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SUMMARY

A sguare wave input of fast neutrons from the D-T reaction
was supplied by a S.A.M.E.S. 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
thermzl neutron pulse was recorded with lithium glass scintillation
counters input to a2 multi-channel pulse high analyser used in a
time 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 was 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 guantity.

The dispersive properties of each assembly were expressed
through the dispersion relation which relates the inverse complex
relaxation length of the wave to the freguency 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-l1 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.

KEYWORDS
Neutron wave, Streaming factor, Frequency response,
Wave function, Neutron continnum.
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1.1 An introduction to analysis techmigues for neutron streaming

The problem of neutron transport in heterogeneous media is one

of great importance in reactor rhysics. The physical dimensions of

(o9

any nuclear system depend largely upon the mean displacement of
neutrons from their birth tc the point of their capture or escape.

The presence of empty spaces serves effectively tc lengthen the neutron
mean displacement anc, consequently, increase the critical size of the
reactor.

Veids in research reactors, in the form of irradiation holes,
contrel reé sleeves and in-core instrumentation, are important design
feztures. In power reactors, voids occur in the form of cooling ducts
ané 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.

L first order effect of cavities can be found orn the basis of
the overall reduction in the demsity of the medium. A decrease in
the average density means a2 corresponding reduction in the average
macroscopic absorption,z ) scattering,}js, and transport,)z et
cross sections. From diffusion theory one can predict that the
diffusion aresz, (LE), will be increased accordingly. This is only an

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

will czuse an anisotropic diffusion of neutrons due to sireaming along
the channel axis. Therefore, direction-dependent thermalisation and

diffusion parameters are reguired for more accurate analysis.
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for neutron streeming effects. 3Section 1.3 will dezl ip detsil with
these ciiferent aprroaches. Most of the experimental work has been

with exponentizl or steady state sources, in which diffusion

measuring the thermzlisation and diffusion parameters of the system
under test. Two theoreticzlly eguivalent methods are used, namely,
the pulsed sources technigue, (PST), and the neutron wave technicue,
RWT). 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 2 neutron burst into the assembly. In
the NWT the neutron field is excited in some periocdic fashion and the
disturbznce created is called & neutron wave. This disturbance
describes the collective behaviour of the neutron field according to
the mode of its interaction with the nuclei of the assembly. The
inverse relaxation length, (p), of the neutron wave, i.e. the distance
travelled by the wave to reduce the amplitude of the damped
oscillation by 2 factor of e, the variztion of the phase angle and the
deczy of the amplitude of the wave are dependent on the freguency of
modulztion, as well as on the diffusion and thermalisation parameters
of the mediz in which the wave is propagated.

Although NWT has many advantages over PST, it hzes not been applied
to the problem of neutron streaming in empty channels in a2 moderator.
Moreover, the application of this technigue for multiplying assemblies
containing empty chaznnels czn 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 NuT to study the
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ource characteristics are presented irn Chapter
work. A lattice containing seven empty, parsallel cylinders was

placed vertically in a tank containing 800 litres of water. Four
different lattices were used, of different cylinder radii but of the
sane effective height. The detail design of the assemtlies is given
in Chapter Three, while the neutron detection technigue and the
relevent electronic circuitry is employeé in neutron flux measurementis
within the assembly presented in Chapter Four.

The frecuency response of the system, with and without voids,
was measured. The observed effects of the voids on the shape of the
frecuency 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 data are rresented,
together with the evaluated parameters of the neutron wave from which
the diffusion and thnermalisation of the system can be evaluzted.
Three theoreticel models were employed to evaluate the experimental
results. The development of the theoretical models is presented in
Chzpter Six. Chapter Seven deals with the comparison between
theoretical results predicted by each model with those obtained
experimentally. Finzlly, in Chapter Eight some principal conclusions
drawn from this work are given, in addition to scme experimental and

analytical studies suggested to extend and compliment the present work.

1.3 A literature review

The work done in the field of neutron streaming through voids in

2 nuclear system can be classified according to the experimental



tecknigues employed by the authors. These can be divided into two

mzin groups according to the initisl condition of the neutron source

state sources;

ii. L4 dynemic approach based on time-dependent, periodic

or ncn-periodic sources.

1.3.1 The static experimentzl and theoretical treatment

In muck of the theoreticzl work, the problenm is treated by
homogenising the heterogenecus effects created by the presence of
voids. BEERENS (1948) determined the characteristics of a
theoretical medium in which the neutron distributicn coincides with
the distributiorn of a reasl medium averapged over a cell. Similar, but
more detsiled work was carried out by CARTER AND JARVIS (1961), which
reached a2 different expression for the radial effects. However,
better results are obtzined by the applicetion of the iteration
methods: the Monte Carlo calculation used by SCHAEFER and PARKIN
(1958) and the perturbatior theory applied by MARTY and SCHENIEBERG
(1862). Although the iteration calculaticn predicts better results,
it is & 1engt§;computational approach.

In his early work BZERZNS (194G) derived a formula for cavities
of any shape, assuming that the cavities were uniformly distributed

=9 ==

in a2 homogeneous neutron flux anéd that all neutrons had idexntical

e . ! s o i o WO s ‘e
robability ¢f passing through them. Taking the diffusion area, (L7),

o}

as & reference, Behrens obtained the following relations:

4

i, For parallel cylindrical cavities of any cross sectional
areza located at & great distaznce apart so that the neutron
does not traverse more than one cavity during the time of

g

ree path, the axiel (S, ) ané the radial (S
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where Lll and
i : & 5 : : Al
diffusion areas for the anisotropic lattice, ILm is the
diffusion area for a homogeneous lattice, m is void to
‘materisl ratic, § is & constant dependent on the shape
of the void, r is the hydrolic radius of the void,
which can be czlculated for any woid shape as:

2 X void volume
veid surface area

and A 4p 18 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, eguations
(1.1) ané (1.2) cannot be applied to the case of non-uniform
distribution of holes or to the presence z small number of holes.
GRANT (1958) proved that equation (1.2) is incorrect in slab
geometry. CARTER (1961) applied appropriate boundary conditions for
an asymottic neutron flux on the cavity surface. BHe gave a
different expression for the radial streaming:

2

Ly g m(2r + ?hir) :
sl = _._2.. = ‘]+m Z + (f.} ) R 03
L &os ktr * BT %y

which gives lower values of (;l) than those obtained from eguation

1.2. Calculstion of S“ and ;L carried out by SCHAEFEZER and PARKIN
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o method, gave lower values for both
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streaming parameters.
BEINCIST (1968) produced & general trestment for neutron transport
in a heterogeneous medium which gives, as a first spproximation, the

ults as obtzineé by Rehrens. Three corrections to the

game Te

tn

' i. the consecutive passage of neutrons through the same

channel;
ii. the interaction between c¢ifferent channels;

iii., the finite dimensions of the void cell.

Hore satisfactory results, btased on an analyticel model which a&llows
for flux mapping inside the chesnnels, and hence, for neutron currents
zlong & channel wall, are given by ETEMAD et al (1964). He also
reporis & set of experimental results in good agreement with his

theoretical prediction.

=3}

rom the above discussion it is evident that there is not a
single, genersl but rigorous theory to the problems presented by
experimentzl work employing steady state neutron sources. This

demanded & new approach; the problem was resclved by the dynamic

experiment using periodic and non-periodic neutron sources.

1.3.2 The dynamic experiment technioues and theoretical treatment

¥ost of the experiments tc be discussed in this section can be

divided inte two classes:
i. Experiments using PST;

ii. Experiments using NUT.
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injection of 2 burst of neutrons into & system anc measurement of
the neutron populstion with thermal neutron detectors, This
exponential decay, cazused by leakage and absorbtion, depends on the
size and the shape cof the system i.e. on the geometriczl buckling,
2y . " ; 2 - ;
(Bg; as well as on the nuclear properties of the moderator. IT wes
essumed by DAUGETRY and «ALTKER (1965) and by JOSEI et &l (1965)
that the varistion of the deczy constant () ) with the buckling at =2

; - 1
given temperature can be expressed for a (;) moderator as:

X =2 _F DB2 = CBh + F56 S o i B T S L
where 3 e s D is the diffusion coefficient, C is the
diffusion coocling, which accounts for the higher probzsbility of
leakage of higher energy neutrons from the system boundary, and F is
& constant which accounts for the spectrzl variation of neutron flux
end is czlled the spectrum hardening constant. The PST method is to
measure the time constant () ) of the decay and to correlate it to
the geometrical buckling, (Bg), of the assembly. The resulting (3 )
versus (BE) curve is analysed in terms of the diffusion parameter of
the moderstor. 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 agpplication of PST to
non-rultiplying assemblies. The extensive theoretical werk of
CORNGCLD (1965), wOOD (1965) and PURCEIT (1965) provided a sound
itical model to the pfoblem of the neutron thermalisation
parameter. POOLE (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 211 workers in

: e . i
aprlying ()) versus (Eg} curve anslysis were:

i. the rrecise determination of () ) in the

presence

of & non-asymptotic neutron flux and neutron

background, especizlly in crystalline moderators

like berylliunm zné graphite where the trapping of

the low energy neutrons creates & limit beyond

which () ) cannot be detected discreetly;

£

e . 24
id.  the calculation of (Bg

from 2 given cdime

nsion of

the scattering medium, where the extrapolation

= ; ; P
distance decrezses with the increzsse of (Bg) due

tc diffusion cooling effects.

T A : . o
iii. the statisticel fitting of the (X ) versus (bg}
curve and the length of the (B intervel used.

BULL et 2l (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 (4) was calculated by an iterative method

from the diffusion constant, DC, for = given energy

as

distribution

d = 2.15 VD.E I R R ) 115

v

-
To overcome (iii) it was suggested that (Bg) intervals should be

increased for small size systems and decreased for a large size

system, tc provide better statistical fitting.

The application of PST to study the effects of

moderating mediz were reported by UTZINGER (1965),

void chennels in

PAGE (19‘?)1

DENIZ (1965), BULL et al (1970}, DANCE and CCNNOLY (1971). They

¥ the g suffix to the buckling will be omitted hereafter



RS

21l used the rrinciple suggested by EIKCIST (1S6%9) that, for streeaming
stucies, direction-dependent diffusion parameters must be used.
Benoist defined a directicn-dependent diffusion coefficient (Dy) in
term of lezkage (K) as:

3

- 2
K = ;L_; D: B. Jr5 W@ dx 8y dz NI L A
k=1 K K (qunz)

.

v is the space dependent flux in an anisctropic system

where g(x,v,z;

and k refers to the directions x, y and z. If the k direction is
designated parallel and perpendicular to the axial directior of the

channels, then:

D.L = Dx,y and D“ = Dz
> - oy 2

Bt + it S et T P A o S
1 (2% 28)° (y & 268)°

DANCEZ and CONOLLY (1871) solved the eguztion for neutron transport in
the voié channels and described the time behaviour of the neutron flux
in the moderator in relation to the void dimensions. They found that
a single cdecay constant cannot describe the neutron population decay
following the introduction of a neutron pulse into & system containing
void. The application of FST to evaluate the direction-dependent
diffusion coefficients of a system requires a definition of the
rarallel and the perpendicular diffusion coefficient in terms of
parallel and perpencicular lezkage, i.e. Kl‘and Kl' The parzllel

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

I

following relation:

-

= o
- i E y -'\“ R
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The totzl volume-intergrated flux refers only tc the flux in the
moderator, and the flux in the veoid should be included. This would
reguire & prior knowledge of the flux space-time distribution ir the
void channel or, with certain limitations detailed b
CORCLLY (1871), the knowledge of the ratio of the actusl volume-
intergrated flux to the simple cosine flux that woulé exist without
the void. Another approximstion is to neglect the veoid-moderator
interface flux variation. Therefore, the validity of extending the
conventional PST to anisctropic system recuires many approximstions

and assumptions.

1.2.2.2 Application of NWT to neutrorn streaming problems

In this type of experiment, the neutron field is excited in some
periodic fashion. The resulting disturbance is czlled a2 neutron wave.
when & periocdic excitation of freguency (W) is injected at the
boundary of a moderator at the plane Z=0, an attenuated plane neutren

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

z(z't) =A° Zxp. ={az = j(wt - 2) S aloke s|w heprery Bl

where, A_ is & constant for a source symmetric along the Z-axis,

o
a 1s 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.
ZETRIC (1971) derived relationships between the wave parameters ( o)

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

travels:

o -— g = = = R L 1!"0

CRC R R 1.11
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y on the diffusion parameters, and both equaiions sugpgest
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PLRZZ and UERIG (1963) used a sinuscidal neutron source placed

A

a2t the centre of the lower face of az rectangulsr-shaped moderstor to
study the thermalisation properties of a (%) moderator. They found
that NWT is equivalent to & poisconing experiment, where the freguency
of modulation is ecuivalent to the amount of the (%) poison. PEREZ
and BOOTEE (1965) presented & series of measurements using graphite
&s & diffusion medium and indicated that diffusion theory is wvalid
only for modulation frequencies smaller than the inverse of the time
between two neutron cellision.

AGvances in the experimentzl and theoretical fields of NWT can
be cited in the proceedings of a Symposium on Neutron Noise, iave and
Pulse Propagation edited by UHRIG (1967). The work of MOORE (1967),
KUNLISE (19€67) and BOOTE 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 (p)2 dispersion laws as the plots of
(2 at ) versus («) and (az -52 ) 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 znd interpreted the expenentizl flux es
wave continuum in addition to the discrete mode of the wave. To
include the continuum effects on the measurement of (o ) and (£ ),
WAFNEZR and ERDMAK (1969z) used the transport theory solution for

neutron wave propacaticn and reported that there is & frequency limit
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beyond which diffusion thecry fails to explain the NWT experiments.

(=2

This limit is when the source freguency is cyeater than the product
VE:,)fbr e (%) moéerator. Further work by WANER and ERDMAN (1S69Sb)

-
suggested that the freguency limitation depends on whether the
moderator under investisation is & crystalline or non-crystalline
moderator. The spetial dependence of (o ) ané (& ) et different
frequencies is investigated by RITCHIE and WHITTLESTCNE (1972) and
(1973). They founé for beryllium oxide there is & limit of 520Hz
below which the spatizl dependence of (@ ) and (& ) is of no
significance and the N.w. has the properties of discrete mode cof
propagation. In the freguency range 52C - 720 Hz, the spatizal
dependence is noticeable, and beyond 720Hz diffusion theory failed
to interpret the experimental results for the crystalline moderator.
No similar work has beer cited for non-crystalline moderator.

Pulsing the source in z sguare wave fashion can also be used
in the same way as a sinuscidel input. Since the sguare wave can
be fourier analysed into an infinite number of harmonics of the
funamental frequency, it can be considered as a superposition of
sinusoida]l inputs. For & linear system the output will be the
superposition of the ocutputs due to individual components of the
input. It hzs the advantage that the datz for many freguencies can
be tzsken simultaneously. 3However, it was reported by GIL RiMCS (1974)
thzt the number of freguencies for which the measurement can be taken
is limited because the amplitude of the higher harmonics decrease
linearly with the order of harmonics. UERIG (1970) suggests the use
cf a random sguare wave to overcome this difficulty.

The application of NuT to study the gquantitative effects of
neutron streaming in a2 moderator containing voids is very limited.
The most relevant work that cen be cited is that carried out by

WALGNER (1970). However, this work was devoted to a measurement of
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the degree of anisotropy as an overall parameter of a multiplying
system with vecid channels. Moreover, the anzlysis is handicapped by

& low upper limit tc the modulation freguency.

1.2.2.3 Conparison between PET and NWT
It can be said that both PET and NJT are thecretically

ecuivalent. FEREZ and UERIG (19£€7) stated that the location of the
neutron source makes necessary an essentially different analytical
model for NWT. The eguivazlence of PST and NWT is detailed by
MICHAEL ané MCORZ (196€). The coupling mathematical relationships
described in this work will be presented in Chapter Six. The time-
dependent form of the source in NJT is not relevant and it is a
matter of convenience, sc 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 methoé from the other are summarised in Table 1.1.
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signal has a continuous spectrum.

The accuracy of the results is
dependent on the nocise level in

nucleer system under test.

The freguency response is obtained
by taking the ratio of the Fourier
transform of the output to the

Fourier transform of the input.

It is z time=-domain technigue
where the neutron population is a

transient cuantity.

The fundamentzl mode prevails

curing the decay of neutron
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population.

One quantity (i.e. the decay
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signal has & discrete spectrum.

The test signsls are assymetric
and will discriminate against

background noise in the system.

The frecuency response is
cbtzined by taking the ratio of
the Fourier integrel of the
cutput to the Fourier integral

of the input.

It is & varizble frecuency
technicue where a guasi-static

state can be established.

The disturbance propagates
away from the source and the
dynamic behavicur of neutron
population is spatially

dependent.

Two guantities (i.e. amplitude
attenuation and phase lag) can

be measured simultaneously.




CHAPTER TWO

O T TAN AT P — N e - T
COKSTRUCTION OF A MODULATED TEERM-L KEUTRON SCOURCE ASSEMBLY

The experimentel errangements to provide an optimised source are

escribed in this Chepter. A brief outline of the method of fast

o

neutron production is given prior toc a description of the source
externzal modulation technicue. The greater part of this chapter is
devoted to the description of the construction of the thermalisation
systems ané their performence. Three types of moderating materials

were tested and their chzracteristics are compared.

2.1 The fzst neutron scurce

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, deutercns or tritons produce fast
neutrons copiously with the lightest elements as targets. Two

principle reactions are widely used. These are:

45 2H(d,n)3 He;

ii. 8(a,n)"He

Both reactions can be achieved with a2 deuteron beam of energy of
150 kev. In reaction (i), also czlled 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 compzared with the D/D reaction, which
makes it more desirable in the present work, despite the need to
thermalise the 14 Mev neutrons.

The deuteron beam was furnished by a2 type-J S.A.M.E.S.
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electrostatic accelerator with high voltage generating capacity up to
16C Kv. A description of the accelerzter is given by DOCUKAS (1971).
The target assermbly consisted of a thin, circular titanium-
tritide target (type TRTS1, menufactured by Radiocchemical Centre,
Amersham, U.K.) and integral water-cooling system, coupled to the
S.4.K.E.8. 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 TWUNM-DANSC (1969).

2.2 The externzl 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
freguency to be a2 sub-multiple of that freguency controlling the
channel advance command of the analyser. An external pulse generator
and associated electronic units were used to meintain this

synchronisation.

The method of pulsing the S.A.M.E.S. accelerator was adapted from
CCOPER and DCUKAS (1971), and GIL RAMCS and COOPER (1974). In the
later work, & light signal of the same shape as the driving signal wes
produced by a light emitting diode (LED), type 1448, which has an
output of 40 uW at 100 mi 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
LS40C. This was accomplished by means of a rigid FVC tube housing two
lenses to improve the light collection and to provide adeguate
focussing onto the LS4OO diode. The signal detected by LS40C diode

as subsequently amplified by means of an integrated circuit
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amplifier to drive the base of a2 high veoltage transistor, type BU1CS.
This trensistor switched the veoltage to the ion socurce oscillator of
the accelerztor on and off periodically, at the reguired pulsing
frequency. In this way the beam pulse was alwayvs in-phase with the
transmitted pulse.

This method of external pulsing wes improved by the following

mocdifications:

i. the 1448 LED was replaced with a lead-framed narrow beam
LED, type FPE1O4, which provided a higher output of 10mi/sr
at 100mA. This permitted the removal of the focussing

lenses from the pipe coupling the two 1EDs;

ii. the single BU105 transistor was rerlaced with a
Darlington pair to reduce the sensitivity of the

pulsing system to impedence variations;

iii. adeguate screening was provided against the intense
RF field produced by the ion source oscillator of the

S.A.MM.E.S. accelerator.

These modifications improved both the reliability and the performance
cf the S.A.M.E.S. external pulsing circuitry.

