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SULMMARY

The source transfer function has been measured in
a natural uranium-light water moderated sub-critical
assembly as a function of source freguency and position,

A square wave input of fast neutrons from the D-T reaction
was supplied by a SAMES type J accelerator suitably
modified for the purvose. Thermal neutrons inside the
assembly were detected with lithium glass scintillation
counters and the time variation of the detector outputs
was recorded on a multi-channel analyser used in the time
sequence storage mode and synchronised with the source
pulsing frequency. By Fourier analysing the recorded
waveform the source transfer function was found. An attempt
was also made to determine the source transfer function by
detecting the prompt gamma radiation from fission.

Two theoretical models were used to determine the
spatially dependent source transfer function for a system
similar to the experimental one, The first was a multigroup,
multi-region two dimensional approach based on diffusion
theory and Telegrapher's equation which used a standard
static computer code(SNAP) to obtain the transfer function
at chosen frequencies. The other was based on the time-
dependent Fermi Age and diffusion theory and was limited

to a single region description of the system. Both methods



‘gave good agreement with each other and with experiment
but the first method showed an upper frequency limit of

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

INTRODUCTION

Historically, subcritical assemblies have been
used as static devices in which an 2squilibrium condition
is maintained between the nsutrons supplied by an
external source, the neutrons produced in fission, the
neutrons absorbed in the various materials of the
assembly, and the neutrons that escape from the assembly.
Such experiments give information about the infinite
multiplication constant and diffusion paramesters.,
However, the variation of the source strength in a pulsed
manner has also been used extensively in determining
neutron diffusion parameters since its early application
by Manley et al (1)* in 1942, Moderators, in particular,
have been studied repeatedly with this technique (2 to 6).
Pulsed-neutron techniques have also been extensively used
towards the determination of subcritical reactivities in
Nuclear Systems as reported elsewhere (7, 8).

A supplement to the pulsed neutron experiments
has been the neutron wave technique in which the neutron
source strength varies in a regular periodic manner., The
propagation of nesutron waves in both moderating and
multiplying media has been discussed by Weinberg and

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

—— i —— ——— — i ——— T —— . s T o o S i e S e T S - e e

* Underlined numbers in parenthesis refer to corresponding

numbers in the list of references.
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measurenents of diffusion parameters in graphite and
heavy water were performed by Raievski and Horowitz
(11) and preliminary experiments in graphite and in
water moderated subcritical assemblies have been
performed by Uhrig (12, 13). Later, the propagatién of
a sinusoidal disturbance introduced into the neutron
distribution of homogeneous and heterogeneous nuclear
-systems has been investigated experimentally by several
workers and surveys of the relevant literature are
available (14, 15).

The essential contribution to the field of
Reactor Physics from these investigations is that the
relative attenuation and phase shift of neutron waves
excited by an external modulated-neutron source are
strongly dependent upon the physical and nuclear’
properties of the medium through which the waves
propagate, OSuch neutron wave experiments have besen used
to obtain information regarding the diffusion, abscrption
and thermalization properties of the media, Also, many
elaborate theoretical works have been carried out for
the understanding of the neutron-wave problem,
Particular mention in this respect should be made of the
work of Mortensen (16), Moore (17), Williams (18),

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

The general opinion is that there is no
fundamental difference between neutron-wave propagation
and neutron-pulse propagation from the point of view of
the time-dependent diffusion and thermalization

phenomena (22). However, the neutron wave technique
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provides the advantage, compared with the pulsed-neutron
exveriments, that the method allows for two independent
quantities to be measured, attenuation and phase shift,

From the standpoint of reactor control, the
dynamic behaviour of a reactor (or indeed of any system)
is customarily described by its response to small
disturbances, This response as a function of the
frequency of the disturbance is called the transfer
function of the reactor.

The purpose of the present work is to study both
theoretically and experimentally, the space-dependent
transfer function of a nuclear system. The term transfer
function is used here in its classical electrical-
engineering sense as a relation between input and output,
No connection is implied with the familiar reactivity
transfer function of space-independent kinetics, Since
reactivity is an integral or whole-reactor parameter,
gspecification of the reactivity foect of an input does
not uniquely specify the input in a space-dependent
situation. (That is, a large number of different
configuration changes could give rise to the same
reactivity change, and yet induce cowpletely different
dynamic effects (23)). Therefore there is no such thing
as a space-dependent reactivity transfer function,

The early studies on reactor transfer functions
were derived from the time-dependent diffusion equation,
after the spatial dependence had been removed by assuming
that the flux shape was the fundamental spatial mode. The

reactor was then treated as a lumped parameter model
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(24, 25).

A reactor, however is not a lumped parameter
system, The distance between the input and output
devices, as well as their relative locations in the
system, can have a large effect on the measured
attenuation and phase shift of a disturbance as it
propagates through the system. As higher frequencies
are present and of interest, as in neutron wave and
random noise experiments, the time and spatially
dependent solution of the neutron flux behaviour is
needed to adequately describe experimental results. The
dispergive nature of the neutron wave propagation
phenomena in both multiplying and non-nultiplying media
was observed in the late fifties by Uhrig (12). ZLater,
Kylstra (26) and Cohn (27) provided further evidence,
both theoretically and experimentally, of the space-
dependent nature of the reactor transfer function,

The principal objective of this work was %o
select suitable models for the determination of the
transfer function in a suberitical Nuclear System and
then to test the validity of these models in a situation
of practical interest. To accomplish this objective,
two different theories were applied to determine
analytically the source transfer functions for a nuclear
system and special instrumentation was developed in order
to correlate the theoretical results with those obtained
experimentally,

Considerable effort was expended in improving

the method for pulsing externally the S.A.N.E.S.
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accelerator to produce a square beam current waveform
with an operating frequency range from 1 Hz to about
2 kHz, This was used to produce a2 constant amplitude
square-waveform source of fast neutrons from the D-D
and D-T reactions. Since the square wave can be Fourier
analysed into an infinite number of harmonics of the
fundamental it can be considered as the superposition of
harmonically related sinusoidal inputs and therefore the
methods of analysis can be based on a sinusoidal input.

A natural uranium-light water moderated
subcritical assembly was supplied with the square wave
of fast neutrons produced by the S.A.M.E.S. accelerator,
By varying the input frequency and by Fourier analyzing
the system response at different locations, the transfer
function of the subecritical assembly was measured as &
function of frequency and space. Both neutron and gamma
signale were detected by scintillation counters with
lithium glass and NaI(Tl) scintillators respectively.
These signals were fed into a multichannel pulse-height
analyzer used in the time sequence storage mode. The
.experimental results, after aralysis, have been compared
with those obtained by both theoretical models,

This work has been organised as follows. In
Chapter 2 a detailed description of the experimental
equipment used is presented. Chapter 3 contains the
methods developed for the analysis of the experimental
data, also including some experimental results. The two
different theoretical methods used to evaluate the

spatially dependent transfer functions are presented in
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Chapter 4, 1In Chapter 5 the theoretical results are
sunmarized and compared with those obtained
experimentally, Chapter 6 refers to an attempt made to
determine experimentally the system transfer functions
via photon observation, Finaily, in Chapter 7, the
principal conclusions drawn from this work are given.
Also in this Chapter, a number of additional '
experiments and analytical studies are suggested to

extend and complement the present work.



CHAPTER 2

EXPERIMENTAL EQUIPMENT

2.1 Nuclear Systenm,

The Nuclear System consisted of a light-water
moderated, natural Uranium subcritical assembly. The
natural Uranium was in the form of 166 cylindrical bars of
outside diameter 29.2 mm., 813 mm, long and 10 kg. weight.
These were inserted in aluminium cans 0.9 mm, thick and
supported inside a stainless steel tank by two perspex
fuel grids. The core shape was almost hexagonal with a
triangular pitch of 45.2 mm,

The water level was the same height as the fuel
rods, thus the core was unreflected on the top horizontal
face, The vertical faces were reflected by water with
thicknesses varying between 100 mm, and 270 mm. Water was
periodically purified by means of an ion-exchange column,
The stainless steel tank was placed on the top of a
graphite pedestal 533 mm, high. This provided both
slowing down material for the source neutrons and a
bottom reflector for the subcritical assembly.

This arrangement had an effective core radius of
3%3 mm, and infinite multiplication factor of 0.996,
calculated for a water to-uranium volume ratio of 1.5:1.
The volume fractions were,

U = 0.379, Al = 0.048, H0 = 0.573

A summary of some of the most relevant nuclear

parameters of the subcritical assembly is presented in

Table 1.
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Table 1l: Summarvy of Nuclear Parameters

; Parameter ! Value Units
| 1
i r
‘ 1
; K § 0.996" -
Ly 0.004135" e
;
L2 3,61 cn?
i L 0.000013" secs.
i
i 0.729 —
B 0.0064+* o
8 0.0079H* gec™t
++
. 1.076 -
2.07 fir
f 2
7 40.6 cm
2 i 2L0.0 =
+ ref, 22

+4 ref. 27

44+ ref, 28

A more comprehensive description of the

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

2.2 Neutron Generating System.

Neutrons, at energies of 14 lMev or 2.5 Mev were
produced using the T(d,n)Hé4 and D(-’d,n)He3 reactions with

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

titanium-tritide target type TRT51 or a titanium-

devteride target type TRD51,




it T
.

2.2,1 The S.A.M.E.S. asccelerator,

_‘

The denteron beam was furnished by the S.A.M.E.S,
type J accelerator shown in Fig.(2.1). The accelerating
voltage, produced by an electrostatic generator
hermetically sealed in a hydrogen atmosphere can be
varied from 0-160 Kv,

Fig. (2.2) shows details of the acceleration and
. beam electrodes together with the extraction system and
ion source. Deuterium gas, from a reservoir, is admitted
fo the ion source through a thermally activated palladium
leak, The ion source is excited by a 100 MHz, oscillator
and can produce currents on a target up to about 200 nA
under favourable conditions of steady running. Extraction
into the acceleration system is effected by applying a
0~-6 Kv repelling voltage to the electrode shown in Fig,
(2.2). The ions are concentrated at the entrance of the
extraction canal by the magnetic field of the coil
located at the base of the ion source bottle. An oil
immersed Cockcroft-Walton multiplier circuit supplies the
0-45 Kv required for beam focussing., These units, which
are situated inside the high voltage terminal, are
controlled through a system of isolation transformers
that are fed from variable transformers.

The target assembly, which was inserted into the
graphite pedestal and centrally placed 155 ﬁm. below the
bas2 of the core, was coupled with the S.A.M.E.S.
accelerator by means of a flight tube. A more detailed

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

The nature of the present work, concerning tﬁe

" measurement of the transfer function in a suberitical
assembly, requires a neutron population varying
periodically with time., A sinusoidal variation would be
best for analysis but for neutrons produced at an
accelerator target, the nearest eagily obtained waveform
is a square wave.

One important aspect of the present measurement
is that the output from the radiation detectors had to be
sampled by a multiscaler at regular intervals during each
cycle of the neutron pulse., Therefore the pulsing
frequency had to be a submultiple of that controlling the
channel-advance command of the analyzer. Therefore it was
necessary to pulse the accelerator with an externally
supplied signal in order to maintain synchronism.

Two main methods exist for producing a pulsed
accelerator beam QQ): post acceleration beam deflection
and ion source pulsing. The latter can be achieved either
by switching the radio frequency exciter or by pulsing the
extraction electrode, Post-acceleration deflection was
impossible with the present experimental arrangement due to
lack of space.

Ion source pulsing involves transmitting a signal
to the high voltage terminal containing the ion source
through a potential difference of 150 Kv, This has been
achieved by others (31) with a radio frequency signal but
the risk of creating stray rf fields made it necessary to

use a different method,



= 3
The method adopted was to transmit a light beam

across the potential barrier, a technique previously
proved to be successful when used with a 4 Mev Van de
Graaff accelerator (32) and later when used with the
S.A.M.E.8S, accelerator in a previous experiment (22, %),
In the latter, a sharp light signal correspondent to the
leading edge of a square pulse was produced by a
gallium arsenide diode type MGA 100 and transmitted to
the high voltage terminal of the accelerator to a light
sensitive diode type LS400. This was done by means of a
rigid, tight PVC tube which contained two lenses to
improve light collection and provide adequate focusing
to the LS 400 detector, This tube ran parallel to the
main insulating column of the accelerator as can be seen
in Fig. (2.1). The signal from the receiver diode was
amplified and used to drive a bistable circuit which
alternately rendered a power pentode type &L 84
conducting and nonconducting. This pentode was then used
to ground the screen grid of the oscillator double
tetrode type QQV06-40A and so switch the radio frequency.
For the present work, the modulated light beam
was still used to transmit the signal to the high voltage
terminal, Since the light emitting diode MGA 100 was
obsolete, it was replaced by the more efficient type
1A48 which has an output of 40 uw at 100 mA and a psak
wave length of 930 nm, and which can be modulated at
frequencies up to approximately 500 KHz, Also
modifications have been made to the driving circuit so
that the transmitted light pulse follows the shape of the

driving pulse instead of producing a short light signal
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Sinaioant vith.-the is4atng sake. e Finslfolreult ik
givan in fig, (2.3). Driving signals were taken directly
from the output of a dividing circuit network constructed
from SN T7490N and SN T493N integrated circuits.

The bistable circuits, originaily used to drive
thé switching pentode was found to be over-sensitive to
supply voltage variations when run for long periods.
Consequently it did not always respond to the trigger
pulse. In order to overcome this, the bistable circuit
and the switching pentode were replaced by a single high
voltage n-p-n transistor type BU 105, The base of this
was driven by a square wave voltage signal derived from
the transmitted light signal which was received by the
n-p-n planar silicon photo-device LS 400 and
. subsequently amplified by means of the SN 72748P
integrated circuit. The complete circuit diagram is
shown in fig. (2.4). It was found necessary to include -
adequate screening and filtering against the intense
radio frequency signals produced by the ion-source
oscillator. One advantage of this method is that the
beam pulse is always in phase with the transmitted
pulsae whereas previously the phases could differ by 1800,
depending on the initial state of the bistable,

When the base of the BU105 is made positive the
transistor conducts, In this mode, two different ways can
be followed to shut off the ion source radic frequency.
Th2a first method, which was used in the originﬁl S.A.M.E.S
pulsing unit, consists in reducing the voltage of the
oscillator screen grid to near earth, This leaves the

full high tension on the anode and on the coupling straps
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of the ion source bottle., In consequence, the plasma,
under certain combinations of gas pressure and high
tension voltage, may not always extinguish completely
thus giving some ion current during the off period of

the cycle. An alternative which has proved to be |
consistently reliable, was to use the BU 105 to short the
high tension supply to the whole oscillator to ground.

As shown in fig., (2.5) a 2k 100 W wirewound resistor was
inserted into the high tension lead between the power
pack and the BU 105 to act as a current limiter.

This method of pulsing can be easily adapted to
any desired rectangular waveform where the on period
differs from the off period, simply by applying the
appropriate waveform to the input of the transmitter.
For an applied square wave the system has been found to
operate reliably in the range of frequencies 1HZ to
2000 HZ.

