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ABSTRACT

Multigroup transport theory methods have been used in a study of
the importance of coolant and moderator thermal neutron scattering
lawvs in determining neutron spectra, flux peaking and reactivity in
cold, clean Steam Generating Heavy Vater (SGHW) reactor lattices, at
two different coolant densities. It is shown that the reactivity
effects of scattering laws are just significant for design purposes,

Spectral density distributions of the normal modes of hydrogen
motion in Santowax~R (terphenyl) have been fitted to the phased-chopper
measurements of Brugger. Spectral density distributions'?or solid and
liquid forms are compared., Calculated total cross sections and diffusion
lengths are compared with available experimental data.

A study of the ability of various scattering models for hydrogen
in light water to predict neutron diffusion and spectrum distortion
in aqueous solutions of boron, cadmium and,gadolinium salts has been
carried out. It is shown that the Haywood model differs from experi-
ment to the same extent as does the earlier Nelkin model, though in
* the opposite sense.

The fitted model for Santowax-R and the Haywood model have been
combined in & transport theory analysis of the 'two-temperature'
experiment of Tremeer. Such an experiment is relevant to the physics
of an SGHW with hot coolant. Iredicted spectrum transients agree
with experiment within the rundom and systematic errors of the latter.
Evidence for the separability in space and energy of the spectrum

tronsient in Santowax-R has been examined without conclusive result.



ACKNOVLEDGEMENTS

The author is glad to acknowledge the advice and encouragement
given him by Professor P. J. Grant in the course of this work. Ile
is indebted to the United Kingdom Atomic Energy Authority for per—
mission to publish work included in Chapter 2.

In the early stages of the work, the guthor had useful conversa-
tions with Dr. B. C. Haywood and Mr. R. C. F. Mclatchie. It is also
a pleasure to record the collaboration in certein parts of the work
with Dr. P. W. Johmson and the assistance offered by Dr. G. E. B. Tremeer
in preparing his experimental results for analysis.

’Particulur thanks are due to his wife Susan for having typed

this Thesis.



TITLE

ABSTRACT

CONTENTS

ACKNOVLEDGIMENTS

CONTENTS

CHAPTER 1 -~ INTRODUCTION

CHAPTER 2 — SCATTERING LAY EFFECTS IN COLD,

2.7

CLEAN SGHY LATTICES

The SG 13 Lattice

Cell Calculation - The Programme»THULE
Scattering Models for H20 and D20
Diffusion Coefficients Calculated by PIXSE
Dependence of Lattice Spectrum upon the
H20 and D20 Scattering Laws

Neutron Transport and its Effect Upon
Spectra, Flux Peaking and Reactivity

The Reactivity LEffect of Spectrum Changes

CHAPTER 3 — SCATTERING LAW FOR SANTOVAX-R

3.1
3.2
3.3

3.4
3.5

The Iterative Method Applied to Santowax-R
Restrictions on the Fitted g(]’a)
Comparison Between Solid and Liquid
Sentowvax and Between Santowax, Diphenyl
and Benzene

The Diffusion Length for Santowax-Il

The Total Cross Section of Santowax—It

CIHAPTER 4 -~ NEUTRON SCATTERING BY LIGHT WATER

4.1
4.2

4.3
4.4
4.5
4.6

The Structure of Water

The Haywood Model and Assumptions

Relating to it

Models Used for Comparison with Haywood
Self-Diffusive hotion “
Calculation of Diffusion Lengths

Total Cross Section and Mean Kinetic Enerpgy

page

[

41
14
50

56

59
61
65
G9
75



CHAPTER &5 - THEL RATHERMALISATION PROCESS

5.