The driving signal to the LED was taken from the output of the
frecuency dividing circuit network constructed from two SN 749Q0AN
and two SN 74C3AN 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 & photograph of

3]

the 5.4,M.E.S. light coupling system is provided in
Ideally, the fast neutron production should follow the shape of

which the

o

the external pulsing signzal and, therefore the mznner
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high tensions is azpplied to the S5.A.M.E.S, oscillator circuit. These
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characteri were investigated before any modifications were

introduced intc the pulsing circuits. It was found that with the
previous circuitry the performence of the externsl pulsing systenm
was reliasble ur to freguency of 1000 Hz, above which z distortion in
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 oscillater power supply.
This instability was corrected by the provision of a better
stabilised power suprly, and extended the upper frecuency limit tec
2700 Hz. \iith &l] 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

desired experimental freguency range mentioned.

2.3 The reguired features of the thermel neutron source

The NwWT has been employed in this work, using a2 square pulse
which can be Fourier analysed into ar infinite number of hzarmonics of
the fundamentzl 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
recduced neutron flux intensities at spatizl distances far from the
source. Secondly, it should have & large modulation depth for better
Fourier analy;is. Thirdly, it should be a2 well-thermalised source
with minimum contribution of neutrons of higher energy. It was
reported by PEREZ and BOCTE (1S65), that the presence of high
percentage of higher energy neutrons will create & distributed
source of thermzl neutrons throughout the assembly, which would mesk

the original propagation from the plane (Z=0) boundary.



Unfortunately, it is not possible to optimise all three

requirements in 2 single design because one requirement may conflict

ct

with another. It is necessary to compromise, having in mind the

fellowing design objectives:
i. thermalisation of the 14 Mev neutrons;
ii. meximum thermal-to-fas neutron ratio;
iii. planer uniformity of the thermzl neutron wavefront;

iv. maintenance of the thermal neutron pulse shape.

2.4 Selection of the tipe of the neutron signal

The quality of the results in neutron wave experiment depends
vartly 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 frecuencies. The signal energy at & particular
freguency 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:

T
X i
E = of (f(t)) dt vocessoneene 241

where f(t) 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:

E = A..L L R I 2.2

In selecting a particular signal the following pointsmust be

considered:



i. the signal must contain many harmonics, permitting
the determination of the frequency response at a

number of frecuencies in z single test,

ii. the signal amplitude determines the amplitude and the
location of the harmonics to be evaluated, therefore

better analysis with higher modulation depth,

iii. the lowest desired freguency determine the duration of

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

T 21711

wmin

where n is the number of the cycles,

iv. the minimum signal duration in the pulse train is
determined by the highest freguency desired in the
test, for shorter pulses give a larger fraction of

signal energy at high freguencies,

V. the reguired level of discrimination ageainst 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 sguare 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 A2 Pl n
KE

for odd K

By

LR R 2‘3

n
o

for even K

T
.n.k

where Ek is the energy associated with the kth harmonic, n is the
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number of cycles, A is signal amplitude and T its duration.
4 squere wave can be Fourier analysed to zllow simultzneocus
measurerient of the frecuency response of & nuclear system over many

freguencies. However, the signzl energy is concentrated in the

Hy

irst harmonic, as can be seen from Eg. (2.3), i.e. for K = 1 the
first harmonic contains &1% of the signzl 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 sguare wave was selected as

the shepe of the input signal because it fulfilled all the recuirements

listed in (i) to (v) above.

2.5 Thermalisation using graphite

In the previous experiments performed by DOUXAS (1971), the
14 Mev neutrens were thermalised by using graphite as the moderating
material. The neutron source was placed on the graphite pedestal at
2 distance 13.5 cm below the centre of the lower face of the nuclear
essembly, 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 wevefront 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 diiferent
(x,¥) points on the Z=0 plane. The thermzl neutron intensity was
measured using two 6Li scintillators, with mezsurements taken
simultanecusly 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 rroduction rate was monitored by & BF, counter, shielded
with & 2 cm thick layer of wax and placed just inside the graphite
pedestal. The relative thermal neutron intensity was measureé 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 witk 13.5 ecm of graphite,
the thermal neutron wavefront is markedly non-planar with
assymetrical distribution avovnd 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 freguency. This is beczuse 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 mezsurements in graphite

The number of harmonics which can be successfully evaluated
depencs on the propagation properties of the medium and on the
freguency content of the initiel 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 sguare pulse as:

A - sin nTS - .
F(t) = A.S5 + 24.8 E;; _E;FE__ cos nuo(t %—“S) inea Bkt

3 = - _’ i
where ("'é =27T/Ty cnd T 18 the Puse Peme

This eguation 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 tre system. This broadening is cdue to the relatively

long moderation and diffusion times in grarhite.

o

The broadening was measured from the time variation of the
thermal neutrcn flux leaving the graphite moderator. The flux
variation was measured over a pulsing freguercy 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 freguency. It was found
that at freguencies less than 10C Hz the pulse shape could be regarded
as a constant amplitude scuzre wave pulse. At frecuencies greater
than 100 Hz the pulse exhibited longer rise and fall times, effects
which increased rapidly above 500 Hz. At freguencies 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 freguencies of 100, 300 and 1500 Bz, and at a radial

distance 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 thermzlise the 14 Mev neutrons, it was
necessary to underteke & guantitive 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 (1871) studied
the relation between the pulse shape and neutron slowing times;

HINO and 0Ziwh (1974) used pulse shape data to study the

superposition of the neutron wave.
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As illustrated in Figure 2.8, if the neutron population during
the ON part of the cycle is 'Acn', and that during the OFF part is

'Ao;f', then & distortion factor can be defined as:

L - Roee e
U(r'f) = L R 5 =

=

For minimum distortion of the neutron pulse, D(rf) should be small.
fhe distortion factor will vary with the pulse repetitiocn freguency
andé the position from the source.

Pulse brozdening car be guantified by measuring the time needed
for the count in the last chznnel 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 eack channel is egual. Hence, the channel number axis in
Figure 2.7 and 2.8 rerresents the time axis.

L FORTRAN computer code, BRCAD, was written to perform the

following steps:

i. to provide a background correction for each channel;

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

of the cycle and Ao in the second 20 channels;

£

iii. to calculate D(r £) according to eguation 2.2.;
L]

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

the form:

H = A E-(B.t) - c R R 2‘3

(This form of rerresentation was found to be correct for
frequencies between 100 and 1000 Hz). A least-sguares
method was used to provide the best values for the

constants 4, B and C;



v. to calculate the number of channels recuired for the

b i Ee I. tO
¥ 3
z 2 : me> :‘

\n

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

L

reach its half-value, such that when F = 2 H y then
max :
t =T. For minimum brosdening of the neutron pulse, (T)

should be smell.

vi. to repeat the cazlculation for eack cycle, for each
} detector, and to print out the mean velues of D(r £
y =/

T
and (r,f) for each frecuency.

The computer programme BROAD is listed in Appendix I.
The results obtained are plotted in Figures 2.9 and 2.10 and
and T

illustrate the variation of D( with pulsing

r,f) {r,f)
freguency. Both measurements were performed at z radizl distance
of 25cm from the source. It is evident that both D(r £) and

1

?r £) increase with the source modulation frecuency. For graphite,
*

significant distortion occurs at freguencies just above 25Hz.

2.8 Fast neutron contamination of the thermsl neutron pulse

The presence of non-thermal neutrons in the wave is an
undesirable feature in neutron wave experiments. The epicadmium
contaminetion in a2 thermsl neutron wave injected into a moderator
at its boundary can create a distributed source of thermzl neutrons
throughout the assembly. This additionzl source of thermal neutrons
can then mask the original thermzl neutron disturbance propagated
from the system boundary. An anslysis of the effects of a
distributed source on wave propagation is given by PEREZ and BOOTH
(1965). It is essentizl to investigate the degree of epicadmium
contamination in the neutrons emerging from the moderator.

MEGAHID (1975} measured the neutron energy spectra behind

cifferent homogeneous and heterogeneous shields. These measurements
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wvere made with a small organic scintillator, type NE-213, and were
based on & technigue which discriminates between the neutron pulses
end those pulses due to gamma interactions. A computer code
FASTRSPEC wes used to perform the transformetion of the neutron
pulse amplitude into a neutron energy distribution. The same method
was adopted in this work, using a re-calibrated neutron spectrometer
%o measure the neutron spectrz emerging from the graphite and other
combinations of moderating materizls. The results are shown in
Figure 2.11 and indicate that there is a considerable fast neutron
ropulation in the neutrons injected intc the experimental assembly.
This must be regarded as undesirable fezture of the source

conditions and one which should be minimised.

249 Mocification 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
reguirements 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 grephite, as

compared to other known moderators, are that:

i. it has & relatively longer moderation time, thermalisation
time and diffusion time, which results in a2 non-planer

vavefront and causes pulse distortion and broadening;

ii. the low scattering cross sections for high energy neutrons
results in incomplete thermzlisation and fast neutron

contamination of the source;

iii. the polycrystalline structure ensures the existence of a
critical freguency beyvond which wave-like behaviour of the

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

crystalline moderators

To overcome these difficulties, two heterogeneous combinstions
of iron-grephite and iron-polypropylene were tested as alternztives

to the graphite-only arrangement.

289 .17 Thermalisation with an iron-graphite

An arrangement was built whereby the tritium target rested on
supporting graphite blocks. The target was covered with steel rlates
of total thickness 3%.75 cm. The steel section was followed by
graphite layers of total thickness of 1C cm and the final moderator
zssembly had dimensions of 12C x 100 x 13.75 cmB. The steel section
offers the zdvantage of having & high inelastic cross section for high
energy neutrons, so that the 14 Mev neutrons have a greater 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
thermelise 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 a2 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 2.70 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 thermsl diffusion time.
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Polyrropylene is & hydrogeneous material which has the chemical
structure of (Canﬁen}. when it is used in an appropriate trhickness
of a few mean free paths, it can slow down anc thermslise neutrons
more effectively and more rapidly than graphite. The 3.75 cm layer
of iron and 1C.0 cm graphite layer was replaced with 3.75 cm iron and
layers of polypropylene of total thickness of 7.5C cm. This
heterogeneous combination was tested as above. The results are
plotted with those of grarhite and iron-grzphite moderators in
Figures 2.6, 2.9, 2.1C and 2.11. Although the presence of
hydrogenecus material reduces the thermal neutron intensity, the
other desirable characteristics exhibited in these figures makes the
iron-polypropylene combination the most sppropriate thermalisztion
column, i.e. it has the best plener uniformity, minimum pulse
cistortion anc broadening, in addition to minimum fast neutron

contamination. 4 numerical comparison between the three moderating

arrangements is listed in Table 2.1.



Graphi Iron-Grephit Iron-CH
Parameter urgrE_ter ‘;gnﬁaf B8 1 0 éi“an
mocerator mogerator sioderator
Thickness 13.5 cm %.75 em iron 3.75 cm iron
+ -+
10.0 cm 7.50 cm.
graphite rolypropvlene
Reletive thermsal
neutron intensity 0.865 1.000 C.4k70
at r = O cnm.
Planar uniformity
of pulse at radial
distance of:
r =10 cm 0.820 0.915 0.450
r = 20 cm 0.720 0.825 C.425
r = 30 cm 0.625 0.775 C.415
r = 40 e 0.475 0.675 0.380
Pulse broadening
for
)
freguencies:
10 Hz Q. 350 0.005 0.00k4
5C Hz 1.225 0.007 0.006
100 Hz 2.245 1.052 0.015
500 HEz L. 985 3.450 1.010
1000 Hz 8.200 6.255 3.820
Pulse distortion
for
D(r,f)
frecuencies
10 Hz ©.020 0.000 0.000
50 Hz C.070 0.035 C.020
100 Hz C.150 0.062 0.042
500 Hz 0.375 0.175 C.100
1000 Hz 0.855 0.550 C.470
No. of fast
neutrons in energy
range of: b 3 >
Sl S PR 5.4 x 10 3.3 x 10 1.08 x 10
for thermzl count
2065 p & 108
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=

TEE DESIGE OF & NCN=-KULTIFLYING ASSEMBLY WITE VOIDS

The literature review presented in section 1.3 showe 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. &
few experiments have been performec tc cuentify the streaming effects
in water and the reported results show & considerable disagreement
(LEMLZD (196S), and KANTKO et al (1974). However, the application of
NJT promises better accuracy in crystalline moderators, as shown by
RITCHIE and WEITTLESTONE (1973), and for non-crystalline moderators
as shown by WAGNEZIR (1970).

The physical desipgn of the experimental assembly used in this
work was chosen in order to obtain accurate data for anisotropic
diffusion parameters for & hexagonal lattice of empty channels in &
water moderator, since such z combination of moderator and lattice
has not been examined previously. Also to allow & compariscn between
experimental and theoretical values of the thermelisation and
diffusion constants of the medium, the design had to be sufficiently

simple to allow a theoretical model of the system toc be prepared.

5.1 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 water 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 6.5 x 112.C x 81.5 em”,
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i.e. about 800 litres of water. The geometrical buckling of the

system was calculated using the relation:

where &, B and C are the lengths of the sides of the assembly, and

is ites extraroclation length, defined as:

.

g = 0,71 7\1‘.1"

-
-

2
5 : . = : s o ok
The geometricel buckling of the assembly is 3.537 x 10 “ em °,

essuming & value for )\, of 0.475 cm.

7

5.2 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 vecids 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 dimensicn 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 cylindriczl empty channels is a common
feature in most reactors. The streaming effect of a cylindrical
channel has been investigated in a sguare lattice with PST. Hence the
choice of a hexagonzl lattice and the application of NWT can be

Jjustified.
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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 givin

m

the hexagonal-shaped arrangement shown in Figure 3.1. The void tubes
and the two neutron detectors used for neutron flux measurements were
held verticzl and perallel to each other by means of three thin
aluminium grids as lattice spacers; both detectors were positioned
at fixed racial positions, one detector at an axial height H=0 and
the second detector at an adjustable axial height, calibrated within
0.1 em. In this way, the racdial 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 prcpagation i.e. perpendicular to the thermal neutron
wavefront.

Four lattices were constructed, with different void radii and
trianguler pitch. The water level in the tank was the same for zll
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 identicazal initizal source
conditions for all lattices. Hence, any change in the freguency
response of the system would be due to the changes in the void
dimensions.

The minimum separation between the void tube walls in the
smellest lattice was 4.75 cm. Since the transport mean free path
for thermal neutrons in water is C.475 cm, the probzbility of a
thernal 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 ratic within the cell boundary was the same for all



Fig.3.1. Hexagonal cell,a, and its approximation,b.
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lattices. £Lny change in leakage from the cell would be due to the
effects of neutron strezming. The physical characteristics ol the

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

=
-

n
J
1

provided in Figures3.2. end 3.3.

Neutron streaming through the detectors was minimised by filling
the detector cases with solié polyethelene, which has similar thermzl
neutron scattering and absorption properties as water.

Further detsils of the neutron detectors used in this work are

given in Chapter Four.

Void cell dimension

Cell Cell radius | Void X void volume = T
No. (Rc) channel “moderator volume ~Cell height
radius(r) -0
Ri - ra
1 3.925 1.550 0.184 ©.019
z2 L. 475 1750 C.183 0.021
3 6.175 2.400 0.180C 0.032
L g.250 A D50 0.178 C.045

(£11 dimensions are in cm)



FIG. 3.2. FOUR VOID CHANNEL ARRANGEMENTS
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CHAPTZR FOUR

NEUTRCN DETZECTICN AND DATL ACSUISITION SYSTEM

In this chapter, & brief description is given of the electromic

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 experimentzl assembly;

iii. the data acquisition system.

4.1 The monitoring of the fast neutron production rate

Previous experimental work with the S.A.M.Z.S. accelerator has
ghown that there is considerable drift in the machine conditions,
affecting the rate of neutron production. These variztions can be
azttributed to severzl factors, e.g. fluctuation in thedeuteron beam
infensity, 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/T 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. monitoring the thermalised neutrons emerging in =z

2]

particular solid angle st a particular distance from

the source.

The second method has many advantages over the first, especizlly in
the efficiency of the detectior and the simplicity of the associzted

electronic circuitry.

A BF3 counter is an efficient thermal neutron detector, as 1OB

of a high thermal neutron cross section of 384C barn for the

1
OB(n,ﬁ)?li reaction utilised in the detector:

‘IOB + nth_} ?Li + 1“He + 2.78 Mev

It was reported by PRICE (1964) that BF3 counters used for thermal
neutron detection have a2 very low gemma ray sensitivity. This is
very desirable in the present work since an intense gamme field is
always present from the D/T reaction and from the interaction of

fast neutrcons with the steel section of the moderating column. In
this work, & BF3 counter of an active length of 6.5 cm is placed at
the edge of the graphite pedestal at 4C 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 ineide the non-multiplying assembly. A4

schematic diagram of neutron source monitoring and detection systems

is shown in Figure 4.1.

k.2 Thermal neutron detection in the experimental assembly

Nowadays, a wide range of thermz]l neutron detectors are available.
Their uses depend on the specific reguirements of a particular
detection system. The most familier types of thermal neutron

Getectors and their characteristices are listed in Teble L4.1. The
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Detector Muclear reaction Cross section for Efficiency Gamma
type utilised for thermal neutrons compared to radiation Ref
neutron detection and its energy BF} counter sensitivity ;
dependence
10 7 ) a6l
BF 5 B(n,ee ) "Li 3840 barn 1 very low PRICE (1964)
1
(3) to 30 kev
3He 3He(n,p)5H 5400 barn 20 low BIRKS (1964)
(2)
5) no
resonance
i 4
Fission 2220(n, 1) 233y = s24 b
chambers 235U(n,f) 2}50 = 590 b 0.01-0.1 very low PRICE (1964)
s 2
3%(n, 1) p = 729 1
1
)
62 6. . 3 1 il s
Li Li(n,« )“H 936 barn (;-) varies with | low for BIRKS (1964)
up to 75 kev size and thin and
sts FORT (1974
resonance at 6Li content gL otz ORT (1974)
2h3 kev
= 3-2
Table 4.1. Summary of thermal neutron detectors properties

- LG =
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reguirements of the present measurenments can be listed as:

i. maximum detection efficiency for thermal neutrons;
ii. minimum detection efficiency for fast neutrons;
iii. minimum detection efficiency for gemme rays and other

secondary radiations;

iv. minimum flux perturbation by the detector inside the
assembly, and minimum neutron streaming through the

detector.

The 6Li glass scirntillator was chosen for mezzurements of the
thermal neutron flux within the assembly. Thermzl neutron detection

T . ; : -
with "Li involves the following exothermic reaction:

6L:'. + nth—’ 3H + b'He + 4,78 lev

The energy released is shared between the two products in inverse
proportion to their masses. The cross section for this reaction is
036 barr at 0.025 ev, (v=2.2 x 105 cm.sec-ﬂ), and varies with (%) up
to 30 kev. The variation of 6Li(n,nc )3H cross section with neutron
energy in a range 1 - 500 kev was studied by COATES et el (1974), and
in the range 20 - 170C kev by FORT and MARQUETTE (1974), using glass
scintillators of thickness between 0.5 to $.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 2 pesk cross section
value of 3.2 barn. No other peaks were detected up to neutron energy
of 170C kev.

The principal acdvantage 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 69). The efficiency can be effectively improved by
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li-enrichment, (e.g. it was reported by BIRKS (1S64) that

ct
0]
1
=]
ct
L3
&
0
w

g€: 6Li-enriched crystal had thermal neutron efficiency of ©%.). The
rrincipal disadvantage of this detector is its high efficiency to
both alphe particles and electrons. Thus, & high gsmma ray level of
energies higher than 3.5 Mev cen cause a pile up of pulses, which
leads to spurious counts in the datz acouisition system. However, the
use of thin and highly enriched crystals can minimise this problem
effectively.