Since this method of pulsing the accelerator no
longer includes the pulsing unit designed by S.A.M.E.S.,
it can be adapted to other accelerators.

Details of the pulsing system have been

published (33) as shown in Appendix 1.

2.3 Detection and data acquisition systenms.

The variation of the neutron and gamma populations
of the subcritical assembly were monitored by means of the
detection and data acquisition systems. The major
components of these were the radiation detectors with
their associated amplifiers and discriminators and the

data acquisition unit,
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An important feature of the detection system was
that two detectors were used simultaneously. One of
them, a neutron detector, was always placed at different
heights in the central line of the assembly., The other
one, either a neutron or a gamma detector, was placed
in the same plane but at different radial positions.
This permitted the direct comparison of phase and
amplitude between different detector positions and the
repeated centreline measurements also were a good
measure of reproducibility of the results.

A good consistency was achieved; both amplitude
and phase lag correspondent to different runs were found
to be in a range of =2 per cent, This deviation would
be in part due to the detection system itself and the
statistical nature of the data, and in part also to the

different running conditions of the accelerator.,

2.3.1 Neutron detectors.

The main requirements for the neutron detectors

were:

(i) High thermal neutron efficiency,

(ii) Very low efficiency for other types of
radiation, i.e. fast neutrons and
gamma rays.

(iii) Small volume,

In order to achieve this, the following

detectors were considered,
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(1) BF‘3 Counter,

The reaction

WO e ntie o Tt goa s 2,78 Moy

is widely used for thermal neutron detection(}g). The
cross section of the reaction is 3840 barns at
2.2 x 10° m/sec. and follows the 1/v law for energies
less than 30 Kev (jﬁ). The reaction is easy to detect
even in the presence of high gamma fluxes because of the
high specific ionization and the large energy of the
charged particles which are released.

Because of the drop in the cross section for
the B0 (n,y) reaction with an increase in neutron energy,
the sensitivity of this detector is very small for fast
neutrons,

The main disadvantage of the BF, detector is that

3

large volumes of active counter are required in order to

obtain a reasonable efficiency.

(2) 3He detector chamber.

3He undergoes the following reaction,

He + n—— 5 H + p + T65 Kev

This reaction has rather ideal properties for
neutron detection and particularly for neutron
spectroscopy (34). The cross section, starting at 5400
barns for thermal neutrons, varies smoothly over the
entire energy range, having no resonances, The
efficiency for thermal neutrons (36) is up to 20 times
that of a BF3 counter of the same size. The major

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

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

(3) Pission chanmber.

The fission reaction is important in nuclear-
radiation detection by using either the kinetic energy of
the fission products or their resulting radioactivity.

Pission chambers containing the thermal fissionable

2338, 2350 or 239Pu are efficient thermal-neutron

nuclei
detectors. Their cross sections follow more or less a
.% dependence in the thermal neutron region. Also, the
large enargy released per reaction makes it possible to
discriminate against much larger fluxes of gamma rays
than with detectors employing the (n, « ) or similar
reactions (37). On the other hand, their sensitivity is
rather low, for example (38), a BC counter can be built
to have a sensitivity of one to two orders of magnitude

higher than that of a fission chamber of the same

physical dimensions.,

(4) 5% Blans scintillator.
6

Li nundergoes the following reaction:

~
D

e I > H2 + o + 4.78 Nev

The cross section for this reaction is 936 barn at

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

scattering cross section for ther;al neutrons is 1.4 barn.
The main advantage of lithium detectors is that they

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

crystal made from natural lithium has an efficiency of

697 for thermal neutrons. The major disadvantage is that

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

gamma ray pulses can give serious trouble at high gamnma
ray levels. This disadvantage can be avoided by using
very thin crystals highly enriched in Lis.

As a result of compromise between efficiency, size
and gamma and fast neutron discrimination, L16 glass
scintillators were selected for the present measurements,
They consisted of Cerium activated lithium silicate
glass (type NE 905) containing 6.6#4 1lithium enriched in
éLi to 95%, size 25.4 mm, x 3 mm., They were optically
coupled to EMI 9524B photomultipliers and housed inside
tight aluminium tubes identical to those used for
canning the natural uranium, They could thus be
inserted in place of a fuel rod, Neutron streaming was
minimized by filling the aluminium tube with a solid,
centrally hollowed polypropylene rod. Both high tension
and signal were conveyed through the central hole with a
coaxial cable,

Pig. (2.6) shows the neutron detectors located in
different axial and radial positions inside the gysten,
They were suspended by a sliding aluminium collar
resting on the top of the fuel elements and fixed
parallel to them by means of perspex rings.

The signals from the photomultipliers were fed into
charge sensitive amplifier-discriminator units type

NM 115, High tension was provided by two NM 120 units.
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FIG.2.6 NEUTRON DETECTORS LOCATED INSIDE THE SUBCRITICAL ASSEMBLY
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2.3.2 Gamma detectors.

The two major properties considered in the choice
of the detector were the detector efficiency and the
neutron resvonse,

The two more useful detectors for Yy -ray
detection are the lithium gzrmanium (Ge(Li)) semi-
conductor detector and the NaI(TL) scintillator

detector,

(a) The Ge(Li) semiconductor detector.

The interaction processes producing secondary
ionizing electrons are the photoelectric effect, Compton
scattering and ﬁair production (E > 1,02 Mev)., The
probability of these processes increases with the atomic
number, Germanium has an atomic number of 32 and
consequently the detector has a poor efficiency for gamma
ray detection. The great advantage of the Ge(Li)
detector is its excellent energy resolution, This is
unimportant in the present measurements because we are
concerned with a very broad spectrunm,

The main disadvantage is that the detector is very
sengitive to neutrons, particularly fast neutrons. The
main detection mechanism for slow neutrons, i.e. energies
below about 0.5 Mev is the radioactive capture process.
The (n,y ) cross section for Germanium is 2.4 barn for
thermal neutrons (41). The main fast neutron processes
are the (n,n'Y ), (n,p) and (n,a ) reactions. Both the
(1,p) and (n, @) reactions, besides causing prompt neutron

detection, generally produce unstable reaction products

(42).
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The Ga(Li) detector is very susceptible to damage
caused by continued exposure to fast neutrons. Fast
neutrons produce crystal defects such as the
displacement of atoms from their equilibrium sites
leaving vacancies and intersitial atoms in the lattice,
Radiation damage mainly affects the energy resolution of
the detector. Ortec, manufacturers of Ge(Li) detectors
state that a rapid deterioration is produced by a fast

neutron exposure of more than 108 neutrons/cmg. The

011

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

(b) The Na I(Tl) scintillator detector.

Iodine has an atomic number of 127, This makes the
Na I (T1) a very good y -ray absorbing material relative
tc the Ge(Li), For this reason, and as Nal is a very
dense material, 3670 kg. m™>, it has a very good intrinsic
Y -ray detection efficiency,

On the other hand, the Nal(Tl) detector is sensitive
to neutrons. -

Because of the variation of neutron reaction cross
section with energy, the neutron response is very energy
dependent., For slow neutrons, the major response is from
capture in the ibdine. This reaction has a cross section

of 7.0 barn (39) for neutrons of 2200 m.5"L, The

resulting Y-ray energy spectrum correspondent to 128I is
almost continuous with a maximum at 6.71 Mev which is

the binding energy of a neutron in 1281. Neutron
capture in iodine also leads to an increase in the
background due to 25 min. decay of 12"}I to 128Xe.

The predominant neutron detection mechanism in the
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fast neutron energy range (0.5 Mev - 14,5 Mev) is by
inelastic scattering (igﬁ. In the lower energy end, the
induced activity ie mainly due to the (n,y ) reaction
with the iodine, and at the high energy end of the range,
the induced activity results mainly from the (n,2n) and
(n,p) reactions with the iodine., These reactions, which
lead to an increase in background, have a cross section
of 1.3b and 230 mb, for neutrons of 145 Mev (39).

As a result of compromise between detection
efficiency and neutron response, Na I(Tl) scintillator
detectors were used for the present measurements,

Three different detectors were used. They were the
following:

(i) Size 12,7 mm, dia. x 19.05 thickness

optically coupled to an EMI §524B
photomultiplier,
(ii) ©Size 44.5 mm, dia. x 38.1 mm, thickness
together with a 6097B photomultiplier.
(iii) Size 101.6 mm, dia. x 101.6 mm, thickness.
It was optically coupled to an EMI
9530 B photomultiplier,

The first two scintillators ware used in
connection with charge sensitive amplifier-
disceriminator units type N¥ 115. The high tension was
provided by NM 120 units.

The signals from the third detector were fed into
Nuclear Enterprises units type NE 5259 and NE 5159C.
High tension was provided by a NE 5353 unit.
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2.3.2.1 Gamma detector shielding.

Because of the sensitivity of Nal(T1)
scintillator to neutrons, adequate detector-shielding
was needed,

The detector shield should provide:

(i) absorption of slow neutrons
(ii) absorption of secondary penetrating
radiation, e.g. yrays.

There are three widely used materials for slow
neutron absorption which are cadmium, lithium and borom.
Moderation of fast neutrons was already provided by the
water and graphite reflectors,

Cadmium is a very efficient thermal neutron
absorber, The absorption is by radioactive capture but
the many hard y -rays emitted in a single capture process
make it unacceptable for use in a neutron shield
requiring a low y -ray background.

The cross section for the 6Li(n, a)3H reaction is
945 barns at thermal neutron energiecs (0.0025 ev). The
unstable tritium decays, by g-emission with a 12,3 year
half life, to helium again without . emission. Also, the
lithium neutron-scattering cross-section is negligible,

6Li has an

A disadvantage of the use of lithium is that
isotopic abundance of only 7 per cent.

The dominant neutrﬁn reaction on boron in the
thermal rangs is the (n, o) reaction on 103; Its cross
section is 3840 barns for 0.0025 eV neutrons. The
product nucleus for this reaction is 7Li. In 94% of the

reactions, the nucleus is formed in an excited state
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giving rise to a 0.424 Mev  ray. OB has an isotopic
abundancs of 19,7%.

A boron compound was chosen in preferance to a
lithium compound because of the larger cross-section
and isotopic abundance of the relevant isotope., The
0.47 Mev Y -rays produced in the 1OB(n,CX)7Li reaction
can largely be absorbed by the Y-ray shield.

The inner part of the shield consists of a
suitable ¥ -ray absorbing material, Almost invariably
lead is used for this purpose because of its density and
high atomic number., It shields the detector from Y-rays
produced by reactions in the shielding material and from

o

the general background such as the X rays generated by the
decay of thorium,

The lead shield was 10 mm, thick at the side of
the detector and had a maximum thickness of 15 mm, in
the front side of the crystal., This thickness corresponds
to the half thickness for 3.5 Mev gamma rays which are
the most penetrating Yy-rays in lead (ii)‘

The lead shield was surrounded by a 24.5 mm, thick
laysr of boric oxide powder, This thickness absorbs
nearly 100% of a neutron flux up to a neutron energy of
over 1eV (39).

The small NaI(Tl) crystal was used for inside
core measurements, It was located inside an aluminium
rod identical to those used for canning the fuel elements.

The other two detectors were used for
measurements outside the system. They were placed

horizontally in a central position in either the front or
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the back side of the subcritical asseémbly, Different
axial positions were achievéd by sliding the detectors
upwards and downwards. Fig. (2.7) shows a gamma
detector in position outside the system,

In order to monitor the neutron population
inside the subcritical facility, a neutron detector was
used simultaneously with the gamma detector. The latter
was always placed in the center of the system and in the

same plane as the gamma detector.

2.3.3 Data acquisition systen,

Fig. (2.8) shows a block diagram of the experimental
set-up, including the detection and pulsing networks
together with the data acquisition system,

The data acquisition system was built around a
RIDL (Nuclear Chicago) model 24,2, 400 channel analyzer
uséd in the time sequence storage (T.S.S) mode, In this
mode, each channel counts the number of pulses delivered
into it during a fixed time interval. The analyzer
required the following input signals:

(i) Channel-advance address signal, and
(ii) Signal Input from the detectors.

In the T.S.S. mode, each channel records the
number of counts between time t and t +/\t, where At ig
the channel width, BEach channel address advance signal
triggers a programme cyclé which transfers the accumulated
counts from the scaler into the memory core for the
assigned channel, resets the scaler and changes the
address channel to the next saquentially higher one.

The total time required for going once through
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FIG .2.7 GAMMA DETECTOR LOCATED OUTSIDE
THE SUBCRITICAL ASSEMBLY
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each channel wasg then 400 Zl t. As two detectors were
used simultaneously, the signals from each of them were
fed into the analyzar for alternate periods of 200 /\t.
By following this procedure, each half of the analyzer
memory was always storing information corresponding to
the same detector,

A PFarnell modular pulse generator was used to
produce the required signals to control the whole
experimental arrangement. It was assembled to provide
Simultaneously two signals identical in frequency but
different in width and height.

One of the signals, of 6V amplitude,l n sec
duration and frequency F(Hz) was fed into a frequency
divider network., This unit was built from SN 749N and
SN T493N integrated circuits., It produced square
pulses of 3.5 volt amplitude which were used to control
the following networks:

(1) Driver and transmitter for the ion

source pulsing as described in
section 2,2,

(ii) Dual Input gate, and,

(iii) Start and reset unit.

The other signal from the pulse generator,
negative, of 10 volt amplitude and 1 @ sec duration, was
used o trigger the channel-advance address command of
the P.H.A,

Fig. (2.9) shows a diagram of the dual input gate.
A > istable circuit based on BC 107 npn transistors was

used to gate the input pulses coming from one of the
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detectors while the pulsesfrom the other detector were
allowed to pass through. When a positive voltage is
applied to the base of one of the transistors, it
conducts and the signal is earthed through the diode
OA 200, At the same time, the other transistor is not
conducting and a positive voltage is being apolied to
the anode of the diode, thus allowing the pulses to be
transmitted.

The P.H.A memory input requires signals of
+ 12 volts in amplitude and around ] n sec duration., So,
the pulses had to be amplified and shaped to match the
analyzer requirements., The amplification and pulse
shaping stages can also be seen in figure 2.9,

The bistable was triggered by 3.5 volt signals
coming from the frequency divider with a frequency of
F/200 (Hz). Therefore, the signals from each detector
passed through the gate for alternative periods of
200/ /\t.

The P.H.A. starts recording when a pushbutton
is pressed. So, there was a complete uncertainty about
which 200 channels corresponded to each detector, 1In
order to overcome this, the first channel address advance
signal reaching the P.H.A. was synchronized with the
detector gate triggering pulse., This eliminated the
random starting of the P.H.A. and provided the first 200
channels for one detector and the rest of them for the
other,

This synchronization was achieved by using the

network represented in Fig., (2.1Q).
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When a positive voltage is applied to the base of
the pnp channel F31%909, it does not conduct and it has a
resistance of several megaohms . So, the negative pulses
go through., On the other hand, if no voltage is applied
to its base, its resistance is of the order of a few
hundred ohms and the pulses are driven to earth.

The base voltage was supplied by a set-reset
bistable based on XTX 300 npn transistor which was
triggered by the leading edge of a. square pulse produced
by the frequency divider network, This pulse was exactly
the same as that used for changing over the dual input
gate bistable., Its frequency was, therefore, of F/200
(Hz).