5.2

5.3

Rethermalisation Ixperiments at Imperiel College
Analysis of Spectrum Transients in
Santowax~R

Calculation of Fission Rates

CHAPTER 6 — CONCLUSIONS

6.1

6.2
6.3
6.4

REFERENCES

APPENDIX A

APPENDIX B

APPENDIX C

Scattering Law Effects in Cold, Clean
SGHY Lattices

Scattering Law for Santowax-R
Neutron Scattering by Light Vater

The Rethermalisation Process

-~ THEORY USED IN THE ADDELT PROGRAMME
- THEORY OF EXTRAPOLATION PROCEDURE FOR e( P)

- THEORY USED BY THX LEAP PROGRAIME

80

83

86
94

103

103
104
105
106

107
111
115

116



CHAPTER 1
INTRODUCTION

During the last ten years, the emphasis of reactor physics work
on the 'point!' or cell calculation of fluxes and reactivity has been
- much influenced by the availability of large, fast, computers. The
computer has allowed the abandonment of met@ods based upon simple
correlations of the results of many expensive experiments in favour
of methods which use basic nuclear data for cell materials and an
accurate representation of the cell geometry. Increasing computing
speed has also permitted improved treatment of neutron behaviour in
energy and space by the use of many energy groups tdgether with a
numerical solution of the Boltzmann transport equation. Methods based
upon the trensport equation will soon be used for routine reactor
design calculations.

Now the nuclear data cannot be better than that currently available
and the simplest approximations to the transport equation, consistent
with acceptable accuracy, will be chosen in order to economise on com-
puter running time and to accommodate the calculation within computer,
storage. Thus the role of experiment lies in allowing checks te be-‘
made of the adequacy of data, cell representation and numerical approxi-—
mations. Such experiments usually include the main features of the
reactor lattice in question. Because the physical procesaes.are well
understood, the theoretical methods may be applied to a variety of
lattices of the same general type without the need for further experi-
ment;1 studies.

This work has been concerned with one particular data problems
the importance of a correct treatment of inelastic scattering of neutrons
by certain moderaﬁor atoms with particular reference to the physics
design of the Ste;m Generating Heavy Water Reactor (SGAW). Thermal

events assume particular importance in this recctor because while the



light water coolant passes around the clustered fuel rods, the heavy
water wvhich has the major moderating function is at near to ambient
temperature. VWhile there will be some interaction with the overall
flux dhape in the cell, the thermal spectrum in the fuel will be in~
fluenced by two main factors. These are the absorption induced
hardening of the spectrum due primarily (in a 'clean' unburnt core)

to U-235 absorption and, secondly, the extent to which neutrons at a
different 'temperature' from the moderator penetrate the fuel cluster,
thereby influencing the reactivity, In part because no hot coolant
experimental results were available when the work was begun and partly
in order to isolate the processes involved, these two fuctors have been
studied separately.

The effect of using realistic models for molecular binding of
hydrogen in light water and deuterium in heavy water, upon reactivity
and reaction rates in cold, clean, air cooled (to simulate steam) and
water cooled lattices is discussed in Chapter 2, [Experiments performed
by other workers at Imperial College have investigated the rethermalisa-
tion process, which is the dominant process affecting the penetration
of 'cold! neutrons into the hot fuél cluster containing coolant. This
procees is discussed in detail in Chapter 5. Chapters 3 and 4 are
concerned with the models for molecular binding and their effect upon
scattering, for the light atoms in the two liquids used in the Imperial
College experiments., These liquids wére hot Santowax-R (terphenyl)
and cold light water. Obviously the discussion of light water properties
is also relevant in itself to SGHW physics design.

The cold, clean SGIHW lattice considered was one used in the
vinfrith series of experiments; it had fuel:coolant and fuel:moderator
volume ratios close to those of the prototype. It is not sufficient
to consider the effect of various scattering godels for hydrogen in

water only. In water cooled cores, due to neutron in-leakage into



the fuel cluster, the treatment of deuterium in heavy water must be
studied and in a 'superheat' steam cooled cell the heavy water is the
only moderator. Fission and other reaction rates in the fuel are
considered together with the cell flux peaking and reactivity.

Santowax-R is an eminently suitable material for rethermalisation
experiments for reasons similar to those that led to it being considered
for use in organic cooled reactors. ' However, thermal scattering data
suitable for input to the multigroup calculations has been lacking.
~ In contrast, benzene ('mono-phenyl') has been studied both experimentally
and theoretically by other workers and detailed calculations of spectra
in infinite, poisoned solutions have been carried out. Diphenyl has
been studied to o lesser extent, mainly through experimental work using
the pulsed neutron.technique. There is, however, little reason to
rely on data for benzene ond diphenyl in calculating scattering by
Sontowax-R, which has markedly different physical properties. 1In
Chapter 3 the origins of a nev model for the molecular binding of
hydrogen in Santowax-R and the testing of this model against available
experimental date are described.