Two 6Li glass scintillators were available for the present work
ané sstisfy the compromise between efficiency, size and gamma-fest
neutron discrimination. Their characteristics are listed in Table
L,2. The scintillators were optically coupled to ENMI 95243
rhotomultipliers of the same diameter as the crystals and 12 cm in
length, and housed inside aluminium tubes of diameter 2.62 cm and
length €3 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
thermzl 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-discriminztor before further processing. In order
to minimise the accuisition of counts from the detection of gamme rays,
the discriminztion levels were set after a careful exsmination of
the pulse height spectra of the two detectors. The pulse height
distribution from thermzlised Am-Be source neutrons measured by the
6Li glass scintillators is shown in Figure 4.3. It can be seen
from Figure 4.3 that there is a well-defined thermal neutron pezk,

below which the amplifier discriminator level is set.
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Properties of the "Li glass scintillators

Cerium activated lithium silicate glass

Crystal type S
¢ L type NEQ9CS

Lithium content 6.6

6u 9 2

enrichment o
Dimensions 2.53 cm diameter x 0.3 cm thick

Scintilletion
time C.% micro-sec.
resoluticn

Fhoto-

- ti 030 v.
guitintier EVI 9524B, operating voltage 930 v

L.,3 The data acouisition system

A brief description of the data acguisition system is given
within this section; the function of each individual unit and its
mode of operestion 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 DPulse generation and signal analysis

A RIDL 400-chznnels analyser was used in a Time Seguence
Storage mode, (TSS), to recerd the time-variation of the neutron flux
in the non-multiplying assemblies. In the TSS mode each channel
accepts a number of pulses delivered tc the analyser during & fixed
interval, between time (t) and (t+dt), where dt is the channel width.
Two signals were input to the analyser: the chznnel advance signal
and the processed detector signal. The total time required for a

LOO channels sweep is (HOC x dt). Since both detectors were used
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simultaneously, the signal from each detector was fed intc the

nalyser for an alternztive pericd of (200 x ét), 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 secuence
adopted in the remainder cf the neutron detection and data acguisition
system.

' The experiment was controlled by FARNELL two-channel pulse
generator. This unit provided, simultaneously, two signals identical
in freguency but with different height and polarity. OCne signsl,

+4v and of 1 pe duration, was input tc a freguency dividing unit
which was used to control the externsl pulsing system of the S.A.K.E.S
accelerator (as described in section 2.2) and the other signal,

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

chennel advance of the analyser.

L.2.2 The freguency divider unit

The +4v signal from the pulse generator, frequency F, was input
to the freguency divider and pulse invertor circuit shown in Figure
L,4, The dividing part of the circuit produces sguare pulses of +4v
emplitude and frequencies (F/n) where n is 20, 4C, 80, 160, 200 and

400. The following output frecuencies were used:

i. F/40 to drive the light transmitter unit, which is part
of the external pulsing system of S.A.M.E.S accelerator;
ii. F/200 to a duzsl gate unit through a puise invertor circuit;

iii. F/400 to =z start-stop unit.

L,2,2 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 adcdressed into 200

channels of the anslyser ellocated to that detector. The PHA memory
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requires a signal of +12v in amplitude and 1 us duration, so the dual
gete unit zlso amplfies ancd shapes the detector signals to be
compatible to the analyser recuirements. & circuit diagram of this

unit is shown in Figure 4.5.

L,3.5 The start-stop unit

£ start-stop unit was used to eliminate random starting of the
éﬂa and to assign the first 200 channels to one detector and the other
20C channels to the second detecter. The unit synchronises the first
channel advance signal reaching the PHA with the dual gate (i.e.
detector) pulse.

The ocutput pulse shape and amplitude proved to be an important
factor in the reliability of operation of this unit, so it was
necessary to design & circuit which eliminated any pulse shzpe
distortion, in order to make the start-stop unit output acceptasble to
the channel-zdvance gate of the PHA. The circuit diagram of this
unit is shown in Figure 4.6.

A photograph of the datz acguisition system is shown in Figure

LI'D?I

4.3.5 leasurement procedure

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 reacheé the

channel-advance gate of the PHA;

ii. the PHA accumulation was initiated using the start
pushbutton on the anelyser - as the channel advance
signal could not reach the PEA, all pulses reaching
the PHA from the detectors, via the dual-gate unit,

were stored in the first channel;
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cranel advance gate of the anslyser;

iv. data accumulation was helted at any required time by






CHAPTER FIVE

EXPERIVERTAL MEASUREMENTS AND DATA ANALYSIS

The method by which the freguency response of the non-
gultiplying assembly wes obtained is presented in this chapter. A
Fourier analysis of the mezsured time and space dependent fluxes in
the different lattice arrangements was extended to determine the
freguency dependence of the wave parameters. The dispersion laws
for each assembly are measured, and the effect of voids on the wave
propagation are gquantified, the degree of anisotropy caused by

voids being related to the frequency of the scurce modulation.

5.1 The measurement and the anzlysis of the experimental data

The mzin function of the date acguisition 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
wae corrected, first for the time resolution of the data acquisiticn
system and, second, for detector background.

The time-variation of neutron population at positions in the
non-multiplying assembly was recorded by using two 6Li detectors as
shown in Figure 5.1. One detector, (dgtector L), was at fixed
position to record the pulse data at the system boundary; the
second detector, (detecter B), was moveable and could be located at

severel positions azlong the Z-azxis,; but with the same (X,Y) position.

n

used to correct

NEL

(8.1
P

n.

(1]

A BF. counter was located outside the system

s

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

61i detectors.
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5.1.1 Datz corrections

The most significant loss of counts in the acgquisition system
occurred in the analyser due to the dead time and memory transfer
time. Zack channel of the analyser records the counts between time
(t) and (t+T) where T is the chennel width. The cweegcount (Q) that

should be recorded in any given channel in (N) number of cycles is:
Q - NCT R R 5|1

where ¢ is the average count rates However, the recorded counts
1

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

(s) and the memory transfer time (;). (For the RIDL aneslyser . is

1
12.5 us). The relationship between (Q) and (Q ) are derived by GIL~

RAMOS (1974) as:

1 T o
Q 1= T T 1-e
— O —— e S —— R R R R Y 5.2
Q 1+ 68 D (4
This relationship : is & function of the mode of the

operation of the analyser and depends on the maximum count rate per
channel, as indicated by RITCHIE and WEITTLESTONE (1973). It is very
difficult to obtain a unigue resclution time for the data
acguisition system when working with high time-varying count rates, as
in recording & square pulse of thermel neutrons. However, Eq. (5.2)
can be used to characterise the system if the count rate remains
below 5x104 counts per chennel per second. The maximum count rate

per channel per second encountered in this work does not exceeded

102

.

5.1.2 Fourier analysis of the corrected data

The recorded shape of the thermal neutron pulse after applying

resclution time correction ané background subtraction can be described
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by square wave function F(x) in the interval _7r¢xgT ¢
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In arbitrery function F(x" can be represented by a2 trigonometric
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o = > :
ch)=—-§+ I &, cos nx + :bns:.nnx S (sl alalatole nla i Dd%

Eg. (5.3) is the Fourier expansion of the function F(x‘ and ao,
/

2 end b are the Fourier coefficients, defined by ARFKEN (1973)

4 m
a = — F éx
o /
. (x)
=7

1 m
= e R N A -LI’
a, = j F(x) cos nx €x 7
-f
1 5 |
bn = ;—-[f(x)smnxdx
-K

For the sguare wave function in the intervals described above,

an=0forn=f0and

Frogy = 7 4 'f'r" (sin x + 3 sin 3x + 1 sin SX 4 esee) ssenneve D5

5

By expanding the measured thermsl neutron flux as in Eg. (5.3) and
performing 2 numerical evaluation of the Fourier coefficients, the
thermel neutron wave parameters can be evaluated.

The wave amplitude (An), and the phase lag angle (@),zare

determined from the relatiomnship:
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a_cos nx+ b_sin nx = & sin (nx + @) ES G ARy e 6
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A modified version of a computer code DATACOR is used to perform

the following operations:

i. correction for background;
ii. correction for dead 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 Egs. (5.6) and (5.7).

The output of the program provides the values of & bn’ An and Cn.

The output zlso provides & function H(w), which is the ratio of the

amplitude of the nth harmonic to the amplitude of the zeroc harmonic,

Anf-O . The function H(w) is regarded as a measure of the
AR
n
amplitude attenuation. The amplitude gain is defined in decibels as
Gain = 20 Iogyq H(w)

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

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

when a modulated source of neutrecns is introduced into a

moderating medium, the response to the source can be measured by
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measuring the ratic of any localised output to the original input to
the system. This ratioc is space dependent and is called the
Space Dependent Transfer Function, (SDTF). The SDTF concept is of
fundamentzl importance in the dynamic analysis and control of nuclear
systems. The SDIF relates toc & methematical quantity, the ratio of
the iaplace 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 reguency
response of the system. This is an experimentally measurable
guantity linked to the SDTF.

The most convenient way to assess the frequency content of the
thermal neutron pulse is to provide separate graphs of wave amplitude
and phase as a function of source frequency, assuming the neutron

pulse tec be 2 continuous spectrum from zero freguency to some high

freguency cutoff.

5.2.1 HMeasurement of frecuency response perameters

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 dats are in
good agreement with the fundamentzl frequency data. This was the
case for all measurements regardless of the axial distance from the
scurce~-moderator bouncary. 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

harmornic only. It was found that the data obtained by the higher
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harmonics of frecuency were not a2lways in agreement with the
funcdarental frequency data, especially at distances learger thzn 20 cnm
from the socurce-moderator boundary.

The varisticn of the amplitude decay functicn and the phase
angle with freguency characterise the frequency response of the
system. Twc perameters have been introduced to guantify the
characteristics of a moderator lattice: The break freguency (Fb)
and the cut-off frecuency (Fc). To evaluate Fb ané Fc, consider the
transfer function (G) for az time dependent input function of the

form:

- at
G(t)input o ik L

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

outprut tc the Iaplace transform of the input, can be written as:

4 1

G(s) s+ a

LR A I I 5.8

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:

a

RE{G(J'“)} a2 +w L O O 5.9
-

IKI{G(Jw>} = a—2+—w'é vk aiainare e e mien D T

The amplitude A(jw) and the phase angle G(jw) can be written as:

-
1 o
;‘- . = S e A L 5011
(y) {a2 +N2}
w =
= L —_ SO, S e iR
C(ju) arctan (=—) 5
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the amplitude and

=

These guantities have the same physical meaning as

Fourier analysis in Egs. (5.6) and (5.7).

phase derived by

The brezk freguency Fb and the cut-cff frequency can be found
by exsmining the asymptotic values of A,. , and &, . ..
“ * (jw) (3w) .

i, for very small frequencies:
1
: 1im (50 T =
w+0
L R 5.13
e witan . T HOY = 0
lim “(j«) =
w0
ii. for very large freguencies:
1
Lim A(w) = %
w L L B B L B 5'14
- ) -] Oo
L ST ki e A b
(=

Hence, the amplitude hzs & constant value of (%) at low
frecuencies and varies as (%) at higher freguencies. The asymptotic
phese values are (0) at low freguencies and (-90°) at higher
freguencies.

The asymptotic approximation is shown in Figure 5.4 for the
freguency response curve of the water assembly without voids at a
distance 20 cm from the source. The intersection of the two
It can be seen from Figure 5.4

asymptotes determine the Fb value.

that Fc cen be defined as the frequency beyond which the wave

aplitude attenuation, or, the
the frecuency of modulation.

higher than 6000 Hz for water
value because of

Therefore, Fy is taken as a

phase angle, becomes independent of
However, Fc occurs at freguencies

and it is difficult to determine its

rhase and amplitude fluctuation at higher harmonics.

measure of the freguency response curves.
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5.2.2 The frecuency response of the water moderator without veoids

The freguency response of the parallelpipec-shaped water assembly,

- -

-

of geometrical buckling B¢ = 0. 003565 cm_d, was measurec at seven
axial distances from the moderator-source boundary. The results are
plotted in Figure 5.5 and show that the general shape of the frequency
response curve is characterised by gradual reduction in E(w) for
frequencies up to 200 BEz. Above 20C Hz, amplitude function decreases
more raridly, upr to the cut-off frequency, beyond which the variation

becomes insignificant. The curves in Figure 5.5 indicate that:

i. the generzal shape of the freguency response remains the
sazme up to distznce of 50 em from the source-moderator

boundary;

ii. The spagial differences are more ncticeable st higher

frecguencies;

iii, the spatial differences are more noticeable at locations

closer to the source-moderator boundary, i.e. smzll h;
iv. the breazk frecuency (Fb) 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

remzin 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 shovm in
Figures 5.6, 5.7, 5.8 and 5.9.

In Figure 5.6 the amplitude decay function H(,) response for a

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

(8.7

measured at a distance of 20 cm from the moderater-source boundary.

T

It can be seen from Figure

O™

that the presence cf the void in the

\un

moderator increases the attenuation of the amplitude considerably.
while the response at frecuencies up to 1C Hz does not differ
significantly with the introduction of voids, the voicd effect on the

plitude attenuatior function, and the phase lag angle, is
appreciable at frequencies larger than 5C Hz. The break frequency
is also reducedé by 50 Hz by the presence of voids.

The effect of void dimension is shown in Figure 5.7. It can be
seern that, by increasing the vecid chennel radius, the amplitude
decay function attenuated more rapidly, anc¢ the break frequency
decreases as the void radius increases.

The spatial effects on the freguency response, for the water-
void assembly with veid radius = 2.40 cm, can be seen in Figure 5.8.
Unlike the water-enly 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 Irom
the source. The break freguency decreases more rapidly with distance
from the source. At distances more then 3C ecm, the cut-off
frecuency (Fc) occurs within the source freguency 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 freguency below 1250 Hz at & 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 ol space-independent neutron wave parameters

-

As stated in Section 1.3.2.2, an attenuzted plane wave travelling

in the positive Z-direction can be represented zas:

g(z &Y = AO e-rmz . eJUt
» T

A Ot £

where Ao is constant for & given freguency (w) and p is the complex
: w

inverse relaxation length Gefined in terms of the aplitude attenustion

¢ &nd phase lag ¢ as:
w W

P = o +jg T R R A 5.16
@
; o
1 & neutron weve e rimen a £ and

In t xperiment, a set o (z) 3 (2 0)
must be determined for each detector location. In this section, the

rec va 3 & zted
measurec lues of ¢ (@, 2) and % (W, 2) are related to the complex
inverse relaxation length p&”) by reducing the measured wave

perameters to freguency dependent parameters.

5.3.1 The mathematical treztment

The Fourier expansion of the function F(x) presented in Eg. (5.3)

can be represented in & complex form as:

F(t) = c e U PP 5.1?

where g is the complex Fourier coefficient, defined by KERLIN (1S74)

as:
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where wn e e

and T is the time duration of F(t)'

s
4

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

i

coefficients of the function ?(x) from Za. (5.%) can be expressed as:

inx =jnx, .
J +EJ }GX LR L 5019

1 il Jox -Jjnx
- - F - ) LU I S S L -'C'
L = _w{ (x>(e e ax 5.2

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

T
5 F e'jnx
2x (x)
-

e, + v ) = ax SR T I e

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

c =;L(E.n+ jbn) LR LR S R L I 5-22

Eg. (5.22) shows that the complex Fourier coefficient ¢, can be
defined in terms of experimentally measured guantities, a, and bn'

To relate the complex Fourier coefficient to the complex inverse
relaxation length of the wave, p(Ui‘ we define & continuocus complex
function of position and frequency G(z’w), where the measured c, are
complex numbers which represent the values of the function G(z,w)'
The function G(z,w) is related to the inverse relaxation length

D(m) by the expression:

; (w) *
G(21w> = ﬂ({d) e srsrre e uu e 5.25
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or:
Ol T B
G =4 e () : () 5.2k
(z'u)) (“J) " s s - - -
where A(U) is a complex constant of proportionzlity with respect to

& given value ofs.

; The complex function G( can be regarded as having real and

Z W)

imaginary parts. An amplitude Rn anc the phase Bn are defined in
a way similar to Eq. (5.6) and Eg. (5.7) as:

2

Voo L einieh

z
R(z,w) = { (Re {G(z,w)} J- o+ (Im {G(z’w)}

I {G(Z,aﬂ }

arctan coende e iien  Teat
e g G(z,m3]

'B(z,w)
From Eq. (5.24)
log (R(z,h-ﬂ) + jB(z’w) = - ( (}(w) - E(w))z + log A(m) sene 5-2?

Separating Eq. (5.27) into reasl and imaginary psrts and equating the

equivalent terms for a given harmonic number yields:

= - 0' U .
-_-—5 L I no
Blzw) (@2 * Bw) i
- L3 : Fal = .P - .
where f(u$ is the logerithm of the modulus of A@*O and By 18 the

logerithm of the argument of Ay Eas: (5.28) and (5.25) can be
applied to the experimental datz to evaluate the experimental values

of © (@) and g(ug, as will be discussed in the following section.
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5.3%.2 Application to the experimental data

computer code DATACCR provides the vzlues of
the wave amplitude gzin (3ection 5.1.2). These values can be tzken
as & measure of 10592(z¢u3 in Zg. (5.28). The slope of the plot of
the zzin versus the axial distance from the source-moderatcr boundary
at a given freguency will yielé the values of G(d}. Similarly, the
values of B(z,wj in Ec. (5.29) are regarded to be equivalent to the
measured thase lag angle C(Z,U) in Eq. (5.7), and plots of G(z1w)
versus the axial distance will yield & straight line whose slope is
ecual to EUJ).

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

5.29) respectively. The slope is obtazined from a linear least
squares fit of the experimental values of Gain(z#)) and G(z‘m)‘ for
several frequencies cf interest. It can be seen from Figure 5.1C that
the amplitude gein attenuates more rapidly at higher freguencies.

The phase response datz 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 sguares 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 severzl water-void
assemblies for a single freguency 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 2 modulation freguency of 500 Hz, the results obtained &t lower
frequencies, (i.e. 200, 15C, 100 and 75 Hz.), confirm this

observaticn. At 75 Hz, the gain veriation with the void dimension



leutron weve pzremeters for wster assembly without voids

7
Bermonic Freguency &K () -f;,,” 9'((2.,, ‘-?1“ ) ()
No . Hz rad/sec, om | er | oo o
1et, 10 62.28 0.305 0.094 0.085 0.057
18%. 25 | 157.08 0.310 0.082 0.090 0.051
1st. 50 | 314.15 0.344 0.091 0,140 0.062
18t. 75 | 471.23 0.355 0.124 o144 0.083
1st. 100 | 622.80 0.372 0.139 0.112 0.103
1at. | 150 | 942.47 | 0.388 | 0.185 S 0.143
1st. 200 |1256.63 0.389 0.205 0.109 0.159
3rd. 300 |1884.94 2.430 0.253 0.120 0.217
18t 350 |2199.11 0.425 0.255 0.113 0.220
3rd. | 450 |2827.43 0.434 0.297 5.100 0.258
1et, | 500 |3141.59 0.455 J.308 0.11% 0.280
3rd. 600 | 3769.91 0.471 0.327 0.115 0.308
18t. 750 | 4712.38 0.510 0.375 0.120 0.382
1st. | 1000 | 6283.18 0.605 0.338 0.183 0.209
18t. | 1250 | 7853.98 0.635 0.309 0.247 0.507
3rd. | 1500 | 9424.77 0.782 0.%62 0.274 0.559
3rd 2250 | 14137.1 0.810 0.326 0.549 0.529
3rd. 3000 | 18849.5 0.847 0.371 0.57% 0628
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becomes difficult to detect. This indicates that, with 2 void cell

producing significant neutron streaming, the amplitude attenuzticon

.
=

becomes less noticeable at lower fregquencies. t higher frequencies,
(i.e. beyond 1250 Hz), the effects of void dimension become negligible.

Similer conclusions can be drawn from the phzse response presentations.