The following procedure had to be followed in
every measurement:

(i) The set-reset unit was reset. Therefore
no pulses reached the channel advance
command of the P,H.A.

(ii) The P.H.A. was started by pressing the
start pushbutton. As the channel
advance signal was not reaching the
P.H.A., all pulses reaching the
analyzer from the detector, were
stored in the first channel.

(iii) The set-reset unit was set automatically
by a signal from the frequency divider.
Therefore, the channel-advance pulses
could then reach the channel advance

command of the P.H.A,.
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(iv) The recording of pulses was stopped
when required either by stopping the
P.H.A. or by resetting the set-
reset unit,

(v) Finally, the output from the

measuring system was displayed on
an oscilloscope and also recorded
on a typewriter, Also, coupled to
the analyzer, was a graph plotter
unit.

Pigs. (2.11) to (2.18) show photographs of the
oscilloscope for different frequencies. They correspond
to two neutron detectors located in the same plane but
in different radial positions and they show the main
range of frequencies covered in the present measurements,

It can be seen from the photographs how at low
frequencies, the neutron population follows source
variations closely. At higher frequencies, howevef, the
neutron variation within the assembly aporoaches more
closely the findamental oscillatory component of the
gsource distribution, Also, the photographs show clearly
how half of the memory of the analyzer was storing
information corresponding to each detector,

Figs. (2.19) to (2.25) show the neutron and gamma
populations of the system., The gamma detector was
located outside the subcritical assembly in the same
plane as the neutron detector. The latter was placed in
the central line of the system.

At low freguencies, the gamma population follows
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FIGS. 2.15 to 2.18 NEUTRON DETECTORS RESPONSE
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1000 Hz.

FIGS. 2.23 to 2.25 NEUTRON AND GAMA
DETECTORS RESPONSE
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the same trend as that of the neutrons. At higher
frequencies, however, the gamma population varies in a
completely different way from the neutron one, This
effect will be discussed in Chapter 6.

Finally, a photograph of the data acquisition

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

ANALYSIS OF EXPERIMENTAL DATA

AND EXPERIMENTAL RESULTS,

In this Chapter, the method used to obtain the
frequency response characteristics of the subcritical
assembly from the experimental data is presented. The
method includes firstly raw data corrections for the
effects of losses due to the analyser and background.
Next, by Fourier analyzing the corrected data, the
output response of the system is resolved into
components harmonically related to the fundamental
period. PFinally, the amplitude and phase angle both for
the fundamental period and its related harmonics are

determined from the Fourier analysis.

3.1 Loss of data due to analyser.

As described in Chapter 2, each channel of the
analyser records the number of pulses delivered into it
during a controlled period of time, Thus, each channel
records the number of counts between time t and t + T,
where T is the dwell time per channel (channel width).

After a recording period of time, the true

counts Q that should be in a given channel is given by:
Q:NCT TR (301)

where ¢ is the average true count rate per cycle and ¥
represents the number of neutron cycles.
In practice, the recorded counts per channel,

Ql are somewhat smaller than the true counts that should
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be in that channel, 1In this section, a relationship
between Q and Ql is found by taking into account the
analyzer memory transfer time (7) and dead time (4).

The probability of n counts being recorded into
the same channel in time t is given by the Poisson

distribution,

P(n,t) = ass e (3.2)

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

the expression
ot = oxp(0,t) + 1 x p(1,t) + 2 2 p(2,8) + ..... (3.3)

The analyzer memory transfer time is 12.5 pusec.-
There is a temporary store which records one event
occurring in this time. Therefore, the recorded counts
in time Y averaged over many cycles are given by the

expression,

r(r) = lzp{lya) + 1xp(257) + oo =
= C'Te-cq—'!' (C’?‘)2 o~ (07)3 il

21 31!

1]

i R R R (er)? + (er)’ - ]=
2! 31

___a—C’T[ BCT-—]_]

55 eali il aleca

=

The fraction of counts occurring in time 7

that is recorded is e T

CcT
Therefore, the recorded counts per channel are

given by the expression,
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If each event (or count) processed has an
associated dead time § , then, neglecting memory transfer
time 7 the "true" count rate c is related to the observed

count rate c1 by the expression,

c = ol or, AT e oan ik 3:6)
l—cld‘ 1+ c¢cd

-

This applies to the counts received in the
interval T - 7 but not in the memory transfer time.

Hence, equation (3.5) becomes,

. (1 _.S':_.) A -CT

Q1=Q[ __-_-_-_—-T—.—+(%-—) (L“‘Q‘-—)] e o0 = (3'7)
l1+cd cT
and therefore,
Ql

Q = 1 - A~ -CT

kel =R
1.'..06‘ T CT TR (3-8)

This expression was used to correct each channel
content recorded by the analyzer. This was done by means
of subroutine CORRECT (computer program DATACOR) in which
an iterative technique was used to evaluate an
approximate value of the true count rate c¢. This value
becane n2arly constant (i 0.001) after two or three
iterations. The initial value taken for ¢ was the

uncorrected count rate,
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3.2 Harmonic Analysis.

Conventionally, the frequency responss of a
nuclear system is measured by applying a sinusoidal wave
of known frequency to the input and measuring the |
amplitude and relative phase of the output., The process
is repeated for all frequencies of interest., This is
tedious and prompts one to seek other forms of
excitation that are rich in harmonics and apply many
sinusoidal frequencies simultaneously to the gystem
input. One such form of excitation is the injection of
a neutron source whose time variation is a square
waveform, Since the square wave can be Fourier analyzed
(45) into an infinite number of odd harmonics of the
fundamental frequency, it can be considered as the
superposition of sinusoidal inputs and therefore may be
used in a similar manner to a sinusoidal input.

By definition (46), any arbitrarily defined
function f(x) in the interval - 7<x<w can be represented

by a trigonometric series of the tyne,

i
lo

£(x) + a1 COS X + 8, COS 2 X + ... + by sin x +

2
+ b2 sin 2 X + ... =

(a

i cos r X + b_ sin rx)
-2—+r>_;.lr T

sesse \5.9)

where the coefficients aj, a, and b, are defined as,

r

1 7 #na (3.10)
a —] X X PR .
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The resulting series is called the Fourier sseries
of f(x) and the coefficients so defined are the Fourier
coefficients.

In the present work, the channel content for each
of the 2 N channels contained in a cycle was expandad in
a series of sine and cosine terms as in equation (3.9).

This procedure permitted the calculation of the
Fourier coefficients a. and br which were used to
determine the amplitude Ar and phase anglee.r for the

different r harmonics by using the relationship,

a, cos rx + b, sin rx = Ar sin (rx + er) N R

By equating equivalent terms,

Ar = (ag + brg)i— 0-00(3014)
and,
€, = arctan (ar'/br') sl ko)

3.2.1 Numerical determination of Fourier Coefficients.

In this section, the method used to determine the
Fourier coefficients is presented,

The values f taken by a function f£(x) at the
points X = mm, A S 2N - 1) can be Fourier

N
expanded (47) in such a way that the equations,
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f = ao +N“‘.l ( a_. cos Tmr + b_ sin wnr>+ ay
n 5 r=% T o ¥ s - 5 cos Tn

siane (NS AE)
are gsatisfied., Thus, by making £, correspond to the
content of the 2N channels contained in a cycle, the
Fourier coefficients an. and br could be used to determine
the amplitude and phase angle for up to r(r = 0,1,...N-1)
different harmonics.

The solution of the system (3.16) is well known
(&Q&EQ),

2N-1
L. 9 Tnr
a = = f co8 —— s a0 e (3017)
T i N
2N-1
it ..]:. (=] ’EI.LE
b.= § ni% z, ein Uy e kR NB)

In order to calculate the values of an. and br’
let us congider, for each r = 0,1 ,... N = 1, the

numnbers U defined by
n,r

TY

Un,r =f,+2cosy Un+1,r - Un+2,r it 3019
where,

Usnei,r = Yow,r = © vees (3.20)

It is found following reference (51), that

3 LT

ar=N(fo+ULr cos ' —U2}r> Eoe G321
1 : mr

br - -N'-' Ul)r' sin N o e e (3022)

To see this, suppnose ( dropping the subscript r ) that,



2N-1 2N-1
Uyp 8inx= 3 £, sin (j-n)x = P fj gin (j-n)x

j=n+1 J J=n
. sas L 3,25)
then,

(fn + 2 cos x Un+l - Un+2) sin x =

2N-1
=f elnx+ T £.]2 cosx gin (j-n)x-sin (j-n-1)x ]
J
j =n+1

2N-1
=f sinx+ 3 f. (j-n+tl)x =
j_—.n+]L J

2N-1
= 3 fj sin (j-n+l)x =

j=n

g s | R

which yields (3.19) and (3.20).

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

(fn +U ., co8 x = Un+2) sin x =

2N-1
=f ginx+ 2 fj [ cos x sin (j=n) x -~ sin(j-n-1)x ]
j=n+1 ’
2N-1
=[f, + = £, cos (j-n)x]sin x =
j:l’l-’*l J
oN-1 _
=[ = £, cos (j-n) x ] sin x coiesl K 3.25)
j=u, ¢

By making n = 0, equation (3.25) yields the
value of a, as given by equation (3.21). Also, by making
n =0 in equation (3.23), the value of b. as given by

equation (3,22), is obtained.
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Therefore, by following this simple numerical
procedure, the Fourier coefficients can be evaluated
from equations (3,21) and (3.22) by using only one sine
and cosine function per harmonic and by evaluating
Uo’ Ul and U2 from the recurrence relationship (equation
3.19) working from n = 2N-1 to O. This involves much
less computational work than the direct evaluation of
equations (3.17) and (3.18).

This method was applied to develop the computer
program subroutine FOURIEZER which evaluates the constants
a, and br end computes the values of the amplitude and
phase angle for every one of the N-1 harmonics. 1In
practice, it was found that reliable information could be
found up to and including the fifth harmonic. The
subroutine FOURIER is listed in Appendix 2 as part of
the computer program DATACCR,

This method of calculation was also successfully
used by other workers with both an odd and an even number

of data points as described in reference (52).

3.3 Computer Program DATACOR.

The experimental frequency response
characteristics of the subcritical assembly were analyzed
by means of the computer program DATACOR. The code, which
was written in Algol for an ICL-1905 system, includes
the calculations discussed in the previous sections of
this Chapter and provides a graphical output of the
amplitude response of the system for every input
frequency and its corresponding harmonics.

The output from the analyzer was fed into the



e

program which performs the following major operations:

1 -~ Corrections for dead time and memory transfer
tinme,

2 - Background corrections,

3 = Pourier analysis of the corrected input data,
This includes the determination of both the
amplitude and phase shift responses of the
nuclear system for any input frequency and
ite different harmonics.

Before making any corrections, the input data is
reduced to one neutron cycle by adding-up the time-
equivalent contents from each cycle and then calculating
the average content per channel, This is performed by
subroutines PLCKGRCUP and ARRANGE.

Corrections for dead time and memory transfer
times are performed by subroutine CCRRZCT, This
gsubroutine is based on the scheme discussed in section
Dadie

Once the data has been corrected for losses due to
the analyzer and the background content per channel has
been subtracted, a2 Fourier analysis (as discussed in the
previous sections) is carried out by subroutine FOURLER.

Subroutine FOUREXIT provides both numerical and
graphical output for subroutine FOURIER, The numerical
output includes both amplitude and phase shift and was
linited to the first seven harmonics. The graphical
output was limited to the first, third and fifth
harmonic contents. The graphical output is based on

subroutines PLOTCROSS, PLOTROMB and PLOTSQUARE,
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Subroutine FOURHEAD provides the heading for
the lineprinter ocutput of subroutine FOURIER,

The program can be used with data corresponding
to either one or two detectors. In case of two
detectors, subroutine BACKORDER and DATACRDER are used
to prepare the background and experimental data in such
a way that each half of the values always correspond to
the game detector.

Subroutine LINEPRIN provides with an optional
graphical display of the raw data on the lineprinter.

Subroutine PLOTBULK commands the graphplotter:
for drawing the axis and titles for the graphical output.

Subroutines OPENPLOT, CLOSEPLOT, HGPLOT,
HGPSCALE, HGPAXISV, STRARR, HGPLOGAXIS, HGPSYMBL
and HOPWHERE, are standard subroutines for the ICL 1934/4
graphplotter (53).

Finally, a listing of the program together with
‘an input and output examples is presented in Appendix 2.

A schematic block diagram of the code is also shown in

3.4 Exoverimental results.

The space-dependent transfer functions for
different source-frequency configurations were measured
by varying the frequency of the square wave modulated
neutron source and observing the amplitude and phase
shift of the resultant fluctuating component of the
detector response as a function of source frequency. The
neutron source frequency was varied within the working

limits of the pulsing system, i.e., between 1 Hz and
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2 Khz., The techniques used for analysing the detectors
response were those discussed in the previous sections.
Figures (3.1) and (3.2) show the amplitudes of
the frequency response functions of the subcritical
assembly for a particular detector location as given by
the computer program DATACOR, It can be seen how by
Fourier analyzing the detector response, it was possible
to extract additional data from any set of measurements
for every source frequency. The results obtained over a
wide range of frequencies shown that, up to and
including the fifth harmonic, the data obtained from
higher harmonics is seen to be in good agreement with
that computed from the fundamental component of the
detector response, Furthermore, data corresponding to
the seventh harmonic proved to be reliable for source
frequencies included in the range of 10 Hz., to 500 Hz.,
being unrealistic and showing significant variations
for source frequencies outside this range.

Figures (3.1) and (3.2), as well as all the
experimentally obtained figures presented in this work,
correspond to measurements carried out with source
neutrons produced from D-T reactions. The reasons for
using the D-T instead of the D-D reaction can be
summarized as follows:

(i) Much higher neutron yield (approximately 100
times). This was of vital importance in the present
experiments where the oscillator R.F. and ion source
extraction voltage had to be kept as low as possible in
order to ©provide a reliable and steady operation

of the pulsing system.
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(ii) Experimental measurements have shown how the
system response characteristics (transfer functions) do
not depend either on the neutron source intensity or its
strength,

The response of the nuclear system proved to be
very sensitive to different output locations,
Measurements were taken for different radial and axial
detector positions. TFigs. (3.3) and (3.4) show typical
examples of the neutron detector responses over a number
of different axial locations. Measurements correspondent
to different radial positions are presented in Figs.
(3.5) and (3.6).

These curves are the result of a jeast squares
fitting performed by means of the computer code UAOL (54).
It can clearly be seen from graphs (3.3) and (3.4) how
for frequencies of upt to 100 Kz the amplitude decreases
very slowly. For higher frequencies, the amplitude
decreases much more rapidly and the spatial differences
become more noticeable, It can also be sesen how the
spatial differences are more noticeable for points closer
to the external source. All these effects can be
observed very clearly in PFigs. (3.7) +o (3.10)which
represent the variation in amplitude with respect to the
axial vposition for a wide range of frequencies.