The author has been closely associated with the analysis of a
series of precise measurements of neutron diffusiqp lengths in light
water poisoned with neutron absorbing elements. Although thermal
neutron scattering by water has been studied for many years, there
remain significant discrepancies between experimentul measurements
of such quantities as total cross section and diffusion lengths and
the predictions of the present best model derived from double differential
scattering.measurements. Four different scattering models, one the
present best model and another the most realistic model used in the
SGHV analysis in Chapter 2, have been compared with the diffusion

lenpgth measurements.,



To isclate the rethermalisation process and to avoid the geo-
metrical complexities of an SGHW reactor cell, the most satisfactory
solution is the two-temperature problem, where uniform media at
different temperatures are separated by a temperature discontinuity,
usually plane. This problem has been considered theoretically by
nunerous workers, but experimental work has been limited. Severe
difficulties face the experimentalist, particularly if the moderators
concerned contain eight elements. In Chapter 5, the results of Imperial
College rethermalisation experiments are compared with the same methods
of calculation gs were used in the calculations for the SGHVW cell,
but incorporating the best available scattering models for light water
and Santowax-R. Important features of the rethermalisation process

are discussed.

R H
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CHAPTER 2

SCATTERING LAW EFFECTS
IN COLD CLEAN SGHW LATTICES

Particular problems arise in the calculation of the thermal
neutron spectrum in an SGHW cell because of the presence of two
different, both strongly moderating,liquids, heavy and light water.
Although the thermal meutron spectrum to which the fuel is exposed
will be determined mainly by scattering by H in H,0 (together with
the effects of abaorption), this spectrum will also be influenced
by the in-leakage of neutrons having a different energy distribution
from the D20 moderatof. Thus the effect of changing both the H
and D scattering lawvs must be investigated.

Previous work in this field has been concerned with uniform
lattices having a single moderator. Macdougall (1963) has compared
reactivity, temperature coefficient and fission rate calculations
using different graphite scattering models, for Calder Hall, AGR and
homogeneous plutonium/graphite ('Zenith') lattices. Smit and Stamm'ler
(1965) have compared calculated reaction rates with measurements in
U0, lattices moderated by pure Hy0 and by an Hy0/Dy0 mixture,  Recently,
Volpe (1967) has published an extensive comparison between reaction
rate measurements in iov—enrichment uranium 320 moderated latticea
and calculations which employed three different H scattering laws.

This chapter describes work carried out during 1963-65 at
AEE~-Winfrith and Imperial College, using computer programmes at
Winfrith, In Section 2.2 the multigroup method used for calculating
reactivity, fission and reaction rates is described and errors in
the representation of cross sections and fluxes are discussed.

Three different scattering laws fér D in D20 and H in 520 have been

used and these models are described in Section 2.3. Calculated



reaction and fission rate ratios are compared with experiment in
Section 2.5 and the possible interactions between fine structure
and fuel spectrum in Section 2,6. The effect upon k- infinity of
changing moderator scattering laws is discussed in 2,7,

The majority of the results given in this Chapter have appeared

in a Winfrith report (Goddard, 1966),

2.1 The SG 13 Lattice

The SGHW lattice, which is the subject of this study, is highly
inhomogeneous, the cell and fuel cluster dimensions being large
compared with the transport mean-free paths of thermal neutronms.
Figure 1 shows the arrangement of the cell; thisvarrangement was
called SG 13 in the series of Winfrith experiments described by
Campbell et al (1964). Seventy-one uranium oxide rods 0.4 inches
in diamter, clad in aluminium form a fuel cluster enclosed by the
aluminium pressure tube containing the coolant. Fuel enrichment
was 1.35% and the volume ratios coolant/fuel and moderator/fuel
were close to those for the SGHW prototype. The "coolapt" between
the fuel rods was either fudl density room temperature 320 or air
(simulating steam) in the two lattices considered here. The D20
moderator was also at room temperature and an air gap separated the

pressure tube from the aluminium calandria tube.

