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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.



ACKNOWIEDGMENTS

I should like to thank my supervisor, Dr. A, Bore, for his
invaluable guidance and help throughout the course of this work,
Thanks are also due to Dr, F.N, Cooper, for his usful advice and
discussions and to Professor S.E. Hunt for his interest in this
project.

I wish to express my gratitude to the technical staff of
the nuclear physics laboratory, of the main workshop and of the

computer centre of the University.
Finally, I would like to thank the Iragi Atomic Energy
Commission for providing me with leave of study throughout the

period of this work,






- iv -

TAELE OF CONTENTS

SUITLRY

LCEROWLEDGHENTS

LIST OF SYMEOL

——

S

)

s Al
CHAPTER ORE = FSCHNIQUE

U'l

RELATED TQ NEUTRCON STREAMING

IN NUCLELR SYSTEMS
1.1 &n introduction te znzlysis technigue for neutron
stTrecming vesens s oes e esnocss L R e o e She
1.2 The extent of the present WOTK ...cvescescnssonsns
1.3 £ litercture TevieWw .eiecesoseasecsnnes TSR e
1.3.1 The stztic experimentzl end theoreticel
treatment Vei s eiaeiaens A e e S
1.3.2 The dynemic experiment technigues znd the
theoreticel trestment ........ 10 Ve s e T
1.3.2.1 ALprlicetion of PST %o neutron

Etre?mingproblem P R RN S R A

1.3.2.2 Applicetion of NWT to neutron
strezming Pproblem ..eccessssssnnane

1.3.2.3 Comperison between PST and EWT ....

CHAPTER TWO : CONSTRUCTION OF £ MODULATED TEERMAL NEUTRON

SOURCE ASSENBLY

2.1 The fast neutron SO0UTCE sessseoran AT N e e 5
2.2 The externs]l modulstion of the fzst neutron

SOUTCE s s s s s s e s s s E Bt tE A S AR AR RS R R EES e B

2.3 The reocuired festures of the thermsl neutron

BOUTER. o s aisimisis s e o g Sisra e i e = e
2.4 Selection of the type of the neutiron Blgnal s
2.5 Thermelisstion using grephite ...... NisDelle e e

2.6 Neutron pulse shepe mezsurements in grephite

11
14

16

17



2.8 Fest neutron conteminetion of the thermel

neutron pulse . e i R ahNda Rt e SRR $R e
B o e T £ e = - =
2.9 Yodificztion of thermeslisetion srrengement .....
- ~ - e = = - - -
2.9.7 Therzelisetion with iron-grevhite ..vceven

CELPTER TEREE : THE DESIGE OF £ FON-NMULTIPLYIXNG ASSENELY
WITH VOIDS
3.1 The weter modeTetor ciceveenvvencennnscncnnnvone

3,2 The checice of void errengemenis ..ececceccacsnes

3.3 Construction of the void cell ..cceevevcnnncnnes

CHAPTER FOUR : FEUTRCKN DETECTICI AND DATA ACQUISITIOR

SYSTEM

4.1 The monitoring of the fest neutron production
4.2 Thermzl neutron detection in the experimentsl
26SeMDBLY cesovnrovetvinrersasssersrios beissasns s
4.3 The datz acquisition system .....cccveevenncnnns
4.3.1 Pulse generstion end signel anelysis .....
4.3.2 The freguency divider unit ....ceoceevercee
4.3.3 The duzl gete unit ..cvvveicvcesccacensnen
A.3.4 The start-stop unit ...cevececcnrcccnnanee

4.%3.5 lieasurement procedure ......cececccnncrnee

CHEAPTER FIVE : EXPERIVENTAL MEASUREMENTS AND DATA ANALYSIS
5.1 The mezsurement znd the analysis of the

experimentel detd ..cosecrnrrccrcccncaitancncces

5.1.1 Deta correction cecceecscsscocancccasacrees

5.1.2 Fourier snelysis of the corrected dates ...

5.2 The space dependent trenefer function «eeevveess

*r

.
A

g
o

W
53]

(S

w0

41

42

48

49
56
56

o n
O -]

wn
~0

66
66

68



54

wn
na
Sy

Fad

5.2.2 The frecuency response of the weter

Moderato T WiIthORT NOLAE aitdereira e st tiealuislss s

Ln

™

The frecuency resvonse of weier-void

.
A

e mamBl S aEat il Gron araelsiiaias e dreel s R et s e il als
Determinztion of spasce-independent neutron
WeVe DPETEMETEOrS «usessrennesssssssassscnssnhansss

5.3%.1 The mathemgticzl treztment ...c..ccveiivanve

[&7)

5.3.2 ipplication to the experimentel dzta s..s.e
Determinztion of diffusion znd thermslisestion

PITBMELETSE 4 siss catinmsins biss isamsis s v eimneis G miie s et

5.4.1 The mzthemzticzl tretment ..cieiceresdonsecs

I~

.2 tpplicetion to the experimentel dete ......

wn

CEAPTER SIX : TEEORETICAL MODELS FOR THE CALCULATIOKN CF

6.3

NWEUTRON WAVE PARAMETERS

Pindementzl concepts of neutron wasve celculations.
The methods of celeculetion of neutron weve
PErameters «.veesesesensstrsarosssosasasrasnsans
6.2.1 One group diffusion model .eesecsccsccccssns
6.2.2 The one group P-1 epproximstion model .....
6.2.3 The thermazlisestion theory model .....co00e.
Evalustion of veid effects on the neutron weve
PerametersS civriert it itnt ittt
The freguency dependence of 2nisotroPy .cccsesces
6.4.1 Eveluetion of anisotropy by diffusion

theoTY .ceceissrsncatnnssssnasrssssssssassensy

o
I~
ra

Evzlustion of enisotropy by P-1 theory ....