Figs. (3.5) and (3.6) represent the amplitude
response for different radial positions inside the
subcritical assembly. Here no spatial differences are
noticeable for frequencies below approximately 100 Hz,

and below this frequency, the differences are rather
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EXPERIMENTAL TRANSFER FUNCTION
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FIGS(3.3) AND (3.4) AUPLITUDE RESPONSE FOR DIFFERENT AXIAL
POSITIONS



AMPLITUDE
-0.000 0.200 0.400 0.600 0.800 1.000

AMPL I TUDE
~0.000 0,200 D0.400 0.600 0.800

50

EXPERIMENTAL TRANSFER FUNCTICN

|

1] T TII1I1| ] ] 1ITI‘H| | TIIHIEi T I 1IITT1']
10 102 107 io*
FREQUENCY (HZ)

—

EXPERIMENTAL TRANSFER FUNCTION

H=30.0 CMS

R= 0.0 CMSIA)
=9, 14 CUEIB)
=18.3 (MSC)
=27.4 CMS(D}

E-REFLECTCR

1.000

|

NaBceD
I 1 ITIIHI 1 1 r||1|1] | | IlHlli T | 1!11”;
10 10° 103 10*
FREQUENCY (HZ)

[y

PIGS(3.5) AND (3.6) ANPLITUDE RESPONSE FOR DIFFERENT RADIAL
POSITIONS



NOILISOd IVIXY HLIM 320NLNdWY NI NOLVIYVA Q3sNSVIW (&) aNv (LE)-SOld

(SW2) 3ONVLSIA TVIXY (SW3) 3ONVISIA TVIXY

09 05 0% ot 0z ol 0 09 05 07 0¢ 0z. ol
1 1 1 1 1 ! 00 1 1 1 A 1 1
10
20
ZHOD9L @ ZH000}
% co
>
o <
5
=
o |
50
2H 00§ m ZHO0S ©
m
90
!
(@
0
I Lo
2HOSZ ZHOSGZ
ZH 051 €0
THODL
TH OS5
60
2o |
0

SW 99167y

0

d

G0

10

z0

70

50

Lo

90

60

C

JANLITdNY



W=

2HpSsZ

| o o
D/OI/IOI/M

NOILISOd IVIXY HLIM 30NLINdWY

('SW2) IONVLSIA VIXVY

09 05 07 0c 04 (o]} 0
1 1 | 1 1 1

00

"ZHOOCI

ZH00S - S0
/ - 99
/ l.__..o

ZHQSI - 80
‘ZHO0I @
2405 @ o

SWICETLETY

NI

JANLNdNY

NOILYIHVYA Q3"WNSY3IW . (0LE)ONY (6°E)SO1d

(SW2) 3ONVLSIA TVIXY

om nm 9 om cm
1 1 1 1 1

ol
1

ZH000!

THOGI

24008 /
/
SRO5% //

ZHO0L ©
ZH 0S v

ZH

I

|

'SWwo8gZgl Y

00

10

0

0

S0

90

A

80

§0

01

AdNLINdNY



-62-
small, This effect could be explained due to the fact

that the nesutrons produced in an almost point source are
spread out inside the graphite pedestal which supports

Ithe system and enter the system in a broad beam. However,
a much bigger spatial difference is found in the

reflector where the response is more attenuated due to the
much longer neutron lifetime in the water reflector. The
Baﬁe effects are seen even more clearly in Figs. (3.11) to
(3.14) which show the variation in amplitude with respect
to the radial position for different frequencies.

With regard to the phase response characteristics
of the subcritical assembly, a very similar pattern is
observed as shown in graphs (3.1%) and (3.16). Here
again the spatial differences observed in an axial
distribution are much bigger than those correspondent to
a radial distribution, Also, the higher attenuation of
the phase response in the reflector can be clearly

noticed.
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CHAPTER 4

THECRY

The methods used to obtain the spatially
dependent transfer functions for a nuclear system are
presented in this Chapter, First, a multigroup,
multidimensional approximation is developed, then an
alternative method based on the time-dependent Fermi Age
and diffusion theories is considered. In both methods,
the time-dependent equations describing the kinetic
behaviour of the nuclear system are solved using well

known static techniques.

4,1 Complex source method.

This method is based in the transformation of the
tims-dependent equations describing the kinetic behaviour
of a nuclear system into a set of complex equations
dependent on space and frequency but independent of time,
Once the time-dependence has been removed, the equations
can be solved for the real and imaginary components of the
fluxes using static techniques, It will be shown how the
method presents no problems if the external source and the
flux response are assumed to be sinusoidal.

Consider first a one group diffusion
approximation, The kinetic behaviour of a nuclear system

can be described by,



oy

D el t)= 3 % ¢ (x,t) + (L -8) v 2p d(x,t) +

) 1 an‘;(x,t)
o N ot
B 1?\1 3 (X,t) i S(‘{!t) v ot e v e (401)

where S (t) is a source term which represents the external
disturbance, The other terms have their usual meanings.

The precursor densities Ci(x,t) are given by:

Ci(x,%) _ BYR €6 (x,8) =N

ot i Ci (X,t) ve s (4.2)

If we consider an external sinusoidal disturbance
and we assume that the flux response is also sinusoidal,

we can express ¢ (x,t) as

¢ (x,t) = ¢ (x) e®F v sty D)
where ¢(x) is a complex amplitude dependent on frequency

and position. In a similar manner we can assume that

Ci(x) ejvt , and
S(x) g0t sne \4ukt)

Ci(xs%)
3(x,t)

il

#here Ci(x) and S(x) are also complex amplitudes. By
substituting these in equation (4.1) and eliminating g Jwt

the following expression is obtained,

D¢ (x) - (S, + &%) $(x) +
i - jw)hiP
')\2 +w2

+ (1 -B)VIL P (X) 4+ v3p qb(x)i;_i (2\

+S(x) =0 - seee (4-5)

Since ¢ (x) and S(x) are complex amplitudes, their
real and imaginary components must satisfy equation (4.5)
separately. This yields two intercoupled equations in
terns of¢’R andibl, the in-phase and quadrature components

of® (¥*). They can be written as follows,
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+¢I Eiw2+'}\? )-l- (l—ﬁ)vEf¢R+SR=O
1
TR (4.6)
S g
RVt m B 0t e Gl Weung
2
iP i
¢ Wil g (1 =B )v= 95 e
i + -
s A o
L B (4.7)

These inhomogeneous differential equations can
be solved using static techniques for the real and
imaginary components,¢ R and_¢I, of the complex flux
amplitude. This will in turn yield the gain and phase
shift characteristics of the nuclear system for every
freguency of interest,

This method was first applied by C.E. Cohn et al
(23). It was later used by other workers (55, 56) in the
study of source transfer functions in critical systems.
The method is being applied here to a very subcritical
system,

In the present work, this treatment was extended
to a multigroup model, Both two-group diffusion and
two-group Telegrapher's equations were selected for the

present calculations.
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4.1.1 Two-group diffusion treatment.

The two-group diffusion equations can be written
as;

Past group:

D,V 2 (x,8) =2 (x,8) + Sp (x,8) + Sp(x,t) +

+ 8, (x,t) =%i 9% 4 (x,1)
ot : AT Y

Thermal group:

D, v ,(x,t) =Zrf,(x,t) +2 .8 (x,t) + S,(x,t) =
o¢ 5 (x,%)

g .
Vs ot S 7 0

where Sp and SD, the prompt and delayed fissions source

ferms resgpectively, are given by:

Sp(x,t) = (1-8) 2 v 33 4 (x,t) osven KA
i j
Splx,t) = 5™ ¢y (x,t) ceanek A 21)
1

where j refers to the group number and i to the precursor
nunmber, Sl and 32 are the external source terms.

As before, equations (4.8) and (4.9) can be
separated into real and imaginary components by making
substitutions similar to equations (4.3) and (4.4),
yielding four coupled inhomogeneous equations. These can

be written as follows:
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Fast imaginary:

2
o 1) W .
AP PR USRI PUR

N

+v = qjlyiiw

i w2+%

] @f1¢3+2f2¢4) + Sl

I S e

Thermal imaginary:

2 —w
- Dy 9’52*27:-2962 - g“’s 4P12% + 55 e 8

Fast resl:

; 3 i
-0,V ¢3+2r1¢3 = v—lsﬁ 1+ (1_§“’2+7\1) (2f1¢3+2f§54) +

vy 3U0P1 L Bp, +3,.9,) + 8,

1w 2N\2 * g
i
. 8 & 89 (4.14)
Thermal real:
=BV
D, 2“’54 * Er2¢4 - %; ¢2 + 21,85 + 8, sl 4,15)

It can be noticed how the equations for each
group are identical except for an interchange in the flux
subscripts and a sign change in the coupling term between
real and imaginary flux components.

The gain and phase characteristics of the nuclear
system can then be obtained from the complex fluxes as in
one group diffusion approximation.

The two-group diffusion analysis developed in this
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section was programmed for a two dimensional cylindrical
geometry similar in shape and nuclear characteristics to
the suberitical 2ssembly described previously in Chapter
2. Both the method of solution of equations (4.12) to

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

4.1,2 Two-groun Telegrapher's treatment.

In many cases the conditions required in order to
apply diffusion theory can not be met. These conditions
include the neglect of the absorption cross-section in
comparison to the scattering cross-section, the avoidance
of proximity to sources and boundaries, the assumption that
the flux is isotropic and that it does not change rapidly
with position., Besides, in diffusion theory a
disturbance initiated at any point within or on a boundary
of a system at steady state is instantaneously sensed
everywhere within the system, That is, the initial part
of the perturbation propagates with an infinite wvelocity.

Physically, when a wavelike disturbance is
introduced at some point in the system, the neutron field
in the proximity of the point is perturbed and the
disturbance begins to move outwards. Since neutrons
move with a finite velocity, an initially well defined
wavefront must be expected and therefore any equation
descriﬁing a time-dependent neutron phenomena should allow
for this. TFurthermore, some residual disturbance effects
remain within the system even after the passage of the
wavefront,

The Telegrapher's equation was selected for the

present calculations because it describes the time-



T

dependent neutron phenomena which exhibits both wavelike
properties and residual disturbance effects.

In contrast to the diffusion equation, which can
be derived directly from a balance of neutrons within
the gystem, the Telegrapher's equation is obtained from
the direction and time-dependent Boltzman transport
equation (57, 10).

The two-group Telegrapher's equations can be

written (23) as follows;
Fast group:

D£72¢1(x,t)-2rl§l(x,t) + Sp(x,t) + SD(x,t)

5 2
+ 8 (x,%) = (1"31)1 "1) %) (x,%) 33% 5 ¢o(xt)
5
v

L (4.16)

Thermal group:

D, V2¢>2(x,t) - 21'2‘352(35,,1:.) + 2‘12¢1(x,t) +

p
+ S,(x,t) = ( 2r o, Ty )M 2(%,%) +
v, 2t
3D, 9%,(x,t)

v,.°2 22

ene s \BIT)

The presence of the second order time derivative

2
of flux Qﬂ% introduces into the analysis a finite velocity
ot
for propagation of a disturbance which decays as

determined by the term 9¢.
5t
©

Bquations (4.16) and (4.17) can be separated, as
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bafore, into real and imaginary components, This yields
the following,

Fagt imaginary:

2
2 -3D. W -~ 5
-D,v% 1 +( E}l 321 >¢1 = = (143D, r1)¢~3 +
v
1

i i 1
5 D
w +‘ki
whif i
e A (Ef Py +iy o )* 5 ots e A 41 E)
w +,}\ l 2

Thermal imaginary:

3D a?)
2 < rlg ey e pY
-ng ¢2+ 2r2 % vg 952 e (1 + 3D, r2)¢4 +

+ o0 + S, PR

Fast real:

2
-3D
2 P 1w )
..D1V~¢3 +( ry > >¢3 = —I (1 + 3:[)121~1)S?-"3 +

v
el
2
+”6~Eﬁﬁl___> .<2 P42, P >+
™3 o 3,73 1,74
w %i
wh i By (
= I RN 2 ¢1@f¢)2) +33
I
5 a2 7\95 1 2

s saaa i Be20)



Lo )
T
a4

Thermal real:

2
-3D w)
2 2 Py 2
_D2\72¢4 +( i Wy b, = v2<1+332 r2> By +
2

+2 505 +5, S T

As in the case of the two-group diffusion analysis,
these equations were solved for a two-dimensional
cylindrical geometry.

In the next section, the method used for solving
both the telegrapher's and diffusion equation is presented

in detail,

4.1.3% DMethod of solution.

Both the diffusion and Telegrapher's equations
were solved by means of the computer program SNAP (58, 59).
The code is a Fortran IV program that solves the finite
difference form of the group diffusion equations in one or
two dimensions (%*). The program can handle up to 60
enargy groups and fixed source problems are allowed,.

The code solves for each group the following pair

of equations,

-V.D, (I‘)Vg’)g(r) + 2g(r):;_ﬁlg(r) = Q povie b A4 22)
L D O e (r)
== 0 n T r) + & I)e
n=1 i & . k I%“:l Xmg
G
¢ o [v2dr)y g 20 (2) + 3g(r) sxmee (4 23)
(*) there is now available a three dimensional version

of the code (60).
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energy group.

total number of groups.

number of fissionable materials or nuclides.

two-dimensional position vector,

effective removal cross section.

scatter cross section,

emergence spectrum of fission neutrons.

unknown positive eigenvalue greater than the
modules of all other eigenvalues,

neutron flux (positive eigenfunction corresponding

to X).

Now, let us consider a four group problem with

only one fissionable nuclide. Equations (4.22) and

(4.23) can be rewritten as,

Group 1,

=% LAt g
=3497 %7 + 357 65+ 2ay Pz F Dy Pyt

X
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K
$ (vEf)4 b4 } + Sq paisinn (428 )

Group 2,
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Group 3,
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Group 4,
TR iy TR

=040 B0 5 FR g P FT g gyt

%4 [ (v2,), ¢ (v2), ¢ V5. ¢
*;L(f)l ;s 2)o? 5 + (V%)

+ (vf 4 ¢4j' + 34 e e e0 (4.27)

In the present calculations, where only one
fissionable nuclide is considered, the emergence spectrum
of fissionable neutrons is (58) (1.,0,0,0); that is,
all fast neutrons from fission are assumed to appear in
the first group.

The scatter fission and removal cross sections
necessary to run the program, are obtained by comparing
equations (4.24) to (4.27) with those describing either
theoretical model,diffusion or Telegrapher's . Thus, by

comparison with equations (4.18) to (4.21),
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In the same way, the cross-sections corrasponding

to the diffusion model are,
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The fission cross sections for the diffusion
treatment are the same as those of the ?elegrapher's
treatment (4.29).

These frequency dependent constants were used to
calculate the fluxes for different frequencies in a two
dimensional cylindrical geometry very similar to the
subcritical system under study. The values of the fluxes
were computed in 250 different positions inside the system,

Programming details referring SNAP can be found
in refs, (58, 59, 61 and 62).