2,2 Cell Calculation - The Programme THULE

Calculations for the SGHW lattice geometry shown in Figure 1
have been carried out with the THULE programme, THULE uses basic
cross-sactions in a transport calculation with the Winfrith DSN
programue (Askew and Brissenden (1963) and Francescon (1963)) and
computes k- infinity and multi-group fluxes inm the reactor cell.
PIXSE, written by Macdougall (1963) computes inter-group transfer

cross—-sections from an arbitrary scattering lav S(°<5F); the

11
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free gas model and the so-called effective iidth model are built

into PIXSE. Descriptions of the physical basis and the detailed
vworking of THULE have been published by Leslie and Terry (1963) and

by Terry (1964). Two fast groups and one resongance group cover

the epergy ranges 10 MeV to 821 KeV; 821 EeV to 5.53 KeV and 5.53 KeV
to 4 eV, while 42 interacting and non-overlapping groups cover the
thermal range to 4 eV. Absorption cross~sections are taken from

the Winfrith Data Library.

To convert the fuel clusters into c&lindrical geometry THULE
uses hyperfine structure factors for fuel, cladding and coolant that
are calculated by one group collision probability methods in slab
geometry for each ring of fuel separately, assuming this ring te
be part of an infinite array. When subsequently calculating reaction
rates in fuel rods, these factors are applied to the total thermal
activity, This approach, which simplifies the actual calculation
geometry, has been shown by Campbell et al to under-estimate the
average hyperfine structure in an 820 cooled cluster by 2 - 3%,

In addition, thermal spectrum is calculated in a‘hyperfine weighted
fuel/can/coolant smear and so spectrum hardening inside the (small)
fuel rods is not taken into account,

Neutrona entering the thermal region from the resonance group
are partitioned among the 42 thermal groups using cross-sections
calculated by PIXSE, assuming a'% flux above 4 eV, The importance
of a proper source distribution across the cell was shown in early
studies by leslie and Terry with THULE when it was found that the
use of a correctly shaped thermal source instead of a flat source
increased the flux in the calandria and pressure tubes of an SGHV
cell relative to the minimum flux in the fuel by about 10%. A
predicted apatialdsoqrce distribution was therefore used for the

[ .

present calculations.
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The group structure of 42 groups was designed by Chudley (1963)
for aystems containing plutonium 239 and 240 resonances, The main
reasons for the 4 e¥ boundary are that the plutonium 240 resonances
ia thereby included in the detailed thermal calculation and that
measured spectra in homogeneoue media show that molecular binding
effects are significant up to emergies of a few eV. Average absorp-
tion gpd fission cross-sections for these narrow groups are obtained
by assuming a Maxwellian spectrum at the appropriate physical tempera-
ture for energies leas than 4 kT and a'% spectrum for greater energies.
To test this combination of group structure and cross-sections, average
cross~-sections below 0.625 eV calculated using the free gas model for
hydrogen scattering with 42 groups and also with a more detailed 55
group set, were compored with exact free gas calculations using
SOFOCATE (Amster and Saurez (1957)) programme calculations vith the
same Winfrith Data Library absorption cross-sections. The two group
structures are compared in Figure 2 and‘Tablé I compares the reaction
ratios Lutecium 176/Manganese 55 and the fission rate ratios Plutonium 239/
Uranium 235 (each normalised to unity in a Maxwellian spectrum) for

1 -
various wixtures of V absorber with hydrogen.

Table I Effect of a More Detailed Group Structure

v

on Spectrum Indicators

Lu/Mn reaction rate ratio 239/235 fission rate ratio

1
/; ::::'/ SOFOCATE | 42 group | 55 group | SOFOCATE| 42 group| 55 group

4 1.201 1.278 1.294 1.358 1.357 1.357

8 1.480 1.454 1.481 1.653 1.650 1.652

12 1.606 1.570 1.605 1.900 1,895 1.808
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Ouly for latecium is the 42 group set inadequate; this is not
unexpected as the group structure was not chosen with the lutecium
resonance at 0,142 eV in mind. The SGHW spectra to be discussed
are equivalent in "hardness" to 4 barns of-% absorber per H atom or
less and so errors of up to 1% in calculated lutecium manganese
ratios must be expected, and the necessary corrections have been
made.,

