 

0.403985 
0.418164 

O-431878 
0.445170 
0.458076 

0.470628 
0.482854 
0.494779 

0.506422 
0.517804 
0.528941 

0.539848 
0.550539 
0.561026 

0.571321 

0.581434 

| 
1.063377 
1.065844 
1.074283 
1.079695 

BETA24 

0.105134 

0.148682 

0.182098 

0.210269 

0.235088 

0.257526 

0.278159 

0.297365 

0.315403 

0.332464 

0.348691 

0.364196 

0.379067 

0-393377 
0.407184 

0.420538 

0.433480 

0.446047 

0.458270 

0.470175 
0.481786 

0.493124 

0.504207 
0.515051 
0.525672 

0.536082 

0.546294 

0.556319 

0.566166 

t 
1.035454 

1.040777 
1.046074 

1.051344 

ty 
oO
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