Calculations were performed for frequencies
ranging from O up to 400 Hz, Beyond 400 Hz the code was
unable to find a solution., For low frequencies, the
convergence of the problem was very uniform and only
around 25 diterations were required., This rate of
convergence was approximately constant up to 200 Hz, At
higher frequencies the rate of convergence became
completely non-uniform, For instance, no convergence was
achieved after 100 iterations at 225 H2 while at 250 Hz
convergence was achieved after 24 iterations and 82

iterations were necessary at 275 Hz, This behaviour
seems to indicate that the iteration scheme followed by
SNAP is somewhat unstable when the off diagonal elements

of the coefficient matrix reach a limiting negative
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value which in our case seemg to correspond to around
225 Hz, The same unstable behaviour was alsoc observed
by Cohn when using CRAM (63) an older code which has
many features in common with SNAP, Cohn was unable to
use CRAM for frequencies greater than 50 HZ when trying
to calculate the transfer functions in a D20 moderated
critical system in a one-dimensional geometry, 1t seems
therefore that the succesive over-relaxation techniques
(SOCR) used by SNAP (64) represent an improvement over the
PDQ method used by CRAM, A definite conclusion can not
be drawn, however, without testing SNAP in a critical
system, It should also be desirable to test the latest
version of SNAP which includes the possibility of using
a three dimensional geometry (60).

It was possible, however, to perform
calculations beyond 400 HZ by considering a simplified
nuclear system which consisted of the equivalent
unreflected system in which the negative upscatter terms
corresponding to the graphite were assumed to be equal
to zero. By using this approximation most of the off
diagonal elements of the coefficient matrix with negative
values were eliminated. With this arrangement it was
possible to perform calculations for frequencies going
up to 1500 Hz,

Regults are preseﬁted and discussed in the next

Chapter.

4,2 FPerni Age - Diffusion method.

An alternative method of calculating the

spatially dependent transfer function in a nuclear system
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is being considered in this section, As in the previous
theoretical model, the transfer function refers to the
relationship between the thermal neutron density
fluctuations at a point in the nuclear gsystem and the
fluctuations of an artificial source of fast neutrons
having a known spatial distribution,

The method, based on the Permi Age and
diffusion theories was first applied by C.D. Kylstra
and R.E. Uhrig (65), (66) and Q6). The method of
analysis to obtain the spatially dependent transfer
function is vsery cumbersome and therefore is not
presented in detail in the present work.

Let us consider an isotropic and homogeneous,
single-region multiplying nuclear system, The driving
function or input to the system is a time-varying source
of fast neutrons. These undergo a slowing down phase
represented by the time-dependent Fermi Age theory.
Upon reaching thermal energy, the neutrons enter a
diffusion phase at constant velocity represented by the
time-dependent diffusion theory. Additional neutrons
are created by fission and join the source of neutrons
in the slowing down process,

It is also assumed for simplicity that the
neutrons from the artificial source, the prompt neutrons
from fission and the delayed neutrons have the same
energy at birth, This energy is defined as the zero
point on the lethargy scale,

In order to determine the spatially dependent

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

(1) The dynamic behaviour of the system is represented
by three linear differential equations., These are the
Fermi Age equation for continuous slewing down,
absorption and leakage, the time dependent diffusion
equation and the equation of the delayed neutron
precursors,

They can be written as follows:
The time dependent Fermi Age equation for continuous

slowing down, absorption and leakage (25)

v:(Lu) aé(;‘%u.’c) s RUAEUsE) . o Ba (e u, t) &

+ D(u)V%b(r,u,t) + Sa(r,t)d(u) +v2f€(l-ﬁ)¢t(r,t)§(u) +
+;?‘i Ci (r,t)d(u)
i=1

u) 0 . e e (4033)

Neutrons from prompt fission V2, (l—ﬁ)@t(rﬁ),from

the decay of the neutron precursors 3 B

i C; (r,t)sand
i=1

from the artificial source Sa(r,t), start the slowing
down at zero lethargy. The slowing down neutron flux is
¢ (ryu,t) and the thermal flux which is not a function of
lethargy is<¢t (r,t). The slowing down density is
represented by q (r,u,t). The other terms have their
usual meaning,

The Dirac delta function §(u) in the source
terms is necessary since the source neutrons have zero

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

7 - Piiet)
0t

= = 3,,%.(r,t) + D, (r,t)+a(r,u,,t)

sntene (&:34)

and finally, the equations for the delayed neutron s

precursors are,

oCif{r,t) _ Ne N
= _ﬁiv fﬁbt(r,t) - C; (r;t)

i=l....l.l..l..m

essee (4,.35)
Bquations (4.33), (4,34) and (4.3%5) are coupled;
equation (4.33) is coupled to equation (4.3%4) by
q(r,ut, t), equation (4.34) is coupled to equation (4.35)
by’giv%§¢1ﬂr,t) and equation (4.33) is coupled to

equation (4.34) and (4.35) by [v3 € (1-)4y (r,8) +

m

+ 3 M08 (r,t)J&(u).
1=

: §

(2) These equations are separated in terms of the
steady-state and time-dependent components, This
produces three linear, time dependent equations in terms
of the change in the thermal neutron density, the slowing

down density, the precursors and the artificial source,

(3) These equations are Laplace transformed, This
eliminates the time derivatives from the equations and
produces a change from the time to the frequency domain,

(4) The slowing down density, thermal neutron density,
precursor density and the artificial source are expanded
in 2 series of spatial harmonics. This yields the
expression which gives the perturbation in the neutron

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

Let us now consider a homogeneous, cylindriecal,
multiplying nuclear system with the artificial source
located at the centre of the bottom face which
represents the origin of the system, The spatially
dependent transfer function is given by the expression

(65, 68)

o d.(VR)
(r,w) = P(“t)lsexP('ja’l;nEl J2(v.)
3 1' n

exp(-7B24TRE)

c
T D 2g0. .
iz - @R[ L2+ (1L+L2B2-1oR T+ jur )]

. rexp(-HiZ}r §Iﬁ-l)m'{exp[—ﬂi(z+ﬁm)] +exp[3i(Z—Hmtﬂ }
L tmd

e e R

where

P(ut) = resonance scape probability

1S = thermal lifetime

lT = slowing down time

v = n'th zero of the Jo Bessel function

P = radial co-ordinate divided by the system
radius, R

H = height of the assembly

7 = axial co-ordinate

Ri represents the routs of the following,
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(14°B2 - L2R3+jw1)exp( §un +782 —TR?) -

B B.N;
-Km(l—ﬁ-}-nz > S ) = 0 L B (4.37)

=1 Juy

Equation(4, 36 )wes numerically solved by means of
the computer program FERMI (written by the author) which
uses essentially the same numericalteclmiques &8 SPAT
(65, 66). The program, written in standard FORTRAN 1V
is listed in appendix 3 together with input and output
examples. . The main differencés from SPAT include
(apart from the language itself), a complete change of
most machine subroutines which were incompatible with
any modern ICL or IEM compiler and a2 change in the whole
structure of the program including the input and output
channels, Genéral graphplotter options were also
introduced in the program, They allow the user to obtain
a graphical display of the change of amplitude with
frequency. A graphical comparison between the calculated
and experimentally obtained amplitudes can also be done
with the program, Details of the input requirements and
output optionSare given in Appendix 3,

The code was used to 'calculate the source transfer
function for an homogeneous cylinder of 81,3 cms. high and
39.0 cms, radius which are the extrapolated dimensions of
thé subcritical assembly used in the pressnt experiments,
Calculations were performed forbdifferent output locations

and for frequencies ranging from O up to 3,000 HZ,
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Results, which are shown in the next Chapter,
were compared with those obtained both with the lumped
parameter model and the complex source method described
in the previous section, They were also compared with

those obtained experimentally.
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CHAPTER 5

RESULTS

In this Chapter, the results obtained with both
theoretical models described in the previous Chapter, are
presented and discussed. Also, in order to test the
validity of both methods, the theoretical results are
compared with those obtained experimentally, No
reference is made in this Chapter to the measurements of
the transfer function performed via gamma detection.
Those measurements are discussed in the next Chapter.

By definition both theoretical models give an
amplitude of 1 and a phase shift of 0 at zero frequency.
This is also assumed in the experimental analysis,
Therefore, the values plotted in the theoretical graphs
of this Chapter, are directly comparable,

5.1 Complex Source Method.

As described in the previous Chapter, both the
amplitude and phase shift characteristics of the Nuclear
System were calculated by means of the comﬁuter program
SNAP, The code was used to determine the fluxes
corresponding to the solution of both the Diffusion and
Telegrapher's equations. These fluxes were calculated
for frequencies ranging from 0 to up to 400 Hz for a two
dimensional geometry similar in size and nuclear
characteristics to the subcritical system used to test
the validity of the theoretical method, The wvalues of

the fluxes, which represent the real and imaginary
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components of the complex amplitude, were computed in
250 different positions inside the nuclear system,
including several points inside the reflector, The
values of the real and imaginary components of the
complex amplitude were then used to determine the
amplitude and phase shift for every frequency and
position of interest. A cross section of the nuclear
system as assumed in this theoretical model is given in
Figure (5.1) which also shows the nuclear system assumed
for the Fermi Age diffusion method.

Figures (5.2) and (5.3) show a comparison between
amplitude and phase response for the two-group diffusion
and the two-group Telegrapher's equation$S. It can be seen
from these figures how the response is practically
identical for both theoretical aponroaches, at least for
the range of frequencies in which SNAP was able to find
a solution, A comparison between the theoretical results
and the experimental ones, showed that the experimental
results follow slightly better the Telegrapher's than the
diffusion approach, For this reason, all graphs shown in
this Chapter referring to the complex source method, will
correspond to the Telegrapher's approach.

The theoretical amplitude response of the nuclear
system for different axial positions is shown in Figures
(5.4) and (5.5). These two figures show how for each
output position, the amplitude and therefore the spatial
differences remain practically constant for frequencies of
up to nearly 100 Hz, At the higher end of the systen,

however, the amplitude starts falling down before this
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frequency. Beyond 100 Hz, the amplitude decreases rather
rapidly and the spatial differences become much more
noticeable.

The response varied markedly for different radial
positions as shown in Figures (5.6) and (5.7). Here, no
spatial differences are noticeable for frequencies of up
to nearly 50 Hz, and above this frequency, the differences
are rather small, This effect could be explained, as
already seen in Chapter 3, by the fact that the neutrons
produced in an almost point source, are spread out
inside the graphite pedestal which supports the nuclear
system and enter the system in a broad beam, Also, from
Pigures (5.6) and (5.7) it can be seen how the spatial
differences are much higher in the reflector, whers the
response is more attenuated due to the much longer neutron
lifetime in the water reflector,

The theoretical phase response of the nuclear
system for different axial and radial positions is shown
in Figures (5.8) to (5.11). Here, again, the spatial
differences are much more noticeable in the case of an
axial distribution. Also, the reflector effect is very

marked.

5.2 Fermi Age - Diffusion Method.

The equation representing the spatially
dependent transfer function (4.36)was numerically solved
by means of the computer program FERMI which has already
been described in Chapter 4 and which is listed in

Appendix 3.
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The code was used to calculate the transfer
function for a homogen=zous cylinder of 8l1.3 cms. high
and 39.0 ems., radius which are the extrapolated dimensions
of the subcritical assembly used to test the validity of
the theoretical models. Calculations were performed for
a wide range of output locations and for frequencies
ranging from 0 up to 3000 Hz.

Pigures (5.12) to (5.15) show the amplitude
response for different axial positions. Here, as in the
previous theoretical model, the amplitude remains constant
for frequencies of up to nearly 100 Hz, It can also be
noticed how the spatial differences become more pronounced
for points closer to the artificial neutron source. This
effect is even more noticeable for the radial distribution
as shown in Figures (5.16) to (5.19). It is also shown
here, as in the complex source method, how the spatial
differences are rather smaller than those corresponding
to an axial distribution., These spatial differences
practically disappear at the higher end of the nuclear
system (away from the source). This smearing out effect
could be due to the following causes:

(1) A point source.

(2) 1In the lower planes (e.g., H = 15 cms.), the
on axis points are much closer to the source
than those near .the edge of the core.

(3) In the higher planes, the distances from the
sourc2 are almost equal. PFurthermore, the
flux probably does not depend much on direct
source neutrons but comes mainly from neutron

leakage from lower parts of the core,
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This smearing out effect was also noticeable
in the experimental measurements and to a smaller
extent in the other theoretical model ., The fact
that it was less noticeable could be explained by
considering that both in the complex source method
calculations and in the experimental measurements, the
source at the base of the core had a broad distribution
rather than being a point source due to the spreading out
of the source neutrons inside the graphite pedestal,

Similar effects were also found in the phase
response of the nuclear system as summarized in Figures
(5.20) to (5.23). Here, however, the phase shift at a
particular frequency is considerably greater than in the
complex source treatment., This discrepancy between both
theoretical methods is considered in the next section,

where a comparison bhetween them is made,

5.3 Comparison betweesn theoretical methods.

It was shown in the previous sesctions how the
amplitude and phase responses of the nuclear system as
given by the two theoretical models approximately follow
the same trend., However, in order to establish a
quantitative difference between the results obtained with
both methods, a direct comparison between them is
necessary,

A numerical comparison between the amplitudes as
given by both theoretics2l models is given in tables 2, 3,
4 and 5. The tables, which present values corresponding
to the central axis of the subcritical assembly, also show

the corresponding experimentally obtained wvalues,
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TABLE_2

Numerical values of the Amplitude as given by the

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

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

S 1.0 1.0 - -

1 0.990 ' 0.988 0.97€
10 0.989 0.987 0.960
50 0.983 0.980 0.946
100 0.968 0.972 0,929
150 0.943 0.940 0.895
200 0.920 0.916 0.868
250 0.893 0.889 0.844
300 0.864 0.860 0.83%4
400 0.804 €.800 - 0,800
500 0.733 - 0.730
750 0.604 - 0.628
10C0 0.505 —— 0.52%
1500 0.368 - 0.449

3000 0,176 -— 0,226
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TABLE 3

Numerical values of the Amplitude as given by the

different theoretical models and experiments, (H=30 cms,)

.Frequency (Hz) §§§$ﬁs?§3 K Telegrapher's Experimental
0 1.0 1.0 L
1 0.975 0.976 0.960
10 0.924 0.976 0.950
50 0.969 0.969 0,935
100 0.953 0.951 0.902
150 0.928 0.918 0.874
200 0.894 0.890 0.8%4
250 0.854 0.849 > 0801
300 0.811 0.808 0.793
400 0.721 0.709 0.721
500 0.635 - 0.631
750 0.453 - 0.490
1000 0.328 - 0.397
1500 0.186 - 0.264

3000 0.056 - 0.094
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TABLE

Numerical values of the Amplitude as given by the

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

Frequency (Hz) g??%isigg i Telegrapher's Sxperimental
0 1.0 1.0 -
1 0.961 0.967 0.954
10 0.960 0.966 0.940
50 0.954 0.954 0.930
. 100 ; 0.932 0.928 0.892
150 0.897 0.894 0.847
200 0.852 0.861 0.818
250 0.800 C.820 0.768
300 0.244 0.741 0.740
400 0.629 0.627 0.632
500 0.522 - 0.542
750 0.318 - 0.393
1000 0.195 —-— 0.292
1500 0.081 - 0,141

3000 0.012 - - 0.032
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TABLE 5

Numerical values of the Amplitude as given by the

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

Frequency (Hz) g?;?isigi s Telegrapher's Experimental
0 1.0 .0 S
1 0.951 0.950 0.933
10 0.949 0.9%0 0.928
50 0.940 0.938 0.890
100 0.914 0.910 0.858
150 0.874 0.878 0.819
200 0.822 0.83%4 0.766
250 0.761 0.766J Q452
- 300 0,696 0,702 ' 0.707
400 0.567 0,569 | 0.612
500 0.449 - 0.516
750 0.239 - 0.343
1000 0.126 - 0,222
1500 0.039 - 0.097

3000 0.003 o 0.015



Figures (5.24) to (5.27) show a graphical
comparison between the amplitude responses as given by
both theoretical models, It can be clearly seen how the
agreement is remarkably close, This sort of agreemsnt
was found all over the nuclear system, This is not the
case, however, for the phase responses where both
theoretical models give quite different answers as shown
in Pigures (5.28) to (5.31). It can be noticed from
these figures how at the bottom end of the system, both
theoretical models give a very similar answer for a
frequency range of up to approximately 200 Hz but beyond
this point the discrepancy between both models becomes
significant. This effect gets worse in the upper end of
the system.' For instance, at a plane located 60 cms.
above the bottom of the ccore, the phase lag given by the
fermi-Diffusion treatment is twice as big as that given by
the Telegrapher's equations.