The version of the WDSN code used was restricted to isotropic
scattering and in order to take some account of the anisotirophy in
the scattering by hydrogen and deuterium, the transport correction
can be applied in PIXSE, whereby the total anisotropic scattering
cross—section &,(9) is subtracted from the diagonal (elastic) terms
of the isotropic scattering watrix, This preserves the correct
diffusion coefficiént. while leaving the spectrum as calculated in
en infinite homogeneous medium unchenged. There is no direct evidence
for the adequacy of the transport correction in SGHW geometry. The
comparisons between measured and calculated flux peaking in section 2.6

suggest that the errors involved are small,

2.3 Scattering Models for H20 and D20
The programue PIXSE requires the differential scattering crosa-
section as input and using the nomenclature of Egelstaff and Schofield

(1061, 1962) this ia given by
| 1 S J—g— ~F/y

o‘(EO,E,p.) =ET 3n Eo e S( )?) ' (1)
vhere
g = cosb

6 = the angle of scatter
EO,E are the initial and final energies

dy = the bound atom cross-section = (A + l)2 o free
A

£
K = E+Eﬂ_—2(E§Qu
AT
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o is dimensionless, and is proportional to the square
of the momentum tranafer

?3 = E =E, ia the dimensionless energy change
kT

S(<,B ), the 'scattering law' can be thought of as the probabil-
ity thet if the neutron energy changes by’ﬁ’, then momentum o( will
be exchanged between neutron and the scattering atom,

Depending on the accuracy required in calculating spectra and
neutron transport, theoretical models of molecular binding are
commonly used instead of the more complex model based upon experiment.
The three scattering models for 320 and D20 that have been used in
‘this work are as follows; the first being the simplest, the last
the most realistics

(1) -The free gas model

The free gas model neglects molecular binding and assumes the
scattering atoms to be free; cross-sections for an ideal, monatomic
gas were first calculated by Wigmer and Wilkina (1944). In the
scattering law representation, the spectral density distribution
or denaity of the normal modes of vibration for a free gas is a d
function at F = 0 (Figure 3) and

2
S(O()‘ﬁ) = 2 ,l[ﬂg( exp %- (u 4".0('3 ’; (2.)

(ii) The width model

The width model is completely defined by a single parameter,
the "width", which is adjusted so that some reactor physics constant,
usually the meutron diffusion coefficient in the particular moderator,
is predicted correctly. It was suggested by Egelstaff that the
spectral density distribution ¢ () describing molecular diffusion
might be & useful simple representation of the entire scattering law
for H

0 and D,0. This is not to imply that the scattering law is

2 2
moatly diffusive in origin, but that a reasonable empirical fit to
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the scattering behaviour might be obtained. Egelstaff and Schofield
have suggested that ¢ (B ) for a single diffusion atom can be
represented by

Plov(e2 . 4)2 2
¢(p) - 2sinh (m;-)(q +4) Kl(( (q 2; 4) (3)

where q is the width éarameter, which is proportional to the width
of the quasi-diffusive peak in ¢ (p) (Figure 3). From this
expression, S(o,B) can be obtained analytically. The width para-
meter can be fixed in a variety of waysy by fitting to scattering
law dhﬁa; to the mean kinetic energy of the atom T, to the diffusion
coefficient, or to the total cross-section. The first method is
unlikely to be successful with such an empirical model. The other
three are all interdependent and the diffusion coefficient was
selected as the most convenient. At an early stage of this work,
in 1863, q values of 4.3 and 2.7 for room temperature 320 and D20
were aselected.

(iii) The Nelkin-type model for H,0 and Do0

The Nelkin (1960) model for H,0 has been extensively used in
spectrum calculations and in the calculation of diffusion coefficients.
Translations of the molecule as a whole, hindered rotations and the
vibrational modes are represented by -functioné in e(;i) as shown
in Figure 3. For D,0, Homeck (1962) has proposed an equivalent
model.