Evelusztion of znisctropy by thermelisetion

O
-
P~
M

THGOYN as s ainio n 0ibis o o0 a e s s aln s dionmin s e se e s

o
m
P

b

m
(1%

(45}
un

iy



7.2

7.4

T+5

7.6

EVEN @ TER VALIDITY OF TEE THECRETICAL FCDELS
Comperison between theoreticel rodele ...vevcevscs

<!
o
T
2
mn
N
0
Q
=}
i
=
d'
m
H
ol
H
Q
2
3
m
=)
=
o
=
b=
4
=
=4
g

T.1.2 Comperison of theoreticel resulils ...ivvees
Comparison between theoreticel znd experimentel
results, - weter moderator without voids - ......
Determinztion of the diffusion end thermeslisation
perameters for weter zssembly without voids .....
Theoreticzl results for weter-veid assemblies,

( computer programme VOIDWAVE ) +ecevsensnosncscs
Determinetion of the diffusion znd thermzlisetion
peraneters for weter-void cssemblies ...ceeevense

DIESCUSSION 017 BTTOYE iis s cieia vivieisis siale oo e sinioly slaiie s s
7.6.1 Errors zssociszted with experimentezl

COCHOLGIRE Ve chinaeibing s sissiniscesias sunsnss e
7.6.1.1 The chenges in detector efficiency
7.6.1.2 Errors in detector positions ......
Tabu2 - SYELeRatL e BYTOTE ) s slsavniaics boie o sibisisison
T6.3 Statistictl CLLODE seecososions tunensesatss
7.6.4 Errors associszted with t:e theoreticel
Caloulabinme’ .o s s vameis et sain Basmass s
7.6.4.1 The energy dependence of the system
nucleer parameters .isvearsconscnns
7.6.4.2 Errors ezssocizted with streesming

CaleULabiOnE o ialssrs is s sieis o alekeatels

CHAPTER EIGHT : CONCLUSIONS AND RECOMMENDATIONS

8.1

ConclNEABTIE vl s s sie s Inrais e biwe e aie e e thler o aie win >

8.1.1 Frecuency response megsurements ....coivees

146

157

159

171
L

173
173
175
175

176

178

178

179

—
w
&Y

="\
D
M



§.1.2 Thermel neutron weve peremeters

. -

I'gﬁesﬂrement ' R R R R R I A R O B T S I .--p‘ R ]

3&2 Keﬁ@mené&tions for future WOTK coevosoranssenns .

NDIX 1 : Computer code = ZROAD = cocceseorssersecranes

TR
- 4 - 1

W i

g -
R e
- :l_‘fl -




LIST CF SYIBOLS

o
|
]

B~ the geometriczl buckling, ecm

: i T
C Diffusion cooling coefficient, cecnm's
DO Diffusion constznt, cm

“’J

Extrepolestion lengih cm

£ =1

.F  Spectrum hzrdening coefficient,cm s

-1 =2
K Leagkege fecior, neutron.s em
Diffusion zres cm

N,-y Neutron Fexwellian energy distribution

=)

2: Macroscopic zbsorption cross section, cn
[
S’ Mzcroscopic scettering cross section, ¢x

: g ; : =i
E , Totzl Mecroscopic cross section, cm
1%

: . ; ==l
Y., Trensport macroscopic cross section, cm

.

I:S( ) Scettering kernel for neutron of energy E' scattered
E' — E
into energy interval between E znd E+dE, cm-1

Anplitude sttenustion per unit length constent, cmwiI

Phzse shift per unit lenszth, cm

: . =1
inverse complex relexsztion length,cm

£ v Y o}

=1
Source freguency, rad.s

N Teutron pulse decey constent, s |

(1) suffix o indiczte the sxiel direction

(1) Suffix to indicete the trznsverse direction.

A c e |
v Thermal neutron velocity st 22 C, cm.s

sl T . =
u Wave front veloecity cm.s 1



TECERICUES REIATED TC NEUTRCE STREAMING Mo

daie st o USad DLlLALlED L AoV L VI o Alell'LUNVG i

TN BNUCLEAR SYSTENMS
-t — bt R

At i e £ i puil]

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



i) 1

-

treaming of thermel neutrons along the vertical axis of long empty

m

cylincers placed in a water moderator. The key tc the guelity of the

m
1
Lo
-
0
<
D
ja
(=
(o
et
ok
1y
o
i}
m
L |
-
=)
m
L]
ct
b |
[¢]
(8]
{4 ]
m
(=8
jo]
m
|
m
o
=
m
M
-y
Hh
0
s |
ck
=
il
1G]
g
]
0
o3
2
o
(@]
(=
o |

ccostructicn of an optimum plane, thermal neutron source. Th

=)
n
4]
e
(B8]
ot
i)
o]
ct
n

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
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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
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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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constant) can be measured.
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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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