The numerical values of o

gnd £ for several water-vecid
) ()

gssemblies are listed in Tebles 5.2, 5.3, 5.4 and 5.5, the values

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

5.4 Determination of diffusion and thermalisation parameters

The methoc¢ used tc determine the diffusion and thermalisation
parameters of the water assembly without voids and severzal water-
void zssemblies is presented in this section. The mathematical
treatment of ‘the observed wave parameters is presented first,

followed by its application tc the experimental measurements.

5.4.1 The mathematical treatment

The time-dependent one group diffusion eguation for & non-

multiplying medium is given by LAMARSH (1967) as:

B s T ol Gt
oV (xy57424t) VR s D R 6t

L I I 5.30

where Do an L _are the thermal diffusion constant and the

(=%

s

macrescopic absorption crasé section of the moderator averaged over
a Maxwellian energy spectrum. The Maxwellian average is omitted
hereafter).

Introducing the wave sclution presented in Eg. (5.15) into

Eq. (5.3C) will yield:



‘umericel results for void cell

voii

=292

Teble 5.2

chepnel radius = 1,

55 om.

Sermonics Frequency D'C(”-. 'ﬁu r'i‘;' () .2?;}‘?(@12
Ho iz red. i ! em ' P &0
1et. 10 62.28 | 0.240 | 0.056 5.093 0.027
188, 25 | 157.08 | 0.245 | 0.062 0.005 0.930
18t. 50 | 314.15 | 0.246 | 0.063 0.955 0.033
1st. 75 | 471.23 | ©0.255 | 0.107 0.054 0.054
1st. 100 | 628.80 | 0.262 | 0.136 0.049 0.071
T8t 150 | $42.47 | 0.264 | 0.162 0.040 0.085
183, 200 | 1256.63 | 0.236 | 0.170 0.037 0.102
ird. 500 | 1334.94 | 0.291 | 0.208 2.038 0.121
1st. 350 | 218%.11 | 0.31¢ | ©.251 0.038 0.164
iz 450 | 2827.43 | 0.318 | 0.250 0.060 0.159
1st. 500 | 3121.59 | 0.320| 0.222 0.060 0.142
ird, 600 | 3769.01 | 0.344 | 0.240 0.043 0.165
15t 750 | 4712.58 | 0.348| 0.26¢9 0.045 0.1a7
1st 1000 | 6283.18 | 0.367 | 0.302 0.048 J.221
1t 1250 | 7853.¢3 | 0.335| 0.327 0.046 0.251
3rd. 1500 | 9424.77 | 0.472| 0.337 2. 065 0.518
imd, 2250 [14157.10| 0.522] o0.:82 0.282 0.398
3rid 3000 |18349.50| 0.563| 0.495 0.123 0.557
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Mable

5.3

mmerical results for void eell

Toid "henpel resdius = 1.75 em.

2z [ 3
BELUREAS i ] 0 T o7 Tz T
Fo Hz. :ad.;1 cE1 cﬁ‘ cﬁz <
1st. 25 157.08| 0.075 0.095 0.004 0.014
1et. 50 394.15| 0.205 6.115 0.028 0.047
1st. 75 4T1.23| 0.278 0.138 c.058 0.076
18t. 100 628.80| 0.377 0.197 €.103 0.148
15%. 150 922.47| 0.394 0.214 0,109 0.168
1st. 200 1256.63| 0.409 0.251 0.104 0.205
3rd. 300 1884.94| 0.434 0.279 0.111 0.242
1st. 350 2199.11| 0.453 0.294 0.119 0.266
3rd. 450 2827.43| 0.463 0.325 0.108 0.300
1st. 500 3141.59| 0.472 9.333 0.112 0.314
3rd. 600 3769.91| 0.488 0.356 0.111 0.347
1st. 750 4712.91| 0©.508 0.372 0.119 0.378
1st. 1000 6283.18( 0.537 0.418 0.125 0.449
324, 1500 9424.77| 0.584 0.419 0.165 0.489
3rd. 2250 12137.10] 0.635 0.52¢ 0.128 0.671
3rd 3000 18849.50| 0.680 0572 0.137 0,787




Sumericgl results for void cell

Toid -mennel redius = 2.40 cm.

|
Zarmonic “reguency 2 g ﬁ 4
bl (e,
-1 -1
0. Hz red.s e
1et. 30 14:15 0.137

1st. 500 3141.59 0.468
. 603 3769.91 0.483
ist. 759 4712.91 0.504
181, 1459 £2335.13 0.535

3rd. 1520 9424.77 3.556

3rd. 2250 T4137.10 0.573
23 $000 1882¢.50 2.626

[ %]
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Teble 5.5

tumericel results for veid cell

Yoid Coennel redius = 3.35 cm.

T R o
Hermonic Frequency - ::(‘ ) ‘?t-.- : pf{:; - -?'-'(w} 2
FD. Re rgd.s cr? c;:‘l c:.:'?

1st. 50 314.15 0.182 0.081 0.027
18%. 75 471.25 0.274 0.111 0.063
18%. 100 625,30 0.565 0.183 0.096
1st. 15¢C 942,47 0.381 0.217 0.098
18t. 200 1256.65 7.387 D.24% 0.097
5xd. 300 1384.94 0.422 0.256 0.087

1st 350 2138.11 0.432 0.302 0.096
214, 450 2827.43 0.451 G.332 0.093
1et. 500 3121.5% 0.460 0.341 0.095
5rd. 600 3769.91 0.475 0.365 0.083
Tat. 759 4712.91 0.495 0.381 0.100
1st, 1000 6235.18 0.524 D.402 0.113
3rd, 1500 9424.77 0.569 0.451 0.121
3rd, 2259 14137.10 C.621 0.463 0.172
ari. 3020 18845.50 0.663 0.561 0.126
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By squaring Zg. (5.16) and comparing the result with Zc. (5.31), then:
2 Z
2 & g
o _gw = D = "'E LR R R 5»32
2 ) L
ul
2 = —_— 5.352
o E sr s as s s . A0
wow 228

N ; : 3
where 1L~ is the thermal diffusion area.

Egs. (5.32) and (5.33) suggest that L2, L  eng D can be

a

determined by observation of a(

@) and EUJ)' Toc check the

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

to give:
2 Ak
o i 1 o M
— ——— -+ '% ( -+ ) LR Y 5‘35

@) " f s vep2

2 -1 2574

E - — - % ( 1 -+ m—)-z L R L 5.7.5(\
() 512 ot vabi <

Egs. (5.34) and (5.35) show that, when w approaches zero, & (o) '

and ¢ (o) 0. For large frequencies, E{w) and X, approach

: # 2 a2
& common value of (E;Er .
© w
The phzse velocity (u) is defined by (R = ———) has
2vD S 3
assymptotic values of ( T o) as w approaches zero and (EvDow) for

large freguencies.
To facilitate the comparison with theory, it is convenient to

present the wave parameters in a plot of ( ©, ) versus ( Ew ) for

=
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the range of the modulation frequencies of interest. The resultant

éiagram is called the (P ) dispersion law. Similarly, the plot of

2

R ™ € 4 ) versus (2 o E ) is called the (, ©) dispersion law.
W w

(%]

5.4.2 Application to the experimental data

The values of (g4 ) and (¢ ) of the thermal neutron wave
w Tw
propageted in the water assembly without voids are listeéd in Teble 5.1.
These values, which were obtained from a least souzres fit of the
experimental data, are used to plot the variation of (2 & & = )

and ( az __52 ) with modulation freguency. The results are
shown ineFigure;‘5.1h and 5.15. The solid curves are the least
squares fit performed by a standard FCRTRAN curve fitting routine
UA01. This program fits a polynomial tc & set of values of a function
of one varisble using the method of least scuares viaz orthogonal
pelyncmials. The dashed lines represent the lineer fit of the
experimental data for freguencies lower than, and including 600 Hz.
Figure 5.4 indicates that the linear relationship between ( 24 i - )
and the frequency holds up to 600 Hz. Beyond 600 Hz the relationship
given by Zg. (5.33) is no longer valid. TFigure 5.14 also indicates
that even below 60C Hz, the best straight line through the
experimental points does not pass through the orﬂgl és predicted by

(5.33). The relztionship between (ufu - ?lu ) and frequency in
Figure 5.15 deviates from the constant value predicted by Eg. (5.32)
at freguencies larger than 600 Hz, where the sensitivity to change in
freguency is greater than that of (2, 55 Yo

w
t is azpparent from Figures 5.74 and 5.15 that the diffusion

approximation based on Eq. (5.30) can not interpret correctly the
experimental observations in the entire experimental freguency

range. Hence, & more comprehensive theoretical model is necessary.

The slope of the linear fit in Figure 5.14 should give the vzlue



S EXPERIMEN TAL POINTS .
_____ LINEAR FITTING UP TO 600 Hz,

POLYNOMIAL FITTING' UP TO 2000 HZ

_21

20cE lem

I'iIII--;IllllllI:
o w4 & g % 12 4446 18 20 32 24 B8 28 30 32

FREQUENCY = (Hz X152)

Fig. 5.14. variation of wave parameters with frequency for water
assembhi.
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c 8w s EXPERlMENTAL POINTS

SRy e e Y e S LINEAR FITTING UP TO 600 Hz

POLYNOMIAL FITTING UPTO 3000 Hz.

o 1 3 5 7 g 11 ) 15

FREQUENCY (Hz x162)

Fig.5.15 Varijatign of tl::z-'§2 with frequency for water

assembly without voids



=100 -~

i S ; : .
of (;5—), ancd the zero frequency intercert in Figure 5.15 gives the
(o]

z

By g i . A e

value of ("EF‘) i.e. (—E} for the water essembly without voids.

o L

These values are found to be higher than the accepted values for

water. This discrepancy is commented upon in Chapter Seven.

he first order dispersion law for water assembly without voids
presented 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,

"

as will.be discussed in Chapter Seven. It can be seen from Figure
5.16 that at frequencies higher thar 600 Hz, (or 3769 rad 51}’ & well
defined cyclic behaviour occurs. This will be related to the
attenuztion of the discrete and the continuum modes of the thermesl
neutron wave in Chapter Seven.

The phase velocity (u cm 51), and the wave length (2 cm) of
the thermal neutron wave in water, are plotted in Figure 5.17 versus
frequency in rad. 51- It can be seen from Figure 5.17 that the
phase velocity is related to the modulation freguency and increzses
as freguency decreases. This indicates the dispersive nature of the
thermal neutron wave. The wavelength variation with frecuency 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
cf the infinite wavefront velocity.

The measurements of the frecuency response of severzl water-void
assemblies were performed and the data obtained are presented in a
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 ( ¢ , - 3 w ) on the source frecuency for one

of the water-veoid assemblies is shown irn Figure 5.1€. This figure
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Fig.5.16. DISPERSION LAW FOR WATER ASSEMBLY WITHOUT VOIDS,

..\



- 102 -

PHASE VE|LOCITY

o
WAVELENGTH

10 ! ! !

10 102 10° 10

w (rad. 5—1)

Fig 5.17. Phase velocity, U and maveiength. A For

thermal neutron wave in water assembiy. without
voids. p
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ghows that the relationship given in Eg. (5.32) holds satisfactorily
for source frequencies up tc and including 6C0 Ez. It was found that

: : ; 2 2 ;
beyoné this frequency the measured vzlues of ( 4 - 3 ) increase

which was obtained &s & result of the polynomial fitting of the
experimentz]l data for freguencies up to and including 3000 Hz.

' To investigate the effect of the void dimension on the varistion
of the wave parameters function (2% , £ w Wwith source freguency,

the values of (2 o gw ), obtained over the range of the experimental
frecuencies, were plotted versus freguency 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 5.16G.

Figurg 5.1 shows that by the introduction cf veids into a moderator,
the wave function (2 awgw ) becomes more sensitive to the source
frecuency. It was found that this sensitivity tc the freguency
increases by increasing the void dimensions. Thé linear relationship
between (2 ¢ mgm ) and the source freguency for the water assembly
was found to be valid up to 60C Hz. By the introduction of voids
into the moderator, the freguency upper limit decreases to 450 Hz

for a water-void assembly with veid channel radius of 1.75 cm. It
was found that further increase in the void dimension reduces the

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

2 2
The effect of void on the variation of ( ¢ , - &, ) with
2
frequency was examined by plotting the values of ( @ - 52 )

w
versus freguency for water assembly without veid and three water-

void zssemblies of different veoid channel radius. The results can
be seen in Figures 5.20 and 5.21. Figure 5.20 shows thzt below

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

(LS i

w= > @ ) curves. However, the effect of the voids on the zero-

freguency intercepts is noticeable. TFigure 5.2C provides the values
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e« o« EXPERIMENTAL POINTS
————— LINEAR FITTING UP TO 600 Hz

POLYNOMIAL FITTING UP TO 3000 Hz

VOID CHANNEL RADIUS— 2.40 cm

| | | | | | |

1 2 3
FREQUENCY  (Hzx10°)

Fig.5.18. Variation of wave parameters with modulation frequency

in water-void assembly,



WATER ASSEMBLY WITHOUT VOIips
® VOID RADIUS =1.75CMm

A 2 » =240 ¥
A » " ;3.55 L
| | |
0 1 3 5 i 9 11 13 15

FREQUENCY (Hz X 162)

Fig.5.19 . Comparison between (20c§) and frequency relation
for several @ssemblies pof different void channe radius.
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i, « WATER ASSEMBLY WITHOUT vOIDS

® VOID RADIUs =1.75 cm.
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Fig.s.20. Comparison between the variation of (L™~ Ezl with

frequency for water and water-void assemblies.
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: : i : 2 :
of the exial diffusion area (L)) for each assemdly as the reciprocal

2 2
of the zero-frecuency intercept on ( @ e £ ) axis according to
Zc. (5.32). BHence, the axizl streaming factor can be found as:
S = (lz)c m, 2
z (Lz> o T s

: Vi - : R ! i

where, (LZJ is the axial ciffusion area of the water-void assembly
i m2 . s M) .

end (Lz) is the axial diffusion asrea of the water assembly without

voids.

Figure 5.27 shows that the values of (u2 —52 ) become
w

w
freguency dependent for freguencies larger than 60C Hz. It can be

seen from Figure 5.27 that by the introduction of voids into a
2 2

moderating assembly, the values of ( @ -& ) become less

w
sensitive to frequency and this sensitivity drops further by
increasing the void size. Figure 5.21 provides a mean of

s 5 5 3 : &,
evaluating the freguency dependent axial streaming factor, (Sz),

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

Tl Ol @, - F )
(Sw) = S F = s 2 F LR N I R 5 35
B e 2 el SRR |
z'F S £ F
w.
2 2

The numerical values of ( © w‘E o ) for water and water=-void
assemblies and the associsted values of (52) 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
freguency. TFigure 5.22 indicates that by increasing the fregquency
of modulation beyond certain value, the axial streaming increases
significantly with the frequency. Hence, the increase in the source

frecuency is eguivelent tc an increase in the void dimension.
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Fig.s.21. The effect of void channel radius (R) on the ([I:— §) variation with frequency.



Table 5.

Freguency dependent zxizl streeming factor

-
=

for severel water-void essemblies

Freguency | Jeter szssemily] water-void escemblies
(B2 without voids B=1,75 cnm. B=2.40 cm. a3=5.5% cm.
( "'"_-g ’ (o fp (¥ = T ") | ea=TH (39
4 gl i en? g cm-; g
o} 0.125 0.195 |1.190 | 0.09 1.288 £.091 | 1.373
100 5.126 0.1086 1.192 0.0%8 1.295 0.092 | 1.380
300 0.126 0.106 [1.186 | 0.098 | 1.296 0.083 | 1.376
lalel 0.125 0.107 [1.185 | 0.09% | 1.292 0.093 | 1.380
790 138 g.114 [1.192 | 0.104 | 1.307 0.098 | 1.387
1000 0.130 0.156 [1.323 | 0.128 | 1.4086 0.104 | 1.730
1200 0.22C 0.148 [1.4%86 | 0.144 | 1.527 0.108 | 2.037
1500 0.304 0.776 1.727'| ©0:168 | 1.809 0.120 | 2.533
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THZCRETICLL NCDELS FCR CAICULATICN CF NEUTRON WAVE PARAMETIRS

The methoGs used to calculzte the thermal neutron wzve parameters
for the different meoderator assemblies are presented in this chapter.
A one group time-dependent diffusion model for neutron wave
propagetion is developed, followed by a Pq-approximation based on the
solution of the Telegrapher's eguation. A thermalisation model is
developed to account for neutrens with & 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
freguency, and te facilitate the comparison with the experimental
observaticns. Finally, a set of parameters are derived to guantify
the effects on the neutron wave parameters of voids ir the moderator
end the streaming of thermsl neutrons along the vertical axis of the

assembly.

6.1 Fundamental concepts of neutron wave calculations

The ¢haracteristics of & thermal neutron wave propagating in non- ‘
multiplying system were referreé to in sections 1.3, 5.3 and 5.4.
This anzlysis considers a parallelepiped moderator with a periodic
plane thermel neutron scurce at the lower face of the parallelepiped,
(2=0). The source intensity, s(z,t)‘ can be represented by a steady
compenent, So(z)‘ and the real part of the oscillatory compenent,

Jwt -
S(z)'eh ] 1.8,

s S sRel 8, ,.ed0t R e e
(Z,t) O(Z) [ (z)



PIREZ and UERIG (196€) indicated that a cuasi-static flux,
f(ﬁ +ny will be introduced intc the system and will comprise a time-
gy b
independent component, ﬁo i due to the steady scurce, and a

propagating disturbance created by the resl part of the source

jwi

modulation, ﬂ(z).e a5
* . Juwt
g(z,t:‘ —gc(z) +Re[ z(z)-e } ses s s s s 6.2

where E(z) is & complex smplitude.

The neutron density near the source will oscillate in-phase with
the scurce. These forcec oscillations are rroduced by the collective
behaviour of neutrons which, at the same time interzct with the medium
andé travel with & finite velocity. Thus for regions far from the
source, there is & delay in the oscillation. MOCRE (1566) showed that
because of the spzce-depencent rhese, the disturbance possesses wave-
like properties and can be described as a damped thermel neutron wave.
HETRICK (1671) showed that an attenuated plane neutron wave travelling

in the positive Z-direction can be represented as:

P S

wh A is & &< §

ere A  is a constant and ( &g}) and ( (uﬂ) are the frecuency
dependent attenuation and the rate of change of the phase angle of the
wave at a certain distance along Z-axis.

By defining & complex guantity (f’) as:
w

fesi= Sea > 1%

or: S PRI R A
2 2 2 .
f(’w)= ) T g(‘-“? x azm(w,%(w)



It is evident from Zgc. (6.5) that (P) is the complex inverse

The time-dependent one group neutron diffusion egustion at a

point (x%,y,z) in a non-multiplying medium can be written as:

a7
2 1 Px,5,5,8)
DV " Blaisizt) = e Kxyiaity =7 —DBE 66

where D is the thermal diffusion constant, and :E: is the
() a
macroscopic absorption cross sectiecn. Both D and E are
- "o a
averaged over a Maxwellian energy spectrum.

It has beer shown in Section 5.4, that by substituting Eg. (6.5)
into Zg. (6.6.), the sguared inverse relaxation length ( PE) of the
wave can be expressed in terms of diffusion and thermeslisation
parameters of the non-multiplying medium as in Egs. (5.32) and
(5.33).

£ -
_ Plots of (Ct(u») versus ( §G~)) and (G%O” E(U») versus
ps < 2 . :
(2Cc(w)- E (w)) are often referred to as the (P) anc ( P°) cispersion
laws. These will be derived independently for any theoretical

models in the following sectionms.

€.2 The methods of calculation of neutron wave parameters

The theoreticeal models developed to calculate the thermal
neutron wave parameters (a:«u«) and { § \) are presented in this
) (CS)
section. A parallelepiped-shaped moderator with a plane, thermal

neutron source at the lower face is assumed.

€.2.1 One group diffusion model

The laplacian operatoer, (Y?E), used in Eg. (6.6) can be written



_‘]14..