The explanation of this discrepancy could be due
to the fact that an artifically high thermal lifetims of
84 microseconds was used for the Fermi Age calculations.

The nuclear system is made up of two regions with
quite different thermal nsutron lifetimes, on one hand the
lifetime for thérmal neutrons in the core is around 40
microseconds while in the reflector it is 210 microseconds.,
Therefore, we should expeét the thermal lifetime for the
- gystem as a whole to have an intermediate value between
these,

Simple perturbation theory shows that the

statistical weight of a neutron is proportional to ﬁﬁz.
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This suggests that the effective thermal neutron

lifetime of the system as a whole could bz calculated as

follows,
1"] $av + 1r'f ¢ av
core reflector ( )
: ce a0 e e 5.1
lere =
¢ av
core+reflector

Based on experimental measurements of the
relative fluxes inside the core and the reflector, and
applying equation (5.1), a value of 78 microseconds was
found for the thermal neutron lifetime of the subcritical
facility. The experimental determination of the relative
fluxes was performed using indium foils.

This value of 78 psecs. is not quite the same as
84 psecs. used in the present calculations. However,
with a thermal lifetime of 84 usecs. a good agreement
between the amplitude resmonses of both theoretical models
was achieved, Purthermore, this value also gives a good
agreement with the experimentally measured amplitude
response,

The sensitivity of the Fermi-Diffusion method to
different values of the thermal neutron lifetime is shown
in Pigure (5.32). Here, the -3dB amplitude value was
calculated for different values of the lifetime and for
different output locations inside the system, It can be
seen, for instance, how the -~3dB point varies from 1320 Hz
to %20 Hz for an output position of coordinates H=15 cms.,
R=0.0 cms., when the thermal lifetime is varied from 30

to0 150 microseconds.
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Another fact that proves that the Fermi-Age
method does not represent properly the thermal neutron
lifetime in an heterogeneous system is that Kylstra (66)
had to assume a thermal lifetime of 200 u secs. to obtain
good agreement between the theoretical calculations and
the experimental ones corresponding to a natural uranium,

light-water subcritical assembly.

5.4 Comparison between theoretical and experimental

results.

In this section, the results obtained with both
theoretical models are compared with those obtained
experimentally,

For convenience in producing the curves for the
comparison between experimental and theoretical results
the two sets of data were normalized to the experimental
result at 1Hz. However, the theoretical and experimental
values of 1 Hz agree to within 1,8% or better as shown in
tables 2, 3, 4 and 5 and so these comparisons are almost
identical to plotting the unnormalized values.

In Figures (5.33) to (5.36), the amplitude
response of the nuclear system as given by the two group
Telegrapher's model approximation is compared with that
obtained experimentally, The agreement between the
experimental and theoretical data is fairly good for the
range of frequencies in which the computer program SNAP
was able to find a solution., Also, a very good agreement
was found between the experimental and theoretical phase
responses as shown in Figures (5.37) to (5.40). As many

measurements were taken in every position for every
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frequency of interest, the error bars in the graphs
represent the spread in the values of both the
amplitude and phase lag. The points related to harmonics
of the fundamental generally show a largsr spread in
values than those obtained from the fundamental.

As a conclusion, it can be said that the complex
source method when used to solve the two-group
Telegrapher's equations is able to vnredict fairly
accurately the transfer function in the present nuclear
system for a frequency range of up to 400 Hz,

With respect to the Fermi Age - Diffusion method,
the amplitude response is compared with that obtained
experimentally in Figures (5.41) to (5.44). It can
clearly be seen how the agreement is fairly good over the
entire range of frequencies. This agreement, however, was
found to be worse for the points located in the low end
of the assembly which are near to the outer edge of the
system, This effect can be seen in the next set of
Figures (5.45) to (5.48) which correspond to calculations
and measurements performed in a plane located 15 cms. high
from the bottom of the subcritical assembly. These
‘Pigures show how the agreement gets worse at the high
frequency end for the points located near the edge of the
system, This effect, which has only been noticed in the
low end of the assembly, éould be due to the effect of
source neutrons coming from neutrons scattered inside the
graphite pedestal and the water reflector without having
passed through the core of the system, thus giving an

effectively broad neutron source.
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Tha thermal neutron lifetime used for this set of
calculations was 84 microseconds, The neutron velocity
is inversely proportional to the lifetime (1 = Za/V) and
therefore a long lifetime is equivalent to assuming a low
neutron velocity. This implies a slow propagation of the
neutron wave (velocity.;mﬂ3) which consequently leads to
large phase lags., Therefore, a good agreement between
experimental and calculated phase shifts was not obtained.
This was not the case, however, of the complex source
nethod where relalistic neutron velocities were used both
in core and reflecfor. Neutron wave propagation velocities
should therefore be similar to those in the real system
and consequently phase shifts should be correctly
predicted,

It can be concluded that the Fermi Age -
Diffusion theoretical model is able to predict with a
fairly good accuracy the source transfer function in the
present nuclear system for frequencies of up to 3000 Hz
provided that an avppropriate value of the thermal neutron

lifetime is seslected,

5.5 Lumped parameter approximation.

It has been shown all throughout the present work
how a spatial effect is always present and therefore it
has got to be considered in the determination, both
theoretical and experimengally, of the source transfer
function of a nuclear system. It is possible, howaver, to
refer to the space-independent transfer function when this

term 1is anplied to the reactivity transfer function,

Since reactivity is an integral or whole-reactor parameter,



specification of the reactivity effect of an input
does not uniquely specify the input in a space-
dependent situation, Therefore, there is no such thing
as a space-dependent reactivity transfer function(23).
A comparison between the lumped parameter and
space~dependent source transfer function can be seen in
Figures (5.49) and (5.50). Here, the lumped parameter
distribution was obtained by using the two-group
Telegrapher's equations corresponding to a lumped
parameter nuclear system(22). These figures show how for
an axial and a radial spatial distribution, the lumped
parameter approximation does not predict at 21l wee the

system transfer function,
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CHAPTER 6

GAMMA MEASUREMENTS

Most studies of fluctuations and correlations
in neutron distributions are based upon the direct
detection of neutrons. One exception is an attempt
made to observe neutron fluctuations by monitoring the
Cerenkov radiation (67). Cerenkov detectors were also
used by E. Kenney (68) and W.K. Lehto et al (69, 70) to
perform reactor noise measurements by monitoring prompt
gamma rays emitted in fission events. Both Kenney (68)
and Lehto (69 to 71) based their experiments on
theoretical studies of gamma noise performed by Gelinas
and Osborn (72). PFurther studies on gamma-ray noise
measurements were performed by Bdrs and Markkanen (73).

The results obtained by these workers clearly
verify the applicability of gamma observation techniques
in reactor noise measurements as a substitute and
complement to noise measurements via neutron detection.
Due to the small mean free path of thermal neutrons in
a Nuclear System, especially a water moderated one, a
neutron detector "sees" neutrons essentially only in that
volume which the detector itself occupies physically in
the system plus one mean free path around. In the case of
photons, which have much greater mean free paths, ths
gamma detector is capable of receiving gammas that have
travelled considerable distances through the core, This,
of course, implies that the capability to observe

spatially dependent effects is reduced. Making a
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conservative estimate, the volume of the system which is
seen by a gamma detector is about 50 times greater than
that corresponding to a similar size nsutron detector.
Therefore, it follows that a gamma detector does not
necessarily have to be placed into the core, thereby,
the perturbations commonly induced by neutron-detecting
devices can be avoided,

Furthermore, neutron detectors are not feasible
when used to measure shut-down reactivities of power
reactors due both to possible radiation damage and to
the mechanical difficulties involved in the insertion of
detectors inside the core.

The previous considerations suggested the idea
of trying to find whether it was possible to determine
experimentally the subcritical assembly transfer function
by detecting the high energy prompt-gamma radiation
generated by neutron iteractions within the core.

The prompt gamma-ray spectrum contains a
significant number of photons with energies above ~5 Mev,
while the fission-product spectrum contains very few
(74). Meinschein et al (75) reported that there is a
negligible delayed gamma-ray emission due to fission
product decay in the time interval between l(}"4 and 1
sec, after fission. Delayed gamma emission in shorter
time intervals (less than 10"4 secs, after fission)
behaves as prompt (72) and it is also a negligible
fraction of the total gamma energy emitted per fission
event (15). Long lived fission products can be
troublesome in the sense that they are the source of

considerable background due to low energy pile-up,
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Also, Chapman et al (76) show that fission-product
gamma radiation for energies greater than 5 lev is
considerably less than that arising promptly from fission,
Thus, by suitable photon-energy discrimination
and adequate shielding (to reduce low energy pile-up), it
appears that it may be vossible to obtain information
regarding neutron fluctuations by detecting high energy
prompt photons emitted by fission. Furthermore, the
high velocity of photons and its long mean free path in
water compared with thermal neutrons, suggest that the
frequency response might be less distorted that in the

case of a neutron detector situatzed outside the core,.

6.1 Exvperimental arrangement.

Three different NaI(Tl) scintillators were used
in turn for the present me%surements. Two of them were
used for outside measurements and the other one was
located inside the core of the subceritical assembly, The
counting rate obtained from the latter (size 12.7 nm.
diameter x 19 mm. thickness) proved to be too small and
it was impossible to obtain any reliable information from
it.

The other two detectors (sizes 44.5 mm. x 38 mm.
and 101,6 mm, x 101.6 mm,) were used for measurements
outside the system. They were placed horizontally along
s radius from the core centre and measurements were
taken in different axial positions, In order to monitor
the neutron population inside the sgystem, a neutron
detector was used simultaneously with a gamma detector,

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

Low energy pile-up was minimized by shielding
the detectors and the lower discriminator end was fixed
at 5 Mev, |

A comprehensive description of the experimental

arrangement is given in Chapter 2,

6.2 Results and Conclusions.

The frequency response characteristics of the
Nuclear System corresponding to the gamma measurements
were evaluated by means of the computer program DATACOR,
The code is described in Chapter 3 and ig listed in
Appendix 2 .

Fig. (6.1) shows a typical output of DATACOR for
a NaI(Tl) scintillator detector placed outside the
reflector at a hsight of 30 ems., It can be clearly seen
how the frequency response starts falling off at a much
lower fregquency than the corresponding nsutron one,

A comparison between the neutron and gamma
detector responses can be seen in Pigs., (6.2) and (6.3).
Here, the neutron detector has been fixed in the far end
of the reflector and the gamma detector was located in
the same plane but outside the system, The difference
in response between the two detection systems could be
partially due to spatial effects,

The spatial effects observed with the gamma
detector can be seen in Fig, (6.4) which represents the
system response to a gamma detector located in different
axial positions outside the system,

The vpoor agreement between the neutron and gauma
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EXPERIMENTAL TRANSFER FUNCTION
COMPARISON BETWEEN NEUTRON AND GAMMA RESPONSES
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responses wvas immediately observed when comparing the
shapes of the time dependent detector waveforms recorded
by the P.H.A. as shown in Pigs. (2.19) to (2.25) in
Chapter 2, It can be clearly seen that both detectors
have a similar time dependent output only for the very
lowest range of frequencies. For frequencies greater
than 10 Hz. and up to 250 Hz., the gamma response seems
to be made up of two exponentials., TPor frequencies
greater than 250 Hz., the frequency response is
completely distorted compared with the neutron response
and is not symmetrical about the mean level.

The fact that the neutron and gamma responses
were completely different, suggested the possibility of
gamma rays being produced in the target assembly either
by fast neutron interactions or by excitation by
deuterons.

The possibility of gamma rays being produced by
direct excitation by deuterons was eliminated when no
gammas were observed on revlacing the tritium target
by a bare copper disc of exactly the same geometry,

In order to prove the feasibility of gamma rays
being produced by fast neutroninteractions inside the
target assembly, the flight tube was femoved from the
subcritical assembly and measurements were taken with the
detector placed as near as possible to the target., These
measurements proved that a high intengity of gamma rays
with energies of up to 10 Mev were produced inside the
flight tube and target assembly as a consequence of fast

neutron interactions with the constituent materials.



-136-

Figures (6.5) to (6.8) show the time variation
of gamma rays output from the target aésembly for
different frequencies, By combining these waveforms with
those corresponding to the prompt fission neutrons (as -
shown in Chapter 2), the shape of the resultant gamma ray
waveforms observed when measured after passing through
the subceritical assembly could be qualitatively
explained, However, the physical process which produces
the asymmetric variation in gamma ray output from the

target assembly is still uncertain.
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FIGS.(6.5)t0(6.8) GAMMA DETECTOR RESPONSE AT
DIFFERENT FREQUENCIES
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CHAPTER T

CONCLUSIONS AND RECOMMENDATIONS

In this Chapter, a summary of the conclusions
reached and some possible extensions to the present work,

are presented.

7.1 Conclusions.

The use of two different theoretical approaches
towards the determination of the spatially dependent
transfer function has clearly shown how a spatial effect
must always be included in any theoretical model to
correctly describe the transfer function of a nuclear
system, Furthermore, both theory and experiment have
shown that even a small system such as the one used in the
experimental work can not be regarded as a point reactor
or a lumped parameter model., It was found, however, that
agreement between lumped and spatial transfer functions
is obtained at one or two frequencies at a particular
position.

Comparison between experimental and theoretical
results has shown that both theoretical methods are able
to predict with a fairly good accuracy the source transfer
function. However, both methods have their advantages

and disadvantages which could be summarized as follows:

(1) The complex source method when solved by SNAP is
unable to give information for frequencies beyond 400 Hz,
This might be overcome by using either a different code

or modifying the method of solution used by SNAP, Also,



the size of the code (200 K of core plus three discs)
limits its use to very powerful computers., On the
other hand, its predictions are reasonably accurate over
the range of frequencies where the code is able to find
a solution., Another advantage is that SNAP can be used
with practically any geometry, including reflectors, and

so for a wide variety of reactor systems.