Existing methods for producing cross—sectiona use approximations
for certain of the modes, depending on the incident neutron energy,
vhich resultf in discontinuities in the cross-section &(E; E) at
the enmergy where the approximation changes. This is avoided in
the method proposed in this report which treats the four modes
exactly at all incident neutron energies up to 4 eV. It is based

on the programme ADDELT written by McLatchie (1965) to convolve
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the experimentally measured part of a scattering law with ® functions
in ¢ (B) outside the range of measurement. The vibrations are
assumed to;be isotropic, and the Gaussian approximation on which
the method depends implies that the vibration should also be harmonmic.
The theory of ADDELT is outliped in Appendix A.

In constructing the scattering model with the Nelkin parameters
for 320, the input scattering law was that for a free gas model
with mass 18 representing the translational mode at‘}5 = 0. The
moss acale was increased by the factor of 18 by dividing the < sacale
of a scattering law derived from equation 1 by 18, ADDELT was then
used to convolve successfully with this, the three ® functions in 6(29
corresponding to rotation and vibrations. The model for D20 was
formed in a similar way, starting from a free gas of mass 20.
Honeck has shown that with this D20 model, the effect of coherent

scattering can be neglected without introducing serious error over

the thermal range important in reactor physicsa.

2.4 Diffusion Coefficients Calculated by PIXSE

PIXSE will calculate the Maxwellian weighted tranmsport cross—
section and so permit the calculation of the diffusion coefficient
for Hy0 and D,0 for the various models.

This hias been done in order to judge later the importance of
any interaction between neutron diffusion and”the spectrum in an
SGHW cell, and the results are shown in Table II, The calculated
diffusion coefficient for 320 using the Nelkin model is, in fact,
2% lower than that given by the calculations of Clendenin (1964).
However, the possible presence of small systesatic errors in cal-
culated diffusion coefficients should not invalidate the general
conclusions. This discrepancy is tentatively ascribed to an

inadequate angular and energy integration of equation 1 by PIXSE.
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Table IXI Calculated H, 0 and D0 Diffusion Coefficients

2 2
H20 diffusion coefficient D20 diffusion coefficient
Scattering law PIXS§1D Scattering law PIXS§1D
model ca ) model (em™")
Free gas (imotropic 0.164 Free gas (isotropic 0.840
matrix matrix)
Width (711' = 4.3) 0.147 Width (-(1; - 2.7) 0,848
Nelkin 0.145 Nelkin-type model 0,823
as proposed by
Honeck
Experiment 0.143 + .001 Experiment 0.834 + .006

The experimental values quoted are unweighted means and mean
deviations of two compilations by Springer (1964). Each of ﬂhe three
models for D20 givea diffusion coefficients close to the experimental
value, although agreement with the free gas model was only achieved
by using a scattering matrix uncorrected for anisotropy. Making
the correction for anisotropy to the free gas model cross—sections

1 1

would result in diffusion coefficients of 0.26 cm =~ and 0.97 cm

for Hy0 and D,0 respectively. The rather high value given by the
width model for H20 wvas the result of the width parameter being fitted

at an early stage in the work when there were large uncertainties in

the experimental value of the diffusion coefficient.

2.5 Dependence of Lattice Spectrum upon the 320 and D20
Scattering Laws.

Two different integral spectrum measurements with foils have
been made in the SGHW lattice cellgaﬁgcl a8 examples in this chapter.
These are the ratio of the activation of Lu-176 to that of Mn-55,
and the ratio of the fission rate of Pu~239 to that of U-235, both

ratios being normalized to unity in o Maxwellian spectrum. Foils
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were placed in representative fuel rods in each fuel ring, and at
the cell boundary in the D20. The experimental techniques have
been described by Fox (1964).

THULE will calculate a chosen reaction rate or reaction rate
ratio as a function of position in the cell., These are converted
to fuel rod values by applying the hyper—fine weighting factors to
the thermal activity and adding the resonance contributions. Small
corrections have been applied to the Lu/Mn ratios to take account of
the under-estimate of Lu activity due to the group structure (Section 2.2)
and to correct for the fact that the Mn resonance at 337 eV lies above
the main uranium resonances and is not therefore affected by the
depression of the'% flux cdusedipy these resonances.