- -

- 2 & c Ao
= 2 0 P c 4 2 X
v -axz i -ay-z + _622 —v (}:13-‘} ‘rv (z; TR R . 61(
It
= -
z(:{‘:{,:,t) fl(y_,y)ﬁ(z‘t) ....... sesse OJC

ther Ig. (€.6) can be written as:

S B s
22,6) % ° ) Pix,y) * Binyy) P00 (2)%(z.t)

L I A ) 6.9

LAMARSH (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 sclutions to another differential eguation;

% + Fp=0 L e

where B2 is a constant and the function @ satisfies the same initial
and boundary conditions as in Eg. (€.9). The fundamental eigenvalue
B known in reactor physics as the geometrical buckling. For a

parallelepiped moderztor it czn be written as:

T R

=
o]
=T

where the (||) and (1) suffixes indicate parallel and the normal
direction to the neutron motion. Eg. (6.1C) can be separated into
two equations by using Eq. (6.7) and Eg. (6.11), such that:

LR 2
N (x,y)p(x,y) o Bl g(x,y} sy esesies Sule

2 2
=W s Pig.ry. = B” Ziz.t) e P, . 6.13
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1

c. (£.14) is & one-dimension diffusion eguation which accounts for
the change in the transverse buckling, a feature which is very
desirable in this work and especially in void cazlculations. Eg. (€.1%)
is & parabolic differential equation which does not have a true wave
solution, (UERIG (1967)). A familiar technicue to cbtein a wave-
like solution is to introduce a complex scurce term, as rerorted by
COHN (1966). The Complex Source Method, (CSM), is bessed on the
transformation of the time-dependent equation into & set of complex
equations dependent orn space and freguency, but not on time. CSM
has been tested by meny workers, BRIDGZS (1872) showecd thzt the CSVM
rrecicts accurate resulte in studying space-independent phenomenz,
€.g. reactivity of multiplying system and systems in vhich a
secondary source of neutron exists. GIL-RAMOS (1974) applied a
multigroup version of CSM and showed that CSM predicts with good
accuracy the core region of & subcritical system. However, the CSM

leads to a complicated analysis which involves long computztion time.

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

&

2 f2 g "2l
P = (Bl -+ Do + J -\;‘-ﬁ; R Y 6.15

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

parameters can be related to the system parameters as:

2 2 c-
G o e Booaumd
(@) ?iuJ ok L % sy sove 6216
and:
2a § = - LR R A 6.17

() (W) VDG
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Using the general result that:

[ R + J ¥ /__ / -+ E +R 4‘-:;-Y/4!32+ 82 -fR

end by defining :

R=B+Za w
Do v D

Therefore:

L B L e 6.18

From Eg. (6.18) and (6.19), &€ (o 2né §0A2 can be czlculated from

the knowledge of the system parameters and the source frecuency.
This method was first used by UHRIG (1965) to calculate the

system transfer function using isotropic point source conditions,

and lzter by MIIEZS (1974) to cazlculate the dispersion lzws for

berellyium at frecuencies below 10CC Hz. The method is extended
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in this work to calculate the weve parameters ¢f a therrmal neutron
wave propagating in th: positive Z-cdirection with plane source

coencitions, and as a theoreticzl base for sections 6.3.2 and 6.3.3

6.2.2 The one group pq,-épproximation model

: The ecuation which described the time behaviour of neutron
populations in energy-phase-space parameters is called Boltzmann's
Transport Eguation, (BIE). The diffusion equation is a simplified
version of BTE which czn be used sztisfactorily to describe neutron
transport in a2 system under certain concitions. These conditions
include the assumption thet the flux is isotropic and does nct
change rapidly with position, the neglect of absorrtion cross
section in comparison to the scattering cross section, and the
avoidance of flux celculstions of the system boundaries and near to
the source.

The uce of a diffusion epproximation 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 expecteé. Therefore,
the use of a more refined theory which will predict the wave
properties of a disturbance is essential in NWT treatment.

Another simplified version of BTE is by the well-known Pa-
approximetion ir which the angular distribution of flux is expanded
in Iegendre pclynomials restricted to 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 Telegrapher's eqguation:
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A one-dimensionzl Telegrapher's eguztion can be determined for

& rectangular moderator with source symmetry zlong the Z-axis by using

the approach detziled in Egs. (6.9) to (6.14);

2 71-\
B, 8%, +( 1430 Ly B
v at° v ol

2 o M 1
Dov zg(z,t) iy (%BJ_ a2 Za> ﬁ(z,t) senbalbasanls it

WEINEEZRG and WIGNZR (195€) have indicated that the solution of

(€.21) shows 2 phenomenum of retardation, i.e. the solution hes
& well-defined wave front in sddition to & residual éisturbance. Thus
the solution of Eg. (6.21) must represent a damped wave travelling

with finite velocity as:

ejwt‘gpz LU 6-22

Plz,t) =

e

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

I 2 E:a 3&? )
PF = [(B.L - D --;5)+§5;(1+390 ):a)J sis e B

By comparing Eg. (6.23) with Eg. (6.4) and using the same method as
in the previous section, the wave parameters as a function of

frecuency and system constant can be given as:
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6.2.3 The thermalisztion theory modelk

In & non-multiplying svstem, the main processes experienced by
the slowed-down neutrons are thermalisation and absorption. Recent
work by RITCHIE and WHEITLLESTONE (1973) and KOBAYASHA et al (1975)
hzs indicated that the presence of z non-Maxwellian energy
distribution affects the discrete mode of the propagation, i.e. the
velues of O:(w) and g(u,il' Moreover, the presence of voids in the
moderztor reguires a correction teo the Maxwellian-averaged parameters
as reported by WARNER and ERDMANK (1969). In present work, the
effects of the energy distribution of the neutrons in a moderator
will be tazken into account by mezns of a thermalisstion theory.

The diffusion approximation tc the Boltzman equation,

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

- e

therrmel neutrons in the Z=C plane, is given by WEINBIR

W
m
b
L,
»

A

(185€) as:

2 < s
s S - G 3 0 TR
o(E (kibséﬂ-'\t) a(E) S(E) 'G(X,}'.Z,E,t)

' ik '352‘(}:
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+IE’ S(E' I E)g(x1}'1zggit) L V.at

1.?!2‘13"5)

sevsae Beth

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

Z A is the macroscopic scattering cross section of the medium,

Zs is the scattering kernel for & neutron of energy E
(E'—pE)
scattered into energy interval between E and E+dE.

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

LR L 6-2?

g(}%iyizrgat} x g(x‘yrg'gZ.eq) S

. g(st1z;Ert) ST

= =8
o dz 2 S%, Y B ) eo veiis VLD
(E) 2=0 0 :

-D

where S is the neutron source. 4 third boundary condition can be

formulated by assuming that, if ¢ 77‘/\1:1_, then:

- : 9
g(x,y,ﬁc—*m'E't) e O LU 62

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

can be written in one dimension as:
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where the integration is tc 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 anelysis in the freguency domzin. The Fourier transform

X the neutron field g(z,E,uﬂ’ and of the source s(x,y,E,Qﬂ, are
defined as:
(o]
=jwt :
; = = t L . 1
g(Z|ng) je g(a‘E‘t)u 6 3
(0]
®
S - = f—jut‘ ;-oooa|006l32
¥+E 4
(xl. [R=2} ) e a(x,y,E‘t)dt

By using the relaztionship in Eq. (6.31), it can be shown that the
Fourier transform of Eg. (6.30) can be written as:
2 - 2

)
YoV @ ezer T (Bt Zegy * P I e ne

+ g o dE' = 0 .........6.53
[Zcx--—n:) i
&

Eq. (6.33) is an integro-differential eguation which describes the
neutron field in terms of space, energy and freguency. The convenient

method to solve Eq. (6.33) is by the elimination of the integral term.
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This was performed by PEREZ and BOCTH (1965), with a solution based cn

the symmetrisation of the scattering kernel, E:S + It can be
(E'—3I)

shown that, by following the method suggested by PZIREZ and BCOTH, the

solution of Eg. (6.33) for a discrete mode of the neutron weve can be

expressed as:

2
vM, f
: e DAY (E) R ,
g(z,B,w)" Ay (m—;) e iw) ovie s aninn Dol

where Ao is & constant for the discrete mode of the wave,

s

o is the complex inverse relaxation length of the wave and
L

*
e

E(_) is the neutron Maxwellizn energy distribution which can be
defined for n(E') neutrons per unit volume per unit energy
interval at the emergy (£'). If n ic the totel number of

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

_E'/E
ME) e v 5

M = = LR R 6-35
(E) s ok
Wak AT i IE, 2

UHRIG (1965) derived an expression for the squared complex inverse
relaxation length for the thermalisation model in terms of the source

freguency and the system parameters as:

LW e
+J 1... —_— AR R 6.36
?Do [ ; RVaDi} }

-

. =1
where C is the diffusion cooling coefficient expressed in cmLF 5 and
L$ is the thermzl diffusion areaz in em?. Eq.(6.36) can be separsted

into rezl and imaginary components and by compering with Eq.(6.4):
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The exrressions for Cr and (w) in terms of the system paramzters

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

in sections 6.2.1 and 6.2.2, as:

() % 2L
2 3 2
T R TR N
2vD, LvD oL 2L bvD L 2vD,
..... 6.39
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€.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:

W -z jwt L
g(z“t)-t{h‘le p € R 6.1

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 (1870), the space-time
distribution of the thermal neutron flux is given as:
z -dt

‘g(z,t) = &, e’B% e ae s sat Babp

where AE is & constant for the first discrete mode of the neutron
pulse travelling in the positive Z-direction, B%‘ is the system axizl
buckling and A is the pulse decay constant.

PEREZ and OHANIAN (1968) have shown that, in NWT, the squared
complex inverse relaxation length (f)z) associated with a given
discrete mode of the wave can be expressed in a power series in

frequency as:

p2 =£:pn(juan SRR SO L
n=o0

In PST, e.g. BULL (1S70), the decay constant ( A ) associated with a
given discrete mode of pulse propagation can be expressed in & power

series in system buckling as:

l = v Zaq’vDoBa—cBu-{-FBs*' - .0 L R 6.I+J+

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

equivalent. The analogy between NWT and PST was detailed analytically
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by MICHAZL and MOCRE (1968), they showed that the coefficients B E in
the freguency expansion in Eg. (£.43) can be written &s a linear
combination of the terms that appear as coefficients of the buckling
in 3g. (6.4%)., Therefore, it is possible theoretically to express the
thermzl neutron flux measured in N#T, Eqg. (6.41), with paremeters
measured in PST. Hence, by comparing Egs. (€.41) and (€.42), the

eoupling relationships between the two methods can be expressed as:

=
- A

B

Y T S e SRR | 1

jw

When a void is introduced into moderating medium, anisotropic
diffusion is observed beczuse there is streaming of neutrons along the
void axis. This rhenomena requires direction-dependent neutron
transport parameters. In the present work, the k number of directions
mentioned in Eg. (1.6) is reduced to two directions, i.e. (1') and (4 ),
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:

N 2 gy 4
A=y S VDO_LB-L+VD ”B” -c_lBl Ci B eeveeeees 6,46

Introducing Eg. (6.45) into Eq. (6.46) results in:
2 L L
-jw=vZ2. = VD?LB? - VDOI;J o ngL - C” M T L
Eq. (6.47) relates (fja) to the direction-dependent diffusion and
thermzlisaticn parameters of the moderator in which the wave propagates,
Thus, the weve perzmeters can be evzluszted for ezch model 2s follows:
i. For the diffusion model, Eq.(6.47) can be terminzted 2t

the third temm, ( i.e ¢=¢=0 ), therfore:
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Egs. (6.49 to (6.53) can be reduced to Egs. (6.18), (6.19),
(624) and (6.25) by putting, D, =D, =D, vhich is

valid for homogeneous moderators.

iid, For thermalisation theory, the procedure followed to obtain
; 2 : i 4 ;
an expression for ( P ) for anisctropic lattice with
voids can be summarized as follows:

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

aPh+bP2+c=O R R D

where,

: b 2 y
a = C”, b = vDoH and ¢ = C_LBJ_- VDCH_B_L- vza -

Eg. (6.54) can be solved for the positive value of (f’a) as:

2 =vD
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then:
2 ( 16 Cﬁcj }Ej - ( 32 Cﬁcj_vaol }_:f
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Therfore, by epplying the relztionship:
' J g P

> A, Sl o 7 . “ x2 + y2 + X 4 : x2 + gh
Y ; y 2 y2 Jf £

then the rezl and the imeginary perts of (Pz) cen be written as:
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E: 4 K(? ) is the vzlue of zn energy-dependent nuclesr

peremeter measured szt the neutron most probzble velocity,
( v, = 2200 m.s-1), then the avarsge value of thet pzremeter

over a Mexwellian energy distridbution, K(F)’ cen be eveluszted

[y A :

B = = X
(M) , (E)
f () /T ;
E e o d4E

where (E) is eny possible energy the neutron can teke.
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Hence, eech energy-dependent p:sremeter in Ecgs.(6.60

(6.61) must be eveluzted a2t neutron velocity of 2200 m.s ', by

where x and y, are the vezlues of x znd y a2t v = v, = 2200 m.s-1.

Eos.(6.63) and (6.64) can be reduced to Egs.(6.39) and (6.40)
for homogeneous moderastor by putting:

C =

=i
DD:D

O” i onm

8 £
and putting the vzlues of BI and Bl to zexro.



6.4 The frecuency dependence of anisotropy

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

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

, o 2 z;
a correction factor to the diffusion area 1. The ratio > in
P L m
L|
Eg. (1.1) and the ratio = in Eg. (1.2) are z measure of the
Im

parallel and perpendicular anisotropy in & moderztor containing voids.
An elternstive form for the anisotropy measurement is suggested by
BENOIST (1968) as the ratio of the diffusion constants of the lattice
with and without voids. BENCIST (1S68) defined the diffusion constant

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

Do sm i (23o| + DOH) S SR e U 2

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

By assuming that the macroscopic absorption cross secticn for a
v

material with veid, i:;, decreases with the void-material fraction, X,
as:
E:m
a
v
Z = LU LN 6-66
a T4 X

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

as:i

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

equal to 4/3 for a long circular cylinder.

6.4.1 Evaluation of anisotropy by diffusion theory

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

necessary tc develop a thecreticzl model which relates the effect of

the source frequency to the degree

voides and to assess the effects of

of anisotropy in the lattice with

veids on the neutron wave parameters

Cc. and §Lu} In the present work, this theoretical model hzs been
t

(@855

developed by following a procedure which can be summarised as:

i.

3

B el

the frequency dependent amplitude decay of a thermal neutron

wave propagating in the axial direction of the void lattice,

v
CEOU’ was 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 freguency dependent amplitude decay of a thermal neutron

wave propagating in the axial direction of a homogeneous

moderator, Ofw), was defined by Eg. (6.18) for diffusion

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

(6.39) for thermalisation theory.

from Egs. (6.65) and (6.67):

Do“ = Dom*S),
Do 1 3
= ( - 1)
2 SH
of|

LR 6.68

Then, by introducing Egs. (6.66) and (6.68) into EZg. (6.49),

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

calculeted by diffusion theory czn be eveluated a8

« . Ea.(6.69)
ot

m:w Eq.‘(6.18)
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Similarly,g y the freguency dependent phzse lag of & thermzl neutron

ave 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
o
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The phzse lag of the thermal neutron wave propagating in a homogeneous
moderator was defined by Eg.(6.19). Therefore, the freguency

dependent phase lag streaming factor is defined as:

Ec.(6.71)
" Eq.(6.19)
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€.4k.2 Eveluatiorn of anisotropy by F-1 theory

To obtain expressions for the freguency dependent amplitude and
pPhase streaming factors in P-1 theory, the procecdure explzined in

(i) = (iv) above is followed, resulting in the following expressions:
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Egs. (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 (S”) is always greater than unity and increases with the

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

(- -4

S and S
“laizs. wlpar <4

v m
or, o« <i o« ’

which indicates that the amplitude of the thermal neutron wave decays
less repidly over all frequencies. Eqgs. (6.72) and (6.74) show that
the presence of voids decreases the phase lag of the wave for zll

frequencies.
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6.4.3 Evaluation of anisotropy by thermalisation theory

The directicn dependence of the diffusion cooling coefficient, C,
its relation to the system size and its relstion to the diffusion
coefficient, vD,s vere investigated by PUROEIT (1961). He suggested

- -

S : 2\ c o L ~
that for a large system, i.e. (B“) and (8F)

are very smell, and with
a Mexwellian energy distribution, the relation between the
diffusion cooling coefficients for z moderator with and without voids
can be expressed as:

3.3 Do
Cm_—-C” C_‘l_= CJ_ Y 6.75

vD
ol

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

S S
g 2 (S” 1) ER R A A A 6-76
From Eq. (6.75):
C vD
‘ol
CJ_—_-_VDOJ. L ) 6.??

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 Egs. (6.75),
(6.76) and (6.77) in Eqg. (6.57). Therefore Eg. (6.57) can be
wrottem as:
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Similarly, Ec. (6.59) can be written as:
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It can be shown that by following the method detailed in Section 6.3
and using Eg. (6.66) and by defining the thermal diffusion area

; s = 2
in a moderator containing void, (Iv) as:

2
2 Dy 2 Doy Ly
§r v % e I and =8y
o AT 2

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

a
m

e
Z:a I+ X

then the wave pazrameters 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 Egs. (6.79) and (6.80) can be reduced to Egs. (6.39)

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

o = Poy = Dop
8] = S_L = 1
X =0
D
LZ = L2 L LZ _ _om

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

evaluated as in the previous sections as:

N
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Thermalisation Gau -
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Thermalisation g; Bq.(6.40)



HAPTER SEVEN

THE VALIDITY OF THE THEECRETICAL MODELS

H

The theoretical models, which were cetailed in the previous
chapter, are compared to each other in this chapter. The results
dbtained 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 severzal water-void assemblies. The discrepancy
between the theoretical results and the experimental observations is
discussed with reference to the physical chzracteristics of each
assembly and the freguency 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 thecreticzl models

The calculations of thermsl neutron wave parameters, i.e.
«(w) and ?(m) 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
modulzation 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 z computer code

WAVE. This programme is written in FORTRAN to perform the calculation



of ﬁf(w) and _fP(w from Egs. (6.18) and (6.19) for the diffusion theory
model, Zgs. (6.24) and (6. 25 for the P-1 aprroximation model and

Egs. (6 39) and (6.40) for the thermelisation theory model. The
calculzations were performed over z range of modulation freguency of

C - 10000 Bz, in steps of 50 Ez. The diffusion and thermalisation
parameters used in the calculations are listed in Tatle 7.1. The code
WAVE evaluates the wave functions 2:(:!_} ['Jand °<u_” _? for each model
and provides the numerical values of the function G(w), which is

defined as:

The wave amplitude g7 frequency - w 0.4

ey The amplitude at freguency = o

The velues of G(w) were taken as & mezsure of the amplitude
damping with modulation freguency. 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 buckJ:ing Bia ©.002087 e

Axial buckling B 0.001483 cm™~2

Thermzl neutron velocity v 220500 t::u_'.s-1

Diffusion constant Do 0.1593 cm LAMARSH (1967)
Absorption cross section & 0.01913 c‘.m_‘I KANEKC (1974)
Mexwellian averaged I, 0.0221 om”'  WARNER (1969)
Scattering cross section 3T _ 2.3551 cm-’I KANEKO (1974)
Maxwellizn averaged -f:s 2.6715 c:m_'1 WARNER (1969)
Thermal diffusion area L2 8.2u45 cm2 LAMARSE (1967)
Diffusion cooling coefficient C 3380 cm“ PAINO (1968)




7.1.2 Comparison of theoretical results

The numerical values of the amplitude decay function, G&M\,
/

evaluated by different theoretical models, are plotted against the
modulation frequency in Figure 7.1. Both the diffusion and the F-1
epproximation models, (denoted by D and F-1), predicted no effective
amplitude decay of the thermal neutron wave in water up to modulation
freguencies 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-71 model tend to minimise the amplitude decay.