(2) The Fermi Age - diffusion method does not present
any problem regarding any limiting frequency. Also, a2
numerical solution such as that performed by the computer
program FERMI for an homogeneous cylindrical geometry does
not require a powerful computer., On the other hand, this
method possesses the limitations in accuracy inherent to
any single region reactor calculation, mainly the inability
to allow for reflector except as a reflector savings.
Furthermore, the numerical solution of the equation
describing the spatial dependent transfer function is only

worthwhile attempting for simple geometries.

With respect to the expefimental side of the
presant work, a great deal of improvement has been
achieved regarding the pulsing system of the S.A.M.Z.S.
accelerator, The new pulsing system eliminatss the
uncertainty of the heam being in phase with the starting
command of the P.H.A. Purthermore, the possibility of
the ion source not being always extinguished when the
radiofrequency is switched off has been eliminated for
normal rates of gas inlet to the source,

Also, the electronic networks developed to
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simultaneously use two detectors can be used in any
further experiments where two detector correlations are
required., Furthermore, the exvansion of the networks

to monitor any even number of detectors is quite straight
forward,

With respect to the determination of the transfer
function via photon observation, the results shown in
Chapter 6 are somewhat disappointing., It is believed,
however, that further research in the topic will give

rise to more useful conclusions.

7.2 Recommendations for future work.

An extension of the present work should be
possible on the following lines:

(1) Purther research in transfer functions via
vhoton observation.

(2) Effect of different reflectors on the neutron
lifetime and therefore on the transfer
function.

(3) Improvement to the Fermi Age model by
expanding it to a two-region geometry.

This could eliminate the uncertainties

regarding the thermal neutron lifetime,
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NUCLEAR INSTRUMENTS AND METHODS 109 (1973) 617-618; © NORTH-HOLLAND PUBLISHING CO.

IMPROVEMENTS TO A METHOD OF EXTERNALLY PULSING AN ACCELERATOR

A. GIL RAMOS and P. N. COOPER

Department of Physics, University of Aston in Birmingham, Gosta Green, Birmingham B4 7ET, England

Received 12 February 1973

A simplified method of producing a square beam current wave-
form from a SAMES 150 kV accelerator has been devised.
Square light pulses are transmitted to the high voltage terminal
by an optical link using semiconductor devices. The transmitted

In a previous communication') a method was
described for producing a square wave modulation of
the ion current from a SAMES type J accelerator. This
note describes certain simplifications and improvements

12V

signal controls a high voltage power transistor which extinguishes
the ion source rf when in the conducting state. Operating fre-
quencies are from 1 Hz to 2 kHz.

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

The modulated light beam is still used to transmit
the signal to the high voltage terminal. Since the light

— emitting diode type MGA 100 is now obsolete it has
Wenwly ﬁg been replaced by the more efficient type 1A48. Also
é—]lrf}i;p;.-am' modifications have been made to the driving circuit
o4 B so that the transmitted light pulse follows the shape of
i the driving pulse instead of producing a short light
_I"Li'l__ signal coincident with the leading edge. The revised
| circuit is given in fig. 1. Driving signals are taken
i directly from the output of a dividing circuit con-
& structed from SN 7490N and SN 7493N integrated
circuits.
Fig. 1. Light pulse transmitter When run for long periods the bistable circuit,
-8Y SpH
i
o @
WM
F%'m 000000 —
. = 000IuF
5 ki '['-:T'Mf o
2, 000000 A e

Fig. 2. Receiver and pulser.
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originally used to drive the switching pentode, was
found to be over-sensitive to supply voltage variations
and consequently did not always respond to the trigger
pulse. To overcome this the bistable circuit and the
~switching pentode were replaced by a single high
voltage npn transistor type BUI05. The base of this
was driven by a square wave voltage signal derived
from the transmitted light signal and the circuit for
achieving this is shown in fig. 2. Tt was found necessary
to include adequate screening and filtering against the
intense radio frequency signals produced by the ion-
source oscillator. One advantage of this method is that
the beam pulse is in phase with the transmitted pulse
" whereuas previously the phases could differ by 180°,
depending on the initial state of the bistable circuit.
When the base of the BUI05 is made positive the
transistor conducts. [n this mode it is used in one of
two ways to shut off the ion source radio frequency.
The first method, which was used in the original
SAMES pulsing unit, is to reduce the voltage of the
oscillator screen grid to near earth. This leaves the full
high tension on the anode and on the coupling straps

RAMOS AND P. N.

COOPER

to the ion source bottle. In conseguence the plasma,
under certain combinations of gas pressure and high
tension voltage, may not always extinguish completely,
thus giving some ion current during the off period of
the cycle. An alternative method, which has proved
consistently reliable, is to use the BUIOS to short the
high tension supply to the whole oscillator to ground.
A 2KkQ 100 W wirewound resistor was inserted into
the high tension lead between the power pack and the
BUI105 to act as a current limiter.,

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

Reference

1) P. N. Cooper and L. Doukas, Nucl. Instr. and Meth. 92 (1971)
581. ; x
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5~-SCHEMATIC BLOCK DIAGRAM

[}
detnum, plol,
prin.mn |

R=read

C=call subroutine

openpiol, no
hgplot,
sirarr,

bac kordar
backaroup
batkGroun?

- ]

C
| Plotbulk

€
hgplogaxis,
hooasisvstrary,

Pigitomb pioter
L= V2 i

slrarg

b

c

backgroup

Q
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dataorder

Print ro

fiﬂzprinl,
linezrin2.

arrangel,
tabuldle,

Corectd],

tabulate

|

} background
correztions

!

1abulate,

averagel,
averhead,
fourhead,
fourier!

hgplot

l ic
T olaicross,
Plotremb,
Plolsquare,
hgowhere,
hgpiot

tourexit]

c no
hgalot

< hgologaus,
hijoaxisy,
sfrare, ele

C

arrange?
strarr, ta‘:ul.'a;:g
hgpsymbl correct 2
tabulale

]

bIckground
correclions




{abulate
average? e
averhead hgplot
fourhead
fourier 2 r I l
[
” : Plolcross, ‘i
3 plolromb,
: y Plolsguare,
ourexit 2 i hgpwhere,
hgplot,
no C
hgplot
print rough
data
C
lineprin
?tsi J
- labylate, §
correct.
background
correcltions
(o
tabulate,
C : average,
hgplo averhead,
fourhead,
l } # fourier.
c Ploleross l
plolromb.
plolsquare. L
hgpwhere, fourexit
hgplol. z ¥
d no
closepiol e

l____'___ Yes




1~

C
Cc

~168=~

APPENDIX 3

COMPUTER PROGRAM PFERUI

LISTING

C*******#*#‘*t****##*#***t*:i****1‘1’##***#t**********##***1'9 khkkkk kb ok kF b AN
e o ok A ok ko ¥

O00O0O00OOOOONO0O0O0NO00O00O00O0O00

THIS PRIGRAM REOUIRES ThE FULLIJWING TNPUT:

PLAT CUNTRIL FIR PLOTTING GRAPHs1 YESs0 N

PEXP C INTR L F: R EXPERIMENTAL CUMPARIS INST YES, 0 N
EXDAT EXPERIMENTAL VALUJES FilrR CiMPAx1IS INs FIXED AT 14
NF MAXTIMUM FREODUENCY »UP Tu SN00 HZ.

INCR STEP IF INCREMENT IN FREQUENCY

RADIUS IF THE SYSTEM

HEIGHT LJF THE SYSITEM

TITAL ERR IR ALLIIWED
RETA
1 TAU
| RADTAL CiLIRDENATE DETECTUR
3 AXIAL CIIRDENATE DETECT'IR
DIFFUS I:IN LENGHT
FERMI AGE

SL FAST LIFETIME

: gf I8 THERMAL LIFETIME

RKF MJLTIPLYING FACT JR

EE ERRIR ALL JLUED Fir R'IITS JF CHARACTERISTIC EQUATIUN
DFAC FACT:R 1IN DR AND DI C(INCREMENT FlxR CINVERGENCY)

HONZ-HTMOX

(R e T o T S e o S e RS
dook ok ok o ok ok

c
c

INTEGER PLUT,PEXP

DIMENS[JNE BE2N),0D040),82(20)DIFERCSND )

C IMMIN FROCSONIAAL (SO0 »A2(500)TEECS00)TH2(500)

CIMMiN EXDAT (1 4)

DATA BE/ 2694655« 1 158N45 «N737125 0540565 «Na26425 035231 »

| «030N335N2616950123165502N7945N1ER51295N172414145+1)1590121 >
2014737965 «N1373584, 0128595650121 3011406245010816:+11026169
37 » BZ/2.401 4855452015 F 6537511 7915514930951 8NT11521 2116
424843525527 4935330 63465337 75R536¢91 7154001045431 998546434125
SA9 4826292 «6241 355:TA55:58.907T0,62.04R857/:J15J2,J3,J471:2:3:47 5
BZLZICTsPI2/8+6BS58F264557295TE36 28318531 7,CFAC/Z 1 «N/2J5/707 »
TCIUNS/ZN N7/, 115125135 1471429529,25/

71 FLURMAT(F20.N)

701 FIRMATC14)
IN01 FOARMATCIHLIZ21 10 SPACE-DEPENDENT TRANSFER FUNCTIJUN IN A CYLINORICA

1L, H M IGENEJJS AND MULTIPLYING NJCLEAR SYSTEM 247226
2H FERMI AGE-DIFFUST IN M WEL,//777532h NUCLEAR SYSTEM CHARACIERISTI
3CS::/7710Ks 1 THADIIS SYSTEM = sF5:253HCM«3 /75102 1THHEIGHT SYSTEM
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4 = sFSeP33HCMas /7 /751N 7»22HNMULT IPLYING FACTIUUR = sF6ed4s/7/5107%:20NH
SDIFFUSI IN LENGTH = FA«3:3HCMes/75 10X 13HFERMTI AGE = sF6+2,4HCH2
6es//5 | NXPNHTHERMAL LIFET INME = 3F9«h6s5HSECS /75 1N 22 1THFAST LIFET
TIME = 3F946,5H5ECS /751 NX28HBETA = sF D65/ /51N72THIAY = sFEa4,
B/77522H NIMERICAL PARANMETERS 5, /7,10 X ISHTUTAL ERRUR = »F8.5,77/5110
9X»54HERRIR ALLIKWED Filk w1 )TS (JF CHARACTERISTIC EQUATIUN = »FE5,/
17510 X 42HINCREMENT F Jit CIINVERGENGY N DR AND DI = »FHS)
1003 FIIRMATCIHIZSINHE THE TRANSFER FUNCTIN 1S BEING CALCJLATED FuR THE
IFULLAWING PUSITDIN 2/75 10 % 10HRADIALL = sF6+353HCMes/5 104 9HALIAL
2 = SF6e3s/ll0/ 367 AHFREN s 127, AHRENLS 12%s4HIMAGS 1 3Xs3HANVP, 1 4%52HUB
3I15X>S5HTHETA 11 ZoSHIHETALH6 X2 SHIERMS)
1004 FIURMATCOIH »TEL6«TsF70)
1007 FUORMATC 41 HD VALUES 'JF NCT1as NKRs No RrR3s 535
1 »31HFs RAR3: RAI3, ARE 575315, 2E20.&,
2 /33E20 +8 )
IN09 FIRMATCLH »//77:27TH =3DB PINT CIRRESPONDS Til »F7«354H HZ.)
READC(S>T01IPLIIT s PEXP
IECPEXPITI 11121 B 102222
2222 READ(SLTIDI(EXDATC(IYs»I=1514)
1111 READCS>701)IKF 5 INCR
READC(S5,71) RsCHE»BsT1asR:1» Z35DLsTaSLsTLIRKFEESDUFAC
IFCPLIIT)S5 55,9998
9998 CALL JPENPLUT
§ WRITECH,1NN1) RICsRKFsDLsTsTLsSLsBT12EEESDFAC
WRITE(6,1003)K:1),23
NF=NF /ZINCH4+2
DL2=DL*DL
R 1=rU/R
5$55=0.
J1o=J1
D 40 1=1sNF
Gi) T:1¢4nNnNnN.40nN1,4002,400325J10
4000 FROCI) =N .1
JiN=J2
Gl T 40nN4
4001 FrOCIDd=].10
Ji10=J3
Gi) T anga
4N02 FROCII=INCR
J1o=Jd4
Gil Til 4a0Dna
4003 FROCII=INCR*C(1-2)
4004 F=FROCL)
AN=AN
rRC2=5C2
RC4=SC4
NX=0 «
NY=0 «
W=pP [2+*F
HS=W+*SL
WT=wW*=TL
53=0.
R3=0.
59_=ﬂ'-
rR2=0.
S56=0 «
R6=10) «
AR3=0



Wi

ASA=0 .
ARP=0.
ASP =M«
CL=2 .« *0C
DR=1 =B
Tik=W*T1
TIW2=TIW*T1k
RAD=RKF/ZC]1 «+1T11H2)
RK=RKD* (] «+T11W2%DB)
SK=RKD*T1k#*8
Clu==1
IF(FI6NN600625
600 1F CNYI60556055300
605 NY=1
B25=(R«4/R)*%2
TR17=T*B25
DT17=1.4DL2 %825
AlLT=DL2+T
ﬁl?=(T#0TIT+DL2)/(AI’!*2.)
Cl7=C(NTIT-REF*EXP(=TB172)/7A17
Q1 7=317*317-C17
IFCOL7210:20210
IN RC2= B17
G Til 51
o0 RC2=817-SORT(O17)
51 5C2=1).
CRR=Z3*SRT (RC2)D
G T1 300
625 NY=0
300 CUNTINUE
DI} 70 N=1.,20
B2N=(8Z(N)/R)*+2
DLBN=DL2*HB2N
TBI=T*R2N
AA=] .
301 CINTINJE
IF(R1)3,3s2
2 CALL FaJN(BZI(N)*R 1>AA)
3 CUNTINUJE
Cdl =1 «+DLAN
Cll2=AA/BE(N)
NR=0
4 C!INTINUE
EF=EE
CALL R:IITSC(CII>DL2,T3lsTsuSskTsRK>SKs NRsAD2,BD2,
1ANAN, EF 5CFAC»DFAC S J1 5 J25 U35 J45 J5)
IFC(EF=-9.5)302,3N2,2001
2001 A=0.
xK=na
Gl T 101
302 CiIINTINUE
RCI=T*aD2-TH1
SC1=T#3D2 {
CALL CMPLX(J4sC13SC1»RC2,5C25U5245)
IF(RX)3N3,413,303
413 RC3=].
SC3=0.
G:) T 415
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3013 CUNTINJE
RC3=DL2+T*(CI1 =NL2+4D2)
SC3=T»(uwT-DL2+¥BN2)
415 CINTINUJE
CALL CHMPILLXCII sANSBNIRC328C3,rCA,5C4)
CalLL CMPLY(J2sRC2sSC2sHC4,5C45RCH25CH)
RN=RCS5=*Ci1]2
SN=5CS*Ci12
M=0
Fra=0 «
NCT =0
NCT1 =0
GT=0N.
505 C INTINUE
GP1=Z3+6GT
ZFP1 =GPl *aAN-CRR
caLL CMPLYCJ4s=ZFP1s-GP1#BN,R12,5125J5,J5)
IF(MI92N 920,905
905 GP1=GT-Z3
ZFP1 =GP *AN=-CRR
CALL CMPLXCJa>=ZFP1 =GP 1 #BN,R22,522,J5,J5)
PIT=("-] «)%xM
R12=PIT*(R12+R22)
S12=PIT*(S512+522)
920 CiINTINUE
CALL CMPLXCJl srNsSN2R125S12,0R01)
§3=S3+D1 :
R3=R3+DR
AB 1=ABS(NR)
ABA=ARS(DI)
AR3=NAR3+AB |
AS3=AS3+A3A
IF CMIIDINR »22)91505,9020,9050
9020 RAR3=1s
G1 T 9100
9050 RAR3I=A3 ]J/AR3
9100 IF(AS3)9200,9010,92010
9110 RATI3=0-.
G T a05
9210 RAI3=ABA/ZAS3
aNs CiU=CilJ+1 «
6 IF(CIUI3N»30,9
9 CUNTINUJE
IF(NCT=-100255,55,5N
SN NCT=2
NCTI=NCTI1 +1
WRITECA>1NNTINCTI 5 NR2NsR3,53,F>RAR3,RAI13
IF(NCT1-5255,55,71
55 IFC(RAR3=-EISA56,3N
S6 IF(RA13-E)XST,57,310
57 Gk Tk 65
30 FM=FM+] .
M=M+] .
NCT=NCT +1
GT=CL*FM
IFC(GT-2«*Z3)#4AN-11N.)5055,65:65
65 IF(RKI2N1 2012250
201 IFFMITST5:70



251
2610
110
15

T41
742

1N

&0N4
END3

&nnl

8000

an

9994
2997

100

20
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IF(FMI26N260,4

IFCNR=12752752710)

CINT I NJE

CrINT TNUJE

RR5=C1IS (LS)

S5R5==851IN(®S)
S CALL CHMPLXCJ] sRRS»sSR5>1R3553:R6256)
IF(FYTAal T4l 57142

RNF =R6

A=R6ELRNF

YK=56/RNF

C INT INUE

DDC1I=C )i+] .

AL CI)=SOAT (A#A+ XK XK)
IFCI-1)ENNNLENAN»=NN 4
IFC(SSSIENN3,&NN3,8000
DIFERCII=CLINS=-A1 (1)
IFCDIFERCIIIENNN #0011 » 8NN 1
DRLS=INCR*DIFERCIIZCALCI=1)=A1C(]))+FRACI=]1)
555=1 -0

N2C1)=zZLZ*=ALJGAY CT))
THECIX=CT+ATANCXK/ZA)
TH2C1)=180.-THECI)
ERITECASINNAIF A XKSAL (L) A2 CI)THECI) A TH2CII DD )
CHINT I NUE

WRITE(61NN9)D3LS
IFCPLITIRN99T,9997 9996 :

CALL PLITTERCIT 2122 135 L4sNFAPEXP)
CINT I NJE

STiIP

END

SURRIJUTINE CHPLXI(NRTL>R1 251 3x25525R3253)
Gi) Ti)JC1,25354)sNRTL
R3=RIl *R2-51*52
S3=R1*#52+n2*51

GJ Td 20
DEM=R2*+RP +52 %52
R3=(R1 *42+5] *S2)/DEM
$3=(R2*51-R1*52)/DEM
G:) T'l 201

R3=R1

$3=51

C' )l =SORT{(X3I*RI+53*53)
R2=SORTLCI]l +R3I*.5)
1FCS321N,105100,
S2=53

G T 20

SA=SORT((C }1=R3)*.5)
52=51GN(S54,53)

G T') 20

SA=ErP{(R1)
RP2=5A*C1IS5(51)
S52=5A*SIN(S])

C INT INUE

RETURN

END
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SURRIIT INE WFITS DRI sDLsTRl 2 TS sWT sk SK SN INIBAAIHHEIEIF s F20
1J15J25J35J4,05)
DIMENSTIIN AR (SN0 >BR500)AARSNN I 33RC5A0),C1ITS500)
1005 FIURMATC 1HN 159X, 7T1H NJMAER INTERACT 1 INS EXCEEVED 100 «NECHREASE vALdJ
1E 1IF INCREMENT DR AND DI
KC=1)
F3=F
Fl=F2
IF(NR)Y 25,255100
25 CIINTINJE
SKT=628%F3/T
IF CRK=-1523N,30,50
an Rl=nDa1/bDL
S1=WT/DL
IFCRKISNNLS5N0,200
S0 CAONT INJE
DR2=081
pL2=DL
TR2=T11
T2=T
ws2=us
WT2=WT
RHK2=RK
CALL GUESS(DR2,DL2,TB2:T2,u52,kT2sRK2>R15815J15J25Jd35Jd4,J5)
G T 200
100 CiINTINUE
S2=BR(NR)
Si11=BR(1)
51=-52+5]
IF(NR=-2)90 590,95
g9l R1=ARC])
Gil T) 95
95 RI1=AR(NR-1)
96 C INTINJE
IFC MIDINK22))10522005105
105 CINTINJE
IFCS D700 ,400700
700 S1=51+ SIGN(SKT 25 1)
Gr) T 2010
400 S1=S1+5KT
200 C'INTINUE
Ciu=0«
201 1by=1
R=R1
5=51
IF(F1)210:207:2110
207 Fl1=1 . A
210 CINTINIE
RC1 =031 -DL*R
S5C1=ki=-DL*S
RC2=THB1=-T*r
SC2=4S-T*S
CALL CMPLXCJ4,RC2,5C2,RC3,SC32055J59)
CALL CMPLXCJLI5RC12S8C1>RC32S5C35RC4,5C4)
YI=RCA-RK
Z1=5C4+5K
Culu=C kJ+1 .
NCT=NCT+1



A

RCS=DL+T*RC1|
5C5=T+5C1
CALL CHMPLXCJ] »RC35SC3,1HC52S5CS5»YPsZP)
CALL CHMPLXCJ2 Y1 2Z1 Y2 ZPsDR208)
RI=R+4D11*F|
51=58+N54F]
250 C'INTINJE
RE=ABS(OR/R)
IFCSY 700070017000
7001 SE=0-.
Gi) T} 7nn2
7000 SE=ARS(DS/S5)
7002 CHONTINJE
IF(RE-E)255,255:2610
255 IF(SE-EX270:270:260
260 R=R1
5=51
IFCC 1J=99:.0210.,210,268
268 KC=1
G Tl 600
270 CIINTINUE
SN0 A=rl
B=51
NA=NR+|
ARCNR I =R]
BRONRI=S] :
CALL CMPLXCJ35R1 851 sRC125C1»J5505)
an=rC]|
88=5CI
AARCNK I =R0I
BBRONRI=SCI
CIUT CNRY=C:H Y
IFCNR=-100)610,51055110
S10 KC=1
600 IFCKCI6EIN61N0-605
6015 WRITECA>1005)
E=10.
610 RETURN
END

SUBRIJUTINE GUESS(IFN0LsTBl 2T akSsbTsRKsR1 551 5Jl 5J25J35J45J5)
IFCHS-WT)1.,2.,2

1 Nw=1
WFAC=WT
Gt) T'1 5

2 Nuy=-1
LFAC=us

S CHNT INJE
BTr=nN31-1.
IFCTRI-DT)72Ks R

7 NC=!
TEAC=DT
Gl T4 1n

g NC=-1
TFAC=TH3]

10 CONTINUE
IFCRFAC-TFAC)i2513513



50

110
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NiJ=NC

Gl T4k 15

N =N

CINT I NJE

IF (N2 20550

TIG=DL+T
RI=C-ALIG(RKI+DT+TBI1X/TIG
SI1=(LS+UTIATIG

Gl 71 100

CUNT INUJUE

TLF=2 «%T*DL

P1=T#D31+DL

O1=WT>T

p2=02

CALL CHMPLXCJ45-TB1-KS»P2:025J5,J5)
P3=NB31-RK*P2

Q3=WT-RK*02

Pa=04

CALL CMPLYXCJI P1501sP1,01 21245004)
PS5=P4a-2 *TLF *P3

05=04-2 «*%TLF*)3

cALL CMPLXC(J3:PS:N5:P35032J52d5)
R1=C(P1=P3)/TLF

S1=€CQ)=03)Y/TLF

CHNT ITNJE

RETURN

END

SUBRIUT INE PLITTERCTI 512513, 14,NF sPEXP)

DIMENST N ¥ (5012sY(500)

DIMENSTIN Fr(2),AM(2)TEATI (ﬂ)JTE)'[?_‘(a):TE:XTS(&):TEKl‘A(Q):IE?.IS(Q)

CrlMtM N F‘r{ﬂ(S'lﬂ):f\l(ﬁl]l']):A?f'—)[”!);lHl‘Z('ﬁ)ﬂﬂ):THQ(SHrJ)

COMMIN EXDATCL4)

DATA AMC1)/BHAMPLITUNDZ AN (2 )}/ GHE /sFRCII/EHFREQUENC/,FR(2)/8
| HY (HZ) Z3TEXTICII)/ZEHTHE IRET L/, TERTI] (2)/8HCAL ITRANZSTEXTI (3)/8HSF
DER FUN/ZLTEXI1 C4)/FHCT L IN Z>sTEXT2C1 )/ BHFERMI AG/»TEXI2(2)/EHE-DIF
AFUS/STEXT2(3)/7RHTIN MINDE/STEXI2 (4)78HL ZSsTEXI3C1)/Z&HCIIMPARITS
A7 H>TEXT3(2)/8K IN EXPER/>TEXT3(3)/8HIMENTAL ZaTEXTICA)/8RAND THEWD/ ST
SEXT3(5)/8HRET ICAL LAsTEXT3 (6 )Y/ RHRESULTS />TEXTACI ) Z8RTHEINRET I/, TEXT
64(2)/EHCAL /:TEXTS(I)/F'\I".EXPEHI?"-E/:IEKT5(2}/F~HNTQL /

CIEFF=EXDAT(1) /A1 (2)

DI 1 I=1.NF-1

XCId)=ALIGINCFRICI+1) I *| 25

YCIDX=A1CI+12%2.5

IFCPEYPIL 2122

YCIY=YCI)*CJEFF

CHINT INJE

caLL HGPLITC(=5Na10N2054)

CALL HGPLIGAXTS N s el sFRa=I1s SeNsNeNals4d

CALL HGPAXISV (N «0,0 N3AM IR 52:559003NN204250522)

IF(PEXP)S»5:6

cnLL PGI’S‘H"'_H_(”-"113-5:“-I?_SrTEXTﬁ:”-nnﬂ?)

CcALL FUF’SYF"‘]I.(H-5:3-”4:”-]2:!?.!]'4)1}-”:11)

calL }*G}’S‘f'-"’:’;l.,('.'t-5J'r?b'o‘-'ht|1-H?tTE?’-TSJ[‘ «Ns12)

cAaLL HGPLIIT(3-N3313350)

CALL HGPLITC3-3:,31:2,0)

CabLL HGPLITC3-] 226535100
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CALl. HGPLAT(3.2,2.7,2,N)
CALL HEPIAT(3+15,2.95,3,N)
CALL HCPLIOT(3+15,2.75,2,0)
GEL T 7
5 CALL HEPSYMPLANN0,3+5:N15, TEXTI»0.0513)
7 CALL HGPSYMHLCNNN,3e1s0elTEXTR2,MAaNs14)
CALL HOPSCUBRUVF(X,YL,NF-1,N00N50,50)
IFCPELXPY 35354
4 CALL PLOTECROSS
3 CALL CLOSEPLOT
RETURN
END

SUBHRDOUTINE PLUOTCEOSS
DIMENSIDN Z(C14)sYC1A)FENFRCIAILUXCISIYY L)
COMEDY FROCSNINILALCSNNIARCSNN)I, THECSAN), TH2C50N)
COMNMON EXDATC14) :
DATA EVFR/1eN:4T7e85,95N, 1450051980527 7.N,085.N,435.0,400.0,594.0
;F*‘RI-F);QSFI:!'!:lﬂ'fﬂ-ﬂ;ﬂﬂsn.ﬁ/
E=0.05
DO 1 I=1,14
XCI)=ALOGINCEXFRCINI%®1 .25
YCI)=EYDATC(II*2.5
X¥CII=XYCID)
YY(1)=Y(1)
CALL HGPLOT(X(CI)s¥Y(CI),3,0)
CALE HGRPLOTCECII+S-Y 012,P0)
CALL HEPLOT(YCI)=S>Y(Ida1:s0)
CALL HGPLUTIXCI)YC(IYs15Nn)
CALL HCPLUT(XC(I)oYC(I)+S51,50)
CALL HCERLOT(XCId>YCI)=S,150N)
CALL HEPLOTXCII»YCldYalan)
1 CONTINUE
X¥X(15)=3.15
YY(15)=2.F
CALL ASTSYVMPOL(XXsYY»>1551,0.0350)
RETUREN
END
FINISH

—

2.- EXAMPLE INPUT DATA(CFIORMATS DI NOT CORPESPOND)

1 1
N«9767 ND+9425 N-9227 NRO26 N.PE25 NB400 NeRPOP
NeTER3 D 7287  N. 6987 N€437 N.5352 N.4490 N+ 2265
annn 50
i S 1 M1.3 Nan4y N.Nneay 197 Nl 15.0

1% AN 6 N.NNNN13 N.ANANKY NLRALS N.8245 (P
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3.- LINEPRINTER DUTPUT FXAMPLE

SPACE~DEPENDENT TRANSFEE FUNCTION IN A CYLINDRICAL,HOVMOGENEDUS AND
MULTIPLYING NUCLFAR SYSTFM

FERMI AGE-DIFFUSION KODFIL

NUCLEAR SYSTEM CHARACTERISTICS:

n

RADIUS SYSTEM 39.0N0CH.
HEIGHT SYSTEM = Bl.30CM.
MULTIPLYING FACTOR = R.#450)
DIFFUSITIN LENMGTH = 1.900CK.
FERMI AGE = 4 e GNCM2 .
THERMAL LIFETIME = MN.000NE4SECS.
FAST LIFETIME = 0N.0N0N13SECS.
BETA = 0.0N06&500
TAU = 12.7000

NUMERICAL PADRAMETELS:
TOTAL ERROR = 0.04000D
EEROR aLLOWED FOR ROOTS OF CHARACTERISTIC EAQUATION = f.00190

INCREMENT FOUZ CONVEEGFENCGY ON DR AND DI = N.5000N0

THE TRANSFER FUNCTION IS PEING CALCULATED FOR THE FOLLOWING POSITION

RADIAL = " D«00NCH.
ANIAL = 15.000
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4_ GRAPHPLOTTER OUTPUT EXAMPLE
A=PEXE=z1

COMPARISON EXPERIMENTAL AND THEORETICAL RESULTS
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