The thermalisation theory results (denoted by T in Figure 7.1),
sre more sensitive to the modulation freguency. A noticeable
amplitude decay appears at frequencies as low as 20 Hz. The amplitude
decreases more rapidly with fregquency 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 theoreticzl models can be
presented by plotting the real and the imaginary parts of the squared

2
complex inverse relaxation length, (Pa), i.e. (c(:—i) and 2% gu :
versus modulation freguency. These plots are presented in Figures
7.2. and 7.3. In Figure 7.2 the zero freguency intercept on

2 %
(cf”— §L,) axis has the following values:

A1 = Bf + for diffusion theory, and
Do
2
Ay = Bi-+ Ee - —égu for P-1 approximation theory.
D v
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2 z
The diffusion theory predictsa constant value for ( & ;- 9

over all ranges of freguency, while the P-1 results coincide with the
2
diffusion results up to 1500 Hz. Beyond this freguency (3 Eig}
v

2
1
effectively reduces the values of (°<w-§ Y
For the thermalisation theory calculations, the zero freguency

intercept (A,) is:
I 7 C

A, = B, + A S
R e LWDOLZ

)

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

2
2
approximations. However, the values of (°ﬂ“- &”) increase with
/?)3
ZVDo

freguency by a factor of ( C.

It can be seen from Figure 7.2 that the corrections to the
diffusion theory introduced by the transport effects in the P-1
approximation, (B,), and the correction due to the non-Maxwellian
energy distribution introduced by the thermalisation theory, (BZ),
are in opposite sense. At a given frequency, (F), 324> B1, 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 o¢,§, ) for the
diffusion and the P-1 calculation almost coincide in a linear

variation with modulation frequency. The slope of the straight line

1 T+ 0D 8% o
o E . L e
for the diffusion results is (?ﬁ;) and for F-1 is (————;ﬁ;————)-

The thermazlisation results show a considerable deviation from a
linear relationship. The quasi-exponential rise in the values of
(2 oﬂ”§“J) with frequency is reported by GOYAL (197/) following &
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 moderstor 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 moderztor without voids, are
listed in Tabtle 5.1. These vzlues are compared with the theoretical
,values predicted by each model and the results are shown in Figures
7.4 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 freguencies. The thermalisation theory
prediction of the amplitude decay is fairly accurate for freguencies
below 750 Hz.

It can be seen from Figure 7.5,in which the czlculated aznd the
measured phase shifts are compared, that the diffusion and the P-1
calculations underestimate the phase lag up to frecuencies around
1000 Hz. and overestimate it at larger frequencies. The
thermalisation celculation provides good agreement with the observed
values in frequency range 75 Hz to 750 Hz.

An alternative approach is to compare the thecretical results
with those obtained experimentally the two independent wave paramgters;
2'°<w§u and u:z- §2 « This approach allows the diffusion effects,
which are the main contributors the wave function (20Euﬁi), to be
separated from the thermelisation effects which determine the values
of ( CK:- S} ). Figure 7.6 shows the measured and the calculated
(2‘*w€iy) functions versus frequency. It can be seen that the
diffusion and P-1 approximstions fail to describe the experimental
observations, while the thermalisation calculations show a good

agreement with the experimental values in the freguency range

(0 - 1250 Hz).
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Figure 7.7 shows the calculated and the measured varistion of
2 2
the function (ﬂfw- g«.-) with the modulation frecuency. The
experimental values do not agree with the constant values predicted

by the diffusion theory or with the ¥-1 predictions, which ingicate

0

that the transport effects are not important in determinaticn of
the function (R:, - §:} The thermalisation predictions are rlotted
over twe freguency range, first, (C - 1250 Hz), which is the
experimental range, and second, (O - 8000 Ez). 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 ("f:J-. g:) with freguency but is in disagreement with
experimentally-measured values. The calculated values of (“i - é'w)
do not increase with freguency as fast as the experimentzl results.
The apparent agreement in the (2 ﬂfwgu) plot with the thermalisation
calculations and the disagreement in the (O(: - 5’:) plot can be
explained by the fact that small errors in determination of the
experimental and theoretical values of (0(“) and (§w) tend to
cancel in the (2°<‘J§u) plot but re-inforce the disagreement in the
2 2
(N - §w) 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 & versus sw), and the second order, or (F")
idspersion law, (i.e. the plot of 2 Otwéw versus “;— g:) This

<. OHANIA 0/
method was first used by PEREZ (1968) to investigate the nature of
wave propagation in graphite.

The calculated and the measured (f) and (Pa) 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 75C Hz the experimental results depart
considerably from the theoretical predictions. This departure has
been noticed in crystalline moderators by meny workers (e.g.
TAKAHASEI (1968) in graphite, RITCHIE and WEITTLESTONE (1973) in
beryllium oxide and GOYAL (1975) in beryllium. The common
interpretation was to attribute the disagreement toc the presence
of a strong sub-Bragg continuum at high freguencies.

In the present work, the thoereticel models dealt with the
neutron wave as of a single discrete mode but higher spatial modes
cf 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

eguation given by LAMARSH (1967) as:

ag ag
a0 Filen Y (z,u,t)
vV o at T % i7 1-:t g(z,p.t)
!
T |
Los TR R
-1
where ﬁ(z " t) is the number of neutrons per unit volume having a
"

velocity vector with a direction cosine between u and u+du. The
continuum corresponds to the vanishing of the operator on the left

of Bg. (7.2), i.e.

g Qg
1 7 (2,p,t) (z,n,t)
- -
v at -+ P az + Et ﬁ(z‘u’t) = O LR 7.3

If the flux is assumed to be of the form:

-f:z + Jjwt

P S onsininive Lotk

22
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Then by introducing Eq. (7.4) into Eg. (7.3) putting (P % J.§w)

anc separating the real and imeginary parts yields:

;
e TZ},

w
S5 %

which indicates that the continuum corresponds to neutrons with
cirection cosine (P) and whose attenuation is dictated by the total
removal cross section., HETRICK (1971) showed that the continuum
contribution increases with higher excitation frequencies.

The mein factors influencing the magnitude of the sub-Zragg

continuum contributions are:

i. The energy distribution of the thermal neutron source. A
source of higher thermazl-to-fast ratio will increase the

sub-Bragg continuum contribution, GCYAL (1975).

ii. 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).

iii. The transverse buckling of the assembly which reduces the
discrete part and hence increase the continuum contribution.
EETRICK (1971) suggested that at high freguencies there is

no detectable discrete mode in small assemblies.

It appears from i - iii that in the present work, (where the
neutron wave propagates in a non-crystalline and large size moderator
OUER-THERMALISED ),
and the 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 (FF)
rlane, & guasi-cyclic behaviour is observed.

At frequencies (700 - 20CC Hz) the attenuation of the discrete and
higher spatial modes components of the wave are the same,(since they
are propagate in the szme medium), for the same detector location. The
magnitude of the discrete mode dominates the experimental results
until fregquencies around 750 Hz. Above 75C Hz, the mzgnitude of the
sub-Bragg continuum becomes more and more prominent. HKence, for high
freguencies there are two waves of approximetely the same amplitude,
attenuated with distance, and with the same freguency. Under these
conditions the phase relationship of the two waves mey give rise to
constructive or distructive interference, which may explain the
cyclic behaviour in the (p) and (Pz) planes. This phenomenon is
reported by many workers and at different fregquency ranges. TAKAHASET
(1968) refers to interference between the forward propagating pulse
(+2Z) and the backward reflected pulse (-Z) from the ené-surface.

GOYAL (1975) refers tc the interference between the discrete mode and
the sub-Bragg continuum. However, no other explanation can be cited
for non-crystalline moderatoers.

In view of the possible contribution from the sub-Bragg continuum;
the present results should be interpreted as the measurement of the
teffective' phase shift and attenuation. Therefore, the measured (p)
and (Fﬁ) dispersion laws confirm that below 750 Ez 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
freguencies lower than 75C Hz. Therefore, theldiffusion and the
thermalisation parameters of the system were derived from the
eXperimental data below 750 Hz.

The diffusion parameter (VDO) is calculated from the slope of
the linear fitting of the experimental data in the 2 &, §w versus
frequency plot shown in Figure 7.6. The linear fitting was performed
by & computer routine with data in the frequency range (50 - 750 Hz).
The values of L2 were found, from the zero frequency intercept, by
linear fitting of the u:— §lversus freguency results.

The diffusion parameter, and hence the diffusion constant was
found to be ccnsiderably higher than the accepted values (13.9),
while the error in the measured values of L2 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
& region of larger mean free path and, hence, produce an effective

Do greater than that associated with discrete mode propagation.



Table 7.2

Numerical results for the water assembly without voids

Experimental Calculated values Percentage

Parameter values at 2200 error

2 -1 + ’
VD cm” 8 40900 = 850 35106 13.9%
D cm 0.183 0.159 156

(o]

1° cn® 8.14¢5 8.24¢ 1%
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7.4 Theoretical results for water-void assemblies (Computer Programme

o)
The thermel neutron wave parameters for a wave propagating in a
waver-void assembly have been calculated for four assemblies of
different void channel radii, (1.55 em, 1.75 cm, 2.4C cm and 3.55 cm).
These czlculations 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 &, and gw for each assembly over the frecguency

range 50 - 10000 Hz, in steps of 50 Hz.

1 1
iii. Calculate the wave functions Gw—g., and za:“g‘_over the same

frequency range.

iv. Calculate the amplitude decay function sz) as a measure
of the amplitude demping with frequency, similar to the
function G(u) explained in Eg. 7.7.

v. Steps ii and iii were repeated for the diffusion theory
model in accordance with Egs. (6.69) and (6.70) and for
the thermalisation model in accordance with Egs. (6.79)

and (6.80).

A listing of the code VOID is provided in Appendix III
together with & sample of the input and output data.

Figure 7.10 is a plot of the variation of the amplitude decay
function G:,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
underestimetes the amplitude decay compared to thermalisation theory

predictions.
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Figure 7.711 shows the measured and calculated amplitude decay
of the thermal neutron wave propagating in a water-void assembly with
voic chénnel radius 1.75 cm, from the data given in table 5.3. As
expected, the thermalisaticn results give a better prediction of the
experiment for freguencies less than 1000 Hz, while the diffusion
results fzil 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 thermeslisation 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 trzpped in the void gap for longer time than higher velocity
neutrons. Therefore, the spectrum near the void channel suffers
more coocling than the spectrum far from the void-moderator interface.

For these reasons the thermelisation 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 Gz,variation with frequency is shown in
Figure 7.12. The calculations were performed using the thermalisation
model. 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
GE is defined as the ratio of amplitude ex a given frequency to the

f’ arame /({ (‘:‘/L.)



-0.3
0.4
g 0.5

0.6

Bo.7

0.8

0.9

EXPERIMENTAL POINTS
DIFFUSION MODEL

THERMALISATION MODEL

| | 1 I

10 102 109 104 10

FREQUENCY  (H2)
FIG.7.11. CALCULATED AND MEASURED AMPLITUDE RESPONSE IN WATER-VOID
ASSEMBLY (vOID RADIUS:=1.75 cm.)



1.0
gk
L 0.9
z 0.8
o
G 07
=
3 .
i 06 VOID CHANNEL RADIUS :
-
S 0.5} 1.55 cm.
w
= 04" /1'75 -
g 0,3 .2q40 »
So.
i ¢ X [ 3.55 &
o
s
< 0.4]_
| i 1

10 2 103

104
FREQUENCY (Hz)

FIG. 7.12, THE EFFECT OF CHANNEL RADIUS ON THE CALCULATED AMPLITUDE FREQUENCY RESPONSE

10°

¢olL -



N
:jE'a ":'.u'm‘_.-/( ¢ (&)

amplitude}at zero frequency, (Eg. (7.1)), Figure 7.12 can be interpreted
as giving lower values for (Cﬁ:) for larger void dimensions at a given
frequency. To check this result experimentally, & plot of the
amplitude decay pzrameter (°ﬂ:) versus freguency for two different
vcid dimensions is shown in Figure 7.13. The czlculated and measured
values of (‘x:) are presented as & function of freguency for two water=-
Yoid assemblies with void channel radii of 1.75 cm and 3.55 cm. The
experimental results seem tc confirm the theoretical prediction of
lower wave attenuation at a given freguency 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 actuzl 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 (ff) dispersion law for waver-void assembly are presented in
Figures 7.14 and 7.15. 1In Figure 7.74 the calculated and the
measured values of the wave funtion (0(:, - §3) is plotted for two
water-void assemblies, (void channel radii 1.75 em 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
( w:‘- s:) considerably. This underestimation increases with both void
dimersions and modulation freguency. 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
calculztion. Both experimental and theoretical values of (GL,— sﬁ)
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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 freguency intercept
- 1

= K : : 2 Dou

value on the (% - ) axis. Since L, = —

@ T i

a

should be interpreted as increase in D in the void channel

s the increase in L2

direction. However, the experimental results show that the increase
in Li is lower than the increase in _II-;I , which means that 2, b
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 (205“5”) is better than in the (d;- g:,) curves.
The theoretical results predict correctly the increased slope of
the (26\; §\.-.) curve for a larger void dimension. The agreement is
observed until the freguency reaches 750 Hz, which indicates that
the energy spectrum variation is less important than the change in
the diffusion parameter (vDo) on which the function (2ﬂzﬁi) is
highly depéndent.

The measured and the calculated first order, or (F) dispersion
law for a water-void assembly with void channel radius 2.40 cm 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 guantitative 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 cne 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 that 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 freguency greater than
( QJ
min.” ‘¢ %

than unity for discrete mode propagation. The same condition can be

the minimum interaction frequency, (v 2..) ) must be less

extended to systems containing veids. Since in & void region

)

(v T, ) approaches zero, (for an air-filled void), then ( "‘;é
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., (@ = 4712 rad. 5-1),
while for a void system considerable deviation starts at about 500 Hz.,
(W = 3141 rad.s-q). 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 freguencies less than 600 Hz.
The diffusion and thermalisation parameters of each assembly for thie
freguency range have been determined from the experimental data. For
each assembly the diffusion parameter (VDO), and conseguently (Do),

were obtained from a linear fit of the experimental data in the

<
(2« 5 ) versus frecuency plot. The values of (—%) or, (-%;E)
i L o

were determined from the zer-freguency intercept in the (u-cf - §2)
versus frequency plot. The axial streaming factor (at zero freguency),
(SOH), was obtained as the ratio of the axial diffusion area of
water-void assembly, (Lﬁ), to the diffusion area of water assembly
without wvoids, (L?). The numerical values of the diffusion and the
thermzlisation parameters for each assembly are listed in table 7.3.
The measured axial streaming factor was found to be smaller
from Eq.C6-67)
than tho%calculatedXvalues, (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 cm 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.



Diffusion and thermzlisation parameters of

Table 7.3

water-void assemblies

Void channel (x °-§° L'lu Lt T By 8

radius (em) (cm-a) e " (cm) measured calculated
155 0.112 8.928 0.196 1.115 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
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It was found that the measured axial streaming factor increases
with modulaticn freguency for all water-void assemblies. 4 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 freguency
has the same effect as the increase in the void dimension, (or the
axial leakage). This demonstrates that the use of & 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 technigue

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 5.71. 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 freguency, 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 103 counts per channel per second and
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modulation freguencies 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 I 3 mm. This gives rise
to errors over the experimental frequency range of between C.25:
and 0.3%: in amplitude measurements and between C.05% and 0.1%. 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 (gw) will be expected
if there is to be any changes in the energy-dependent
cross section, EZ(E) and diffusion coefficient VDO(E).

Wiater shows a strong variation of cross section with



-176_

energy in the thermal range, and therefore, considerable
changes in the values of (% _) and (SJ_) are expected for

any spectrum changes.

iii. errors associated with the deviation from plane wave source
conditions. It was pointed out by SOBHANL (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 (s;) are expected to have lower values.

The systematic errors associated with (i), (ii) and (iii) are
2ll spatially dependent. Therefore, the combined effect of these
errors was estimated by evaluating (X, ) and (a) 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 (X ) and (éﬁ) close to the
source are 0.5 - 3.5 and 0.075% - C.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 thast, 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 (ﬁw) and (gw) were determined from a linear least

squares fit of the measured amplitude or phase of the thermal wave
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versus the axisl distance from the source. The statistical errors
associated with the curve fitting routine is celculated by the fitting
code UAC1. Over the experimental freguency range these errors were

- - . = . 0 s =
found to vary from 1.5% in the determination of (“X) and (9 ) to
5.%: in determination of the diffusion and thermalisation

parameters.

'7.6.4 Errors associated with the thecreticzl 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 & complicated problem (GODDART
et al (1968)). Nevertheless, it is a common practice to approximate
the neutron behaviour in the thermal region by considering the
everage 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 ﬁ(z,E) can be written
as a separable function of (z) and (E), it can be shown that (D) can
be defined as:

./D(E)g(E)dE
= e suseeh Tl

[ Py

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 (E), given by LAMARSH (1967)
as:

_%o,0.470
E

& e 57 ( PP
Z’-E(E) ZS(EO)



_‘]?C)_

where Eo = 0.0253 eV. Since the diffusion coefficient varies

inversely with the scattering cross section it follows that:

E
0.470
D =D (=—) s N
(E) (Eo) E,

To illustrate the effects of the energy variation on the
,eystem nuclear parameters, and hence, on the calculated values of
(=,) and ( §h), the constant values of total cross section of
water are used in this work are compared in Figure 7.1¢ 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 (Sb )
for homogeneous water assemblies by : 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 C.5%
in (% ) and (§_). This error is increased further in calculation
of (2§ ) and (- %:) because the elastic part of the total
cross section is associated with {20&§») and the inelastic part is

ks
associated only with Cor =S ).
w 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 & 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
chennels, (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 axizl streaming
factors. However, it was found that for larger void
channel radius the error is minimised, as was shown in

Table 7.3.

It was assumed that the insertion of void channels in

the moderator leaves the radial buckling, (Qf), 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 = minimum

of 35 cm of water.

It was assumed that the macroscopic absorption cross
section of a2 void system is (1+X) times lower than that

without voids, where X is the void to moderator ratio, i.e.

p R e - B



= 982 -

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.'z:

-

(=4

becomes an energy anc space dependent function.

PAGE (1967) checked the validity of Eg. (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

v

function of ZI and the pulse decay constant. It can

a
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 E:a increases with frequency.

It is very difficult to assess exactly the error in the values
of "‘i and §: 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 EIGHT

CONCLUSIONS AND RECOIMMENDATIONS

A summary of the principal conclusions reeched in this work
are presented in this chepter. Some exverimental 2nd anslyticsal
studies to extend and compliment the present work are suggested.
8.1 Conclusions

8.1.1 FPreguency response mezsurements

The spatiel varietion of the amplitude decay 2nd the phase
angle of the thermal neutron wave as z function of the source
frequency were used in the present work to charascterise the
frequency response of the nuclear system. 4 compzrison of the
frequency response curves of & water moderstor with asnd without
voids indicated that the presence of the void chznnelgs in the
moderaztor reduces the frequency at which the neutron wave suffers
larger amplitude attenuation and phase lag. These effects czn be
amplified by incresing the void dimensions. The presence of
voids also make the spatial differences in the measured freguency

response more noticezsble.

8.1.2 Thermzl neutron wave paremeters measurements

The use of three independent theoretical models for the
calculation of the freguency dependent amplitude decay and phase
lag of 2 thermzl neutron wave has made it possible to isolate the
diffuéion, transport and thermelisaztion effects in interpretstion
of the propzgetion of thermzl neutron wave in moderators. The

7
calculation of the (P ) end (p°) dispersion laws by ezch model
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showed their dependence on the source freguency and the nuclezr
parzmeters of the system in which the weve propagstes. The use
of = modulsted source of neutrons and the messurement of the
time-dependent component of the flux is then eguivelent to

performing 2 poisoning experiment.

At frequencies where the time between successive neutron
collisions is comperzble to the reciprocezl of the source freguency,
( 500 Hz), higher modes of the wzve affect the measured vzlues of
the real 2nd the imaginary comvonents of (P ) and (Pg) dispersion
laws. At these frecuencies, the use of & P-1 approximetion model
showed better zgreement with the experimentzl observetions then
the diffusion model predictions. However, ec the freguency
incressed beyond 500 Hz the present work hes shown thet the
correction due to the non-lMaxwellian neutron energy distribution,
as introduced by the thermzlisation theory model, is more
important than the improvements achieved by the use of P-1

approximation transport corrections.

Further interpretztion of the exverimentzsl results has been
achieved by defining two weve functions, (2¢w§w) and (tﬁ:;- §:)
This approech offered the advantage of separating the diffusion
effects associated with the function (2655‘") from thermalisation
effects associated with the function (Gﬁ:- 5:). The plots of
these two funciion versus frequency agein showed the feilure 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 =nd the thermzlisastion models are acting
in an opposite sense and that the non-Maxwellien neutron energy

distribution corrections are more importent.

In the view of the possible contribution from the presence
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of neutron continuum, the present resultis should be interpreted
os the measuremente of the effective phese shift end ettenuestion
constants of the thermzl neutron wasve in weter with znd without
voids. The present results confirm thest below 500 Hz a2 mode of

wave propzgation existed with discrete mode properties.

The extension of the theoreticzl models to = moderater
with voids involved z mathemeticzl coupling between perameters
of the buckling expansion in the pulsed source technigue and
those of freouency expansion in the neutron wave experiments.
Experimentzl results indiceted thet such coupling is possibtle
for frecuencies below 500 Hz in e lerge nuclear systems, i.e.
systems with smzll radizl and axiel bucklings. This approach
is zpplied to evaluste the znisotropic diffusion end thermalisation
parameters of a large system with voids. This 2pproach hes the
adventage of linking the neutron streszming to the source
freguency. In the water moderztor with voids the thermalisation
model offered better prediction of the experiment. This is due
to the importent deviation from the Maxwellian energy distribution
caused by the presence of voids. The thermeslisation model predictis
correctly the generzl trend of the veristion with frequency but
overestimztes the numericzl velues of the diffusion and the
thermzlisstion perezmeters in = homogeneous moderating medium by
up to 15%. However, the numerical velues in 2 hetrogeneous

medium are found to be closer to the czlculated vzlues.

The zxizl streaming of thermal neutrons zlong the channels
zxis was found to increszse with the moduletion freguency. This

indicsted thet the incresse in the source frecuency is equivelent

to an increszse in the void dimensions. This can be regarded as

another way of showing the equivslance between the neutron wave
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technigue and poisoning experiments, with the neutron losses by
leckege zlong the void cheznnel regaerded zs the neutron losses by

the zbsorption by the poison.

8.2 HRecommendatinffor future work

The zpplicetion of the neutron wezve technigue to study the
‘anisotropic neutron diffusion in nuclezr system requires more
experimental and theoreticzl work. The theoretical models presented
in the present work can be refined to investigate the nzture of the
wave propsgetion throuzh =z homogeneous or z hetrogeneous moderztors.
The use of multi-group trestment may offer more information zbout
the nzture of neutron slowing down and the scsttering process as =
function of the source fregquency. Fore work is zlso needed %o
investigzte the continuum contribution to the measured wesve
paremeters. The introduction of the higher spatizl modes of the
wave propagation in the znalysis will offer more informestion
about continuum contribution znd frequency limitation of the
discrete mode czlculation presented in the present work.

It may be of interest to check the vgzlidity of the coupling
between the freguency and the bueckiing expansions,(as used in the
present work to investigate the anisotropic diffusion), in 2
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 thermzl neutron weve reflection.
This can be done by filling the empty channels with materizls of

different sczttering and absorption properties. Informztion
obteined sbout wave reflection cen assist in conclusions about
the possibility of wave interference, & phenomenon which was not

possible to eveluate in the present work.
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PCON)=SQRT((SART((X=2=xR(N))*=2+E (N)*TI)=X+3*R(N))/2.0)
G2(N)=A0Z/AZ (N)
SU£1(h}=a+T11(1*T2)+(1*'3)*CC*(2*3.1415926*F(NJ)**2
SUMZINI=Z*(1=TZ)*(2%2 _1415926*F(N))
AZ(N)= =T({S'DT(SUN1(\}**¢+:UME(N))+3UP1(M))/c.:i
PIUN)=SCRT((SURT(SUMIIN) **2+S5UM2 (N)) = =SUMTAINYIY/2.0)
GI(NI=AJ2/AZ (N)

l
D
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=
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CATE(NI=ART(N)ZAZIN)
CATZ(N)=AT(H)Y/AZ(N)
CASZINI=AZ(N)ZAZIN)
CPIZ(N)=PT(N)/P2(N)
CPIZ(N)=PI(N)/PI(N)
CRPIZINISPI(NYI/PZ(N)
ALFATOIN)=Z2+RA1(N)=P1(N)
BETATIN)I=AT(N)**2=P1(N)=*x?
ALFAZ(N)=Z*AZ(N)*P2(N)
BETAZ(N)=AZ(N) »x2=P2 (N)**7?
ALFAZ(NI=2+AZ(N)*P3(N)
BETAZ(N)=AZ(N) xx2=P3(N)%x=x?

L

CONTINUE

WRITE(Z,5)
S FORMAT(IX ,20X,"APMPLITUDE DECAY ANC PHASE SHIFT WITH FREGUENCY'//

*1X ,11X,"C0IFFUSION THEOKY CALCULATIONS®,10X,

*5X,"P=1 THEORY CALCULATIONS®,SX,

* "THERMALISATION THEORY CALCULATIONS',///

*1X ,"FREQUENCY', S5xX, "AMPLITUDE"® , 5%, "GAIN"',5X, "PHASE",

*7X, "RMPLITUDE" ,2%,"GAIN®,5X,*PHASE" ,5X,

*SX,*AMPLITUDE’ ,4X,"GAIN',8X,"PHASE"'///)

WRITEC2,13) (CF(I),A1(1),61(1),P1CT), A2(1),62(1),P2C1), A3(1),

*G301),P3C1) ), 1=1.,180)
18 FORMATCAX  Fr o, X FF .S BX FTiS 2%, FTat,

el el S R b S

"o O T T S R S
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WRITE(Z , 26)
26 FORMAT(1X ,25X,'COMPARISCN OF THEORETICAL METHODS'///
x1X ,20X,*'AMPLITUDE COMPARISON®,LUX,"PHASE COMPARISON“//V/
*1X L'FREQUENCY', 86X, 'DIF/P=1"* _SX, "DIF/THER"', SX,"THER/P=1"',15X%,
**DIF/P=1",5x,0IF/THER" ,S5X,'"THER/P=1"411)
WRITECZ , 25 CEECTY JCAT20) ,EATI L) JEA32(3),
#CPT26T) ,CPI5(T) EP3281)) 151, 100)
25 FORMAT(IX BV -1,9%,F8.6,;5X , FRo8,5% FEGH,
*TEX,E8 a8 86X FRE, 5K, FT6)
DISPERSION LAWS CALCULATIONS FOmn DIFFIRENT MCDELS
WRITE(Z,40)
43 FCRMAT(1X ,1C0Xx,'DISPERSION LAWS PARAMETERS®,///
*20X, 'DIFFUSION THEORY MODEL'///,
* 30N CEREQUENTEY 5%  YALFRY  SX  "BETAIYLEL)
WRITEC(Z, 410 (CFRLTI) ALFAICI) BETATC(1)) 1=1,100)
KT O FORBATCIN LI0X FToL.TX, Fh L A%, FE L)
WRITE(Z ,42)
L2 FORMAT(IX ,1CX,* DISPERSION PARAMETERS EY P=1 THEORY '///,
« 10X, *FREQUENCY® 5%, "ALFA2Y 5%, "BETA2"/ /) :
WEITECZ 43)YC(F (1) ALFAZ(I) BETAZCT)) 151,100
LT FORNMATLAX AGE, PPl tX,FE.0,6% , F5..6)
WRITE(Z,44)
L4 FORMAT(1X ,1Cx,"DISPERSION PARAMETERS BY THERMALISATION THEQRY'//,
*10X, "FREQUENCY®*,5X, "ALFAZ® SX, "BETAZ "7 /)
WRITE(Z,&5)YC(F(I), ALFAR(CL) EETAZ(IY) I1=1,100)
45 FORMATCIX 10X, F7.1,7X,Fb b, 4%,F6.4)
STOP
END



APMPLITUDE DELhYIkND PHASE SHIFT WITH FREGUENCY

DIFFUSION THEORY CALCULATIONS P-1 THEORY CALCULATIONS THERMALISATION THEORY CALCULATIONS
FREQUENCY AMPLITUDE GAIN PHASE AMPLITUDE GAIN PHASE AMPLITUDE GAIN PHASE
100.0 0-35057 0.99735 0.D2553 0.35056 0.99740 0.02576 0.3719% 0_89186 0-16813
200.0 0.353¢9 0.96967 0.05066 D.35322 D.989E86 0-05113 0.39910 0-833121 HizZ 161
300.0 0.35761 0.97772 0.07507 0.35746 0.97814 0.07579 0.4203%8 Q.78912 0.25766
400.0 0.36326 0.96251 0.09854 0.36299 0.96322 0.09951 0.43820 0.75703 0.28542
500-0 0-26997 0.94506 0.12094 0.36955 D.-94612 0.12218 0-4536Y oS08 0.30821
600.0 0.37747 0.92628 0.14224 0.37689 0.92772 0.146377 D.46750 G.70959 0.32766
700.0 0.38555 0.90687 0D.16247 0.38477 0-50871 0.16429 0.48001 0.69109 C.34469
&E00.0 0.39403 0.88735 0.18169 0.-39304 0.88959 0-18381 0.49151 0.67492 035987
900.0 0.40278 D.86807 .0.19996 0.40155 0.87073 0-20240 0-5021% 0.660L58 D3¢ 359
1000.0 0.41170 0.84927 0.21736 0.41022 0.85234 0.22014 0.51216 0.64771 0.38612
1100.0 0.642071 0.83108 0.23398 0.41R95 0.83456 D.23711 0.52156 0.63604 D-39767
1200.0 0.42975 0.81359 0.249%8 0.42771 0-81747 DZ25337 0.5304¢6 0.62536 0.40838
Y700.0 0.96505 0.36231 0.8994& 0.9G782 0.38514 0.96491 (FoR2377 0-35911 0.66673
9800.0 0.96966 0.36058 0.70443 0.91155 0.38357 0.97087 0D.92760 0.25762 0.66739
9900.0 0.97625 0.35888 . 0.20935 0.91526 0.38202 0.97681 0.93142 0.35616 0.66E03

f0000.0 0.97882 035721 D 9A%24 0.%91893 0-38049 0.98272 B935S 0-35470 D.66865

- L&l -



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
1400 .0
1500.0
1600.0
1700.0
1800.0
1900.0
2000.0
2100.0
2200.0
2300.0

l

9700.0
9800.0
9900.0
10000.0

AMPLITUDE COMPARISON

BEESP=1

1.000050
1.000197
1.000433
1.000746
1.001123
1.001552
1.002024
1.002530
1.003062
1.003617
1.006190
1.0064777
1.005377
1.005987
1.006605
1.007231
1.007863
1.008500
-1.009142
1.005789
1.010439
1.011092

e e

1.063033
1.063745
1.064458
1.065171

DIF/THER

0.942533
0.885233
0.850685
0.32E989
0.815463
0.807431
0.803208
0.801675
0802068
0.803R48
0.606634
0.810149
0.814191
0.818610
0.823295
0.828162
0.833147
0D.838201
0.843286
G-848375
0.853444
0.858477
0.863460

1.0464677
1.045345
1.045982
1.0646589

COMPARISON OF THEORETICAL METHODS

THER/P =1

1.061024
1.129869
11760233
1.20718¢
1.227674
1.260619
1.2475¢8
1.250543
1.250596
1.24E5106
1.244914
1.2402 38
1.254818
1.2288%6
1.222654
1.216224
1.209706
1.203%17¢2
1.176678
1.190262
1183954
1177774
s i T

- 4 drne =~

1.=-01¢a
1.017602
1.017664
1.017755

DIFTP—

0.9908Y7
0.990751
0.990517
0.990207
0.989835
0.989410
0.9EB94L5
0-988440
0.987921
0.987375
0.986812
0.986235
0.985646
0.985049
0-984444
0.983852
098315
0.982594
0.981969
0.981340
0.980709
0.980075
0.979440

0.932148
0.931563
0.930940
0.930316

PHASE COMPARISON

LDIF/THER

D-151824
0.228610
0.291260
0.34523¢
8.392391
0.634119
0.471367
0.504876
0.535240
0.562943
0.5B8380
D-611877
0.633700
0.654071
0.673175
0.691166
0.708175
Hefeh31a
D-739613
0.754337
0.768374
0.781545
0.794803

1.349092

== 5163
1361230
§fiFe A A

THER/F-1

6.526599
L_33350¢
5.399631
2.568184
Z=0223Th
P T (5
Z2.098035
1.957800
1.845754
1753952
1.677167
1611819
1.555384
1.506027
16623589
1.423438
1.38E378
1.35658%
1.327572
1.300931
1.276344
1253542
1.232305

0690974
D.687415
(-.683896
0.680407

- 86k -



PISPERSION LAWS PARAMETERS DISPERSIUN FARAMETERS By F-t THEURY DISPERSION PARAWETEKRS BY THERNALISATION THEORY

FREQUENCY ALFA3 BETA3
DIFFUSION THEOKY MODEL FREQUENCY ALFA2 BETA2 x §'
A« § «?-§ e
100.0 0.1251 0.1101
G 200.0 0361 - 1222 300.0 0.21
2§ -5 300.0 0.0542 0.1220 400.0 0_?53$ 3'}}32
400.0 0.0722  0.1219 500.0 0.2797  0.1108
100.0 0.0179 0.1223 500.0 0.0903 0.1216 600.0 0.3064 0.1112
200.0 0.0358 0.1223% 600.0 0.1084 6.1214 700 .0 0.3309 0.1116
300.0 0.0537 0.1223 700.0 D.1264 0.1211 800.0 0.3538 0.1121
400 .0 0.0716 0.1223 §00.0 1645 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 0.15606 0.1198 1100.0 U.6148 0.1139
700.0 0.1253 0.1223 1100.0 0.1987 0.1192 1200 .0 0.4533 0.1146
800.0 0.1432 0.1223 1200.0 0.2167 0.1187 1300.0 0.6510 0.1154
$00.0 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 0.12:3 1500.0 0.2709 0.1168 1600.0 0.5007 0.1132
1200.0 0.2148 0.1223 1600.0 0.2890 0.1160 1700.0 0.5157 0.1192
1300.0 0.2327 0.1223 1700.0 0.3070 0.1152 S
1400.0 0.2506 0.1223 1800.0 0.3251 01144
1500.0 0.2685 0.1223 1900.0 0.3432 D.1135
1600.0 0.2%64 0.1223
1700.0 0.3043 0.1223%
1800.0 0.3222 0.1223.

- 661 -
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TRACE 1
TRACE @
MASTER VCID

**It**ti*t'*itttttt****!*tt*fit*t****i**i*it!*!*t*t*‘tt**fr*t

CALCULATION OF STREAMING EFFECTS VARIATION WITH
FREQUENCY EY:

1- DIFFUSION THEORY MODEL,

2- THERMALISATION THEORY MODEL.

*
*
*
®

********’ii***t***********t**t**t**t*i*ﬂ*ii!i‘*ii***ii*ﬂ**t*’

IS THE TRANSVERSE BUCKLING OF THE WATER-VOID ASSEM3LY
IS THE THERMAL MACROSCOPIC CROSS SECTION OF THE WATER
1S THE THERMAL DIFFUSION COEFFICIENT IN WATER MODERATOR
A IS THE THERMAL DIFFUSION AREA IN WATER
IS THE THERMAL NEUTRON VEOCITY AT 22 C
CC IS THE THERMAL DIFFUSION COOLING 1IN WATER.
RV IS THR RADIUS OF THE VvOID CHANNEL
RC IS THE RADIUS OF THE VOID CELL
VF IS THE VOID TO MODERATOR RATIO IN EACH SELl
SF IS THE AXIAL STREAMING FACTOR OF THE WATER-VOID CELL

= o T v

*
*
*
*
*
*
*
*
-

*

,ii*****t*!*!*‘t*********t****i****t'**t*t**it*l**t**t*i**i**

DIMENSION RV(&),RCC4) ,XC4) ,VF(L), SFCL),TI(4L),T2(4) TI(L) AVOLL),

£T11(6) ,T12(6) ,A20V (L) ,FLI100) ,T5(4),TE(4)

DIMENSION TL(&,1GU),T?{L,1DG),A1V(L,1CD),P1V(&,100),61V(k,1€ﬁ),

*AZV(A,TDU),PZV(L,1OU),GZV(L,1CC3,ALF&1(L,1CU),ALFA2(L,
*100},BETA1(4,100),EET&2(£,1BG),SUH1(L,1CU),SUNZ(L,1CC)

READ(1,5)B,S5,D,DA,V,CC
FORMAT(LF10.E,2F10.2)
READ(1,15) RV,RC
FORMAT (LFT .4)
H=SQRT(3.1415%26)/2.0
DO 6 N=1,4
X(NYSRVIN)*x2/ (RCIN) **x2=RV(N)I*%2)
SF(N)= 14X (N)+0D.068&21%xRVIN)
TI(NI=(B/2)*((3/SF(N))=-1)
TZIN)=S/(C1+X(N))*D*SF(N))
TZINY=TI(NYI+T2(N)
AVO(N)=SGRT(T3I(N))
PO 12 1=1,100 "
F(I)=1+100.0
F IS THE MODULATION FREGUENCY
T7IN,I)=((2%3.1615G26*F (1)) / (V*D*SFIN)))I*%2
a1v(N,I)=SGRT{(SGRT(TS(N)**Z*T?(N,I))+T3(N))/2.0)
PAVIN,I)=SGRT((SART(TI(N)**2+T7(N,1))~T3(N))/2.0)
GIVIN,I)=AVO(N)/AIVIN,I)
TSIN)SHE/(V*D*SF(N))
TE(N)=(1/DA*SF(N))I*((CCxH**2)/ (v*D*SF(ND)))
TIT(N)=((H**2)*L*SF(N)/D*SFINY*DA*SF(NII+T
T12(N)=(HR/(y*D*SF(N)))I*=3
TLIN,I)=CC*(223.1415926*F (1)) *x2
SUMTIN,I)=TI(NI+TZ(N)*TIT(N)+TIZ2(N)*TL(N,I)
SUMZIN,I)=TS(N)* (1=TH(N)II*223_1615926*F (1)
AEV(N,I>=SQET{(SGRT(SUM1(N,I)**E+SU!2(N,I)}+SUM1(N,1))/2.33
P2VAN,1)=SGRT((SGRT(SUMI(N,I)**2+SUMZ(N,1))=SUMI(N,T))/2.0)
AZDVIN)I=SQRTC(TI(N)+T2(N)*T11(N))
G2VIN,I)=AZOVIN)/AZVIN,1Y
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@ ®
L3 T T
CDISPERSION PARAMETERS CALCULATIONS
DIFFUSION AND THERMALISATION THEORETICAL MODELS.
ALFA= = Lxxg=Pxxg
ALFA1(N,I)=A1v(N,I)**2-91V(N,I)*i2
ALFAZ(N,I)=A2VIN,I)**2=F2VIN, I)**2
BETA= ¢*xAxP
BETAT(N,I)=2+ATVIN, I)*PIVIN,I)
BETAE{N,I}=2*A2V(N,I)*P2V{N,I>
12 CONTINUE
6 CONTINUE
WRITE(Z2,3D0)
30 FORMAT(1X ,10X%,'VOID CELL STREAMING FACTORS'//)
WRITE(Z,371)SF
X1 FORMAT(1X ,L10X,FB8.6)
WRITE(2,32)
22 FORMAT(1X ,*CALCULATION OF AMPLITUDE AND PHASE VARIATION WITH'//,
x10X,'FREGUENCY BY DIFFUSION APPROXIMATICN THEQRY'/ /)
WRITE(2,23)
23 FORMAT(1X ,15X,*AMPLITUDE CHANGE WITH FREGUENCY *//)
WRITE(Z,24)
24, FORMAT(1X ,5X,°*FREQUENCY®,10X,°AR1',10X,%A2",12X, A3" 10X, AL/ /)
WRITE (2,35)(F(IJ,(ﬁ1V{N,I},N=1,AJ,I=1,103)
25 FORMAT(IX ,SX,F7.1,15X,F8.5,5X,F8.5,5X,F8.5,5%X,F8.5)
WRITE(Z,26)
& FORMAT(1X L15X,°*AMPLITUDE GAIN CHANGE WITH FREQUENCY'//)
WRITE(2,37)
27 FORMAT(1X ,5!,'FREGUENCY',10x,'51',1cx,'62',12x,‘63‘,10x,'GL'J
WRITECZ,38)(FCI),CEIVIN,I) N=1,4),1=1,100)
3% FORMAT(1X ,S5X,F7.1,15X,F8.5,5X,F8.5,5X,F&8.5,5X,F8.5)
WRITE(2,39)
29 FORMAT(1X ,15X,*PHASE ANGLE CHANGE WITH THE FREGUENCY'//)
WRITE(2,40) .
40 FORMAT(1X ,SX,‘FREQUENCY',TDX,'F1',10x,'PE',12x,'P3',1DX,'PL'113
WRITE(Z,41)(FCI),(PIVIN,I) N=1,4),1=1,1C0)
L7 FORMAT (1X ,SX,F?.1,15X,F8.5,5X,FE.5,5X,F5_S,SX,FS-S)
WRITE(Z,44)
44 FORMAT(1X ,10X,°*THERMALISATION THEORY CALCULATIONS'//)
WRITE(Z,45)
LS FORMAT (1X ,51,'FFE:UENC?',1CX,'A21',15!,'&22',101,'A23',1GX,'A2&')

|
|
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WRITE(2,46)CFC(I),(A2V(N,I),N=1,4),1=1,100)
46 FORMAT(1X ,5X,F7.1,15X,F8.5,5X,FE.5,5X,F8.5,5X,F8.5)
WRITE(2,47)
47 FORMAT(IX ,15X,'AMPLITUDE GAIN CHANGE WITH FREQUENCY'//)
WRITE(2,48)
48 FORMAT(1X ,5X,'FREQUENCY®,10X,"G21°,10X,°622",9X,'G32",9X, *G24°//)
WRITE(2,49)CF(I),(G2VIN,I), N=1,4),1I=1,100)
49 FORMATCIX ,5X,F7.1,15X, FB.5,5X,88.5,5%, F8.5,58% FR.5)
WRITE(2,50)
SO FORMAT(1X ,15X,°PHASE ANGLE CHANGE WITH FREQUENCY'//)
WRITECZ,51)
51 FORMAT(IX ,5X,*FREGUENCY',9X,"P21",9X, *P22',9X, *P23°*,9X, P24*/7)
WRITE(2,52)(CF(I),(P2V(N,I),N=1,4),1=1,100)
52 FORMAT(1X ,5X,F7.1,15X,F8.5,5X,F8.5,5X,F8.5,5%,F8.5)
WRITE(2,42)

42 FORMAT(1X ,10X,*DISPERSION PARAMETERS CALCULATIONS®,//
**CALCULATUON BY DIFFUSION APPROXIMATION THEORY®,///
*10X,°FREQUENCY ', 15X, "ALFA11",15X, *ALFA12", 15X, ALFA13", 10X,
*PALFATIL"/ /)

WRITE(2,43)CF(I), CALFAT(N,I) N=1,4),1=21,100)
43 FORMAT(1X ,10X,F1.0.2,10X,F10.6,10X,F10.6,10%,F1C.6,10X, F10.6)
WRITE(2,53)

53 FORMAT(1x ,10X,"CALCULATIONS OF BETA1 *,//
*10X, "FREQUENCY' 15X, 'BEAT11°,15X,*BETA12", 15X, *BETA13", 10X,
*'5ETAYGY, //)

WRITE(Z2,543 (FCI),(BETAT(N, 1) ,N=1,4),1=1,100)
54 FORMAT (1X ,10Xx,F10.2,10%,F10.6,10%X,F10.6,10X,F10.6,10X,F10.6)
WRITE(2,55) :

55 FORMAT (1x ,10X,'DISPERSION CALCULATIONBY THERMALISATION THEORY®,//
*10x ,"FREQUENCY®, 15X, "ALFA21*,15X,"ALFA22", 15X, "ALFA23", 10X,
“CALFA24*, /1)

WRITE(C2,56)(F(I),(ALFA2(N,I), N=1,4),1=1,100)
56 FORMAT(1X ,10X,F10.2,10X,F10.4,10%,F10.6,10X,F10.6,10X,F10.&)
WRITE(2,57)

57 FORMAT(1X ,15X,"FREQUENCY®,15X,*BETA21",15X, *BETAZ2",10X, *BETA23"

*,10X,"SETA24" /1)
WRITE(2,58)(F(1),(BETA2(N,I), N=1,4),1=1,100)
58 FORMAT(1X ,10X,F10.2,10X,F10.6,10X,F10.6,10X,F10.6,1CX,F$0.6)

sToP 2 5 y "

END
I

. END )



VOID CELL STREAMING

FACTCORS

1.298644
1.300081
1.361883
1.415232

CALCULATION OF AMPLITUDE AND PHASE

FREQUENCY BY DIFFUSION

VARIATION wITH

THEORY

AMPLITUDE CHANGE

WITH FREQUENCY

Ceeey

Ceel ) ceLL2 cew S
FREGUENCY A1 A2 AZ Ad
100.0 0.2838¢ 0.2832¢8 0.27507
20C .0 0.28688 C.28630 0.28204
300.0 0.29164 0.29102 0.28667
400.0 0.29773 0.29706 0.29261
500.0 0.30480 0.30408 fa259957
6GC .0 0.31254 0.31178 0.30707
70C.0 0.32073 0-21591 0.31506
800.0 €.32918 0.32831 0.32332
900.0 0.33778 0.23686 0.33173
10CC.0 0.34644 0.34548 0.34020
1100.0 C.35510 .25409 0.34868
120C.0 0.26372 C.36267 0.35711
1300.0 0.27228 C.37118 0.34548
1400.0 0.28074 0.37961 06.37377
15C0.0 £.38511 0.3879¢4 0.381%6
160C.0 0.39727 0.39616 0.39006
17G6.0 0.40553 0.40427 £.39804
1800.0 C.41357 0.41228 0.40591
19C0.0 0.b214% 0.42017 0.41358
2000.0 0.42931 0.42795% 0.42133
2100.0 0.43701 0.43562 0.42888
2200.0 044461 0.44318 0.43632
2300.0 0.45210 0.45064 0.64366
2400.0 0.45948 0.45800 0.45090
25C0.0 G.66677 0.46525 0.45804
2600.0 0.473%6 C.47241 0.46508
2700.0 0.48105 0.47948 0.47204
2800.0 0.4E80¢ 0.48645 0-47890
2900.C 0.L5497 0.49332 0.48567
3000.C C.50180 C.50013 0.64%236
2100.0 0.508&5¢4 0.506&5 0.49867
2NN N N s1e2n [T I 48 - N _esenssn
¢ v . }
$$0C.0 0.85298 0.84996 0.23666
10000.0 0.65703 0.85400 0.84063
AMPLITUDE GAIN CHANGE WITH FREGUENCY
FREQUENCY &1 62 63 6L
100.0 0.556429 0.99621 0.99633
2GC.0 0.5&570 0.98580 0.58584
300.0 C.56662 C.96%82 0.96991
400.0 0.5457% 0.95008 0.95023~
506.0 £.92776 C.92815 0.92835
600.C 0.50475% 0.90525 0.505456
7CC.0 0.28166 C.88224 0.£8252
£06.0 0.85905 0.855966 0.85997
900.0 £.8371¢8 0.83784 0.83817
1000.C 0.81625 C.81695 0.81730

0.27223
0.27511
C.2795%
0.28535
0.2%204
£.29%3&
0.30714
Bo31537
0.32334
0.33157
0.23981
0.34801
0.35615
C.36421
0.27218
0.38005
G.38781
0.39547
0.40303
0.410482
0.41782
0.42506
0.43220
0.436925
0.44619
C.45305.
0.55982
0.46648
C.47305
0.47960

0.48603
N £C228

e Dol

0.81478
C.g1864

0.92963%5
0.58594
G.57C11
0.95053
0.92876
0.5059¢9
0.5E309
06061
C.e3887
0.&1804
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PHASE ANGLE CHANGE WITH THE FRZGUENCY

FREQUENCY P

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
14C0.0
1500.0
1600.0
1700.0
1800.0

1900.0
20nn n

§700.C
9800.0
99G0.0
10000.0

C.02642
0.048324
0.07132
0.09315
Bi=1137%
6.13311
0.15133
0.16851
0.18474
€.2C014
C.21478
0.22875
0.24212
0.25495
0.2672%
C.27918
0.29066
0.30178

B=37255
n 223n1

C.7960¢%
0.8C043
0.80474
0.g809%0C2

P

C.024320
0.04308
0.070%¢
G.05258
0.11318
Da13247
0.15061
0.16773
0.1839C
C.19924
0.21383
Da2gi?h
C.24108
C.25386
0.26615
0.27&80C
0.28945
£.30052

C.31126
n 22140

0.7931z2
C.79744
C.8C174
0.80601

THERMALISATION THEORY CALCULATIONS

FREGUENCY AZ1

10C.0
200.0
300.0
LC0.0
£00.0
60C.C
700.0
806.0
$C0.0
1CGC.0
11CC.0
12C0.C

13CC.0

1400.0
15CC.0
168C.0
1700.0
1800.0
19C0.0
¢00C.0

P3

0.0239C
0.04729
C.06979
0.0911¢
0.11133
0.13031
0.14817
0.165C1
C.18092
C.15603
C.21039
C.2240%
G.23721
0.2457%
0.25618¢9
0.27356
0.28482
0.29573

0.30630
i RIRSA

0.78063
0.78488
0.78911
0-79332

P4

0.Cz323
0.04597
0.06785
C.CEEGL
C.1082¢
0.12673
0.14411
0.16050
0.17600
0.19071
0.204¢9
C.2180¢4
0.23081
0.24306
C.25485
0.26621
0.27718
0.z28780

0.2981C
n.wngnoe

0.76005
C-7641%
0.76831
0.77240

APMPL) TODE CHANLES ArTH FRTOJUSHCY

0.32868
0.35713
C.37876
0.39657
C.41188
C.&254C
C.43757
C.LbLgss®
C.45855
C.46E50
0.6774¢
-485%9C
-45390
20152
-50&79
1578
=D224S8
52889
-53512
54113

OCoOoOO0OOOOO0O0

AZ2

0.32808
0.35646
C.27806
0.39583
41111
0.4246C
C.43675
0.44TES
C.4580¢&
0.46762
C.47655
0.4BLGE
0.46267
C.50056
C.50782
G.53477
D.52144
JaS5ere?
0.53408
C.54008

A23

0.32413
0.35252
0.37435
0.39175
0.40697
0.4203%
0.43247
0.44350
0.45367
0.46314
0.47201
0.480327
C..48829
0.495832
0.50302
0.50991
0.51653
0.52290
0.52905
0.5345¢

0.31773
C.34607
0.26750
0.38508
0.4C016
0.41347
C.52543
0.L4363¢4
C.bdb40
C.45576
0.46453
C.L7279
0.48061
U.&£804
0.49514
0.501¢3
C.508245
C.51472
C.52077
0.52662



FREQUENCY

100.0
200.0
300.0
400.0
500.0
600 .0

7C00.0
RON N

FREQUENCY

100.0
200.0
300.0
400.0
500.0
6C0.C
700.0
800.0
9C00.C
1000.0
1100.0
1200.0
1300.0
1400.C
1500.0
160C.0
1700.0
1800.0
1900.C
2000.0
2100.0
2200.0
2300.0
2400.0
25C0.0
2600.0
2700.0
2800.0
29C0.0
3000.0
2100.0
32CC.0
3300.0
Lnn n

AMPLITUCE GAIN

- 206 -

CHANGE WITH

FREQUENCY

621 622 63
C.86036 0.8603¢2
C.79182 0.79178
0.7465¢9 G.74655
0.713C7 [0 p il (%0
0.£8657 0.68653
0.66475 066471
0.6462¢ 0.64622
O_ARN28 Nn_A3IN21

PHASE ANGLE CHANGE WITH FREQUENCY
PZ1 P22 P23
C.16748 0.16718
0.21798 0.21760
Q25172 C.25127
0.27761 (s s
0.29E8584 0.29831
0.316%6 £.31640
C.33283 0.33z224
0.24700 C.24639
C.3598&2 8335909
B37155 0.37090
0.38237 C.38170
0.29244 839175
0.40184 C.4011¢
0.410628 3.40997
0.41902 0.41829
J.62692 0.42618
0.43442 0.43367
C.44156 C.44021
0.44539 C.Lb762
C.a546%¢ 0.45415
0.4611¢8 0.46041
C.46720 0.46642
0.47300 C.47221
C=G7E85E C.L7778
C.L239¢ 0.4831¢
C.4EF17 U.48836
C.4942C 049339
0.49508 C.49828
g.5C3&0 U.502%9
G.5C83¢8 G.50757
G.51283 051201
Q51716 0.51633
0.52136 0.5205¢
fi 82848 N S2LA?

Gzé

C.85782
0.78875S
0.76334
0.7097¢
0.68322
0.66140

0.642693
N_A2A95

P24

0.16655
0.21657
0.2499E
0.27560C
D.296é2
031455
0.32027
0.324429
0.356%9
0.36861
0.379323
0.3E8930
0.39862
0.407328
0.41565
0.42348
0.43092
C.t3201
D.44479
D4ASTIZT
0.457465
046347 .
0.469232
0.47478
0.4E0132
0.48531
0.4903¢2
0.49517
0.49987
C.50644¢
0.50887
051318
851737
n.s824L5

0.85367
0.78377
0.73807
C.70436 .
0.67781
C.£é5600
0.63756
N_A?21A7

C-16545
C.21482
0.26776
0.2730¢
0.29374
La31142
6.32691
0.34075
0.25327
0.36473
D37 hs2
0.3851¢6
0.39436
0.40301
0.41118
C.418592
0.42628
0.43329
0.43999
C.b4641
0.45257
C.458L9
0.46419
0.4696%
0.47499
C.48013
C.48510
0.48591
0.49458
C.L%912
0.5035¢2
C.50781

J-51198
n 814ANL



[DISPERSION PARAMETERS CALCULATION

S

l

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
2000.00
2100.00
2200.00
2300.00
2400.00
2500.00
2600.00
2700.00
2800.00
2900.00
3000.00
3100.00

ALFAT1

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
06.079966
0.079966
0.079966
0.079966
0.079966

ALFA12

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
0.0792657
0.079657
0.079657
0-079657
0.079657
0.079657
0.079657
0.079657
0.079657

ALFA13

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
0077311
0.077311
0.077311
0.077311
0.077311
0.077311
0.077311
0.077311
0.077311
0.07731
0.077311
0.077311
0.077311
0.077311
0.077311
0.077311

ALFA14L

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

=/ LOg =



CALCULATIONS OF BETA1

FREQUENCY

100.060
200.00
300.C0
400.00
500.00
600.00
700.00
500.00
200.00
1000.00
1100.00
1200.00
1300.00
1400.00
1500.00
1600.00
1700.00

1800.00
1900 NN

|

9800.00
Y900.00
10000.00

DISPERSION

FREQUENCY

100.00
200.00
300.00
400.00
500.00
600.00
700.00
E00.00
900.00
1000.00
1100.00
1200.00

BEAT1 BETA12
0.013867 0.013767
0.027734 0.027533
0.661602 0.041300
0.0556469 0.055066
0.069336 0.068353
0.083203 0.082600
0.097071 0.096366
0.110938 0.110133
0.124805 0.123899
0.138672 0.137666
0.152540 0.151432
0.166407 0.165199
0-180274 0.178966
0.194141 0.192732
0.208009 0.206499
0.221876 0.220265
0.235743 0.234032
0.249610 0.247799
n 2ATLT7R n 281548

| |

1.358990 1.349125
1.372858 1.362892
1.386725 1.376659

CALCULATIONGY THERMALISATION THEORY

ALEA21 ALFA22
0.079981 0.079672
0.080025 0.079715
0.060099 0.079787
0.080202 0.079888
0.080335 0.0£0018
0.080498 0.080177
0.080690 0.080365
0.080911 0.080582
0.081162 0.080828
0.081443 0.081102
D.081753 D-081406
0.082093 0.081738

BETA13

0.013338
0.026675
0.040013
0.053351
0.066689
0.080026
0.093364
0.106702
0.120040
0.133377
0.146715
0.160053
H2173391
0-186728
0.200066
0.213404
0.226741

0.2640079
n 25%L17

1.307098
1.320436
1.333773

ALFAZ3

0-077324
0.077363
0.077429
0.077521
0.077639
0.077784
0.077955
0.078152
0.078375
0.078625
0.078901
0.079203

BETA14

0.012646
0.025293
B.037939
0.050586
0.063232
0D.075879
0.088525
0.101172
0-113818
0.1264L65
0-139111}
0.151758
0164404
0.177050
0189697
0.202343
0.214990

0.227636
n o24n281

139353
1.252000
1.264646

ALFAZ4

0.073581
0.073614
0.073671
0.073749
0-073850
0.073973
0.-074119
0.074287
0.074477
D.074690
0.074925
0D.D751853

=iBOY: =



FREQUENCY

100.00
200.00
200.00
400.00
500.00
600.00
700.00
8E00.0O
9C0.00
1000.00
1100.00
1200.00
1300.00
1400.0G06
1500.00
1600.00
1700.00
1800.00
1900.00
2000.00
2100.00
2200.00
2300.00
2400.00
¢500.00
2600.00
2700.00
2800.00
2900.00

{

9700.00
9800.00
9900.00
10000-.00

BETAZ21

0-11009¢2
0-.155693
0.190685
0.220184
0.246173
0.269669
0.291276
D.311387
0.330276
0.348141
0.365134
0.281370
0.396942
0-411926
0.426384
0.4L0368
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
0.26B6E8
0.290217
0.310255
0.329075
D.346875
0.363B06
0.379983%
0-395499
0.410L28
0.424F3
0.6428766
0.6452270
0.465382
0478135
0D.490556
0.502670
D.514499
0.526062
0537347
0D.548458
0.559320
0.569974
0.580433
0.590707

L

1.08G337
1.085891
1.091418
1.096916

BETA22

BETAZ3

0.107970
0.152692
0.187009
DS295939
0.241427
0.264470
0.28B5661
0.3053384
0-3239%09
0-341430
0.358094
0.374017
0.389290
0.403985
0-418164
0D-43187¢
0.6445170
0.458076
0.470628
0.482854
0.6494779
0.506422
0.51780¢4
0.528941
0.539848
0.550539
0.561026
0.571321
0.581434

L

1.063377
1.068844
1.074283
1.079695

BETAZ24

0.105134
0.14B682
0.182098
0.210269
0-235088
0D.257526
0.278159
297365
0-315403
0.332464
0.348691
0-364196
0.379067
0.393377
0.407184
0.420538
0-4335480
0446047
0.458270
0.470175
0.481786
0.493124
0.504207
0.515051
0.525672
0.536082
0546294
0.556319
0.566166

L

1.035454
1.040777
1.046074
1.051344

60 -
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