(1) "Water-cooled¥ Lattice

Tables III and IV show calculated Lu/Mn and Pu/U ratios in the
ngo cooled lattice compared with experiment, Significant improvement
is obtained by using the width model rather than the free gas model
for H20. Changing the ngo scutter#ng model only affects the outer
two rod rings as might be expected since thermalization in the interior
of the cluster is dominated by the H20 "eoolant'y these outer rings,
however, do have the highest flux weighting and contain the greatest
number of rods. The use of the Nelkin-type models for H,0 and D20,
rather then vidth models, does yot produce a large change in spectrum.
There remains a small discrepancy hetween theory and experiment, the
experimental spectra being harder, although this difference is only
greater than the experimental errors at the centre of the cluster.
A similar difference has been observed in the analysis of the whole
seriea of experimental SGHW lattices (Campbell et al (1964)) using
the width model for Hy,0. The discrepancy is consistent with the

results of the analysis (Poole (1965)) of spectra in homogeneous

»



23

poisoned aqueous solutioms, but the extensive analysis of regular
lattices by Volpe (1967) is inconclusive on this point, the Nelkin
model even being superior to more elaborate models for well-moderated
lattices.

(ii) "Air-cooled" Lattice

The Lu/n and Pu/U ratios calculated for the "air cooled" lattice
and given in Taﬁles V and VI, show that the D20 scattering model has
in this case a large effect upon the fuel spectrum., The effect on
the spectrum of changing from the width to ihe Nelkin-type model is
small compared with that produced by using the width model instead
of the free gas model. No Pu/U experiﬁental rosults are available,
but inside the fuel cluster the calculated Lu/Mn ratios, using the
Nelkin-type model, agree with experiment within the experimental errors.
The spatial variation of the spectrum within the fuel cluster also
appears to be well represented. The excellent performance of the
Nelkin-~type model for D20, without correction for cohgrent scattering,
for predicting spectral distortion, has been confirmed by Sinclair (1965)

who has analysed boron poisoned D,0 solutions.

Table III  "Water-cooled” Lattice. Lu/Mn Reaction Rate Ratios

Scattering models Fuel rod rings

D0
(Ce%l
Hy D,0 (Ceftre| 2 3 4 5 [bowndary)
rod)
Free gas | Free gas | 1.088 | 1.000 |1.110 |1.107 |1.092 | 1,058
Width | Free gas | 1.127 | 1.142 |1.156 |1.151 | 1.114 | 1.051
Width Width | 1.127 | 1.143 [1.156 | 1,167 | 1.128 | 1.083

Nelkin Nelkin 1,126 | 1.142 | 1.168 {1,168 | 1,131 1.088

1.162 | 1.159 | 1.160 | 1,162 | 1.142 1,060

Experiment +.022 | 4,022 |+.022 | +,022 | +.022 | +.020




Table IV  "Water cooled" Lattice. Pu~-239/U-235 Fission Rate Ratios

Scattering models Fuel rod rings

(D20
Cell
H,0 D0

"eooTant" modefator (cadtre 2 3 4 5 |boundary)

rod)[

Free gas Free gas 1.200 1.214 1.214 | 1.195 | 1.1567 1.115
width Free gas 1.235 1.247 1.250 | 1.226 | 1.171 1.114
Width Width 1.234 1.847 1.251 | 1.230 | 1.182 1,136

Nelkin Nelkin 1.237 1,260 1.265 | 1.233 | 1.184 1.139

1.209 | Not 1.263 | 1.233 | 1.201 | 1.160

Experiment #.04 | Measured +,037 | +.037 | +.036 2,040

Table V "Air cooled" Lattice. Lu/Mn Reaction Rate:Ratios

Fuel rod rings

Scattering ‘D20
model 1 {cell
Dy0 (centre 2 3 4 5 |boundary)

~réd)

Free gas 1.268 1.265 | 1.254 | 1.230| 1.181 1.075

¥idth 1.322 | 1.320 | 1.308 | 1.285| 1.238 | 1.118
Nelkin 1.322 | 1.320 | 1.308 | 1,286 1.239 | 1.118

1.318 | 1.306 | 1.206 | 1,206 | 1.240 | 1.140
Experiment | , 025 | +.025 | +.025 | +.024| +.02¢ | 4,022

Table VI  "Air cooled" Lattice, Puf239/U-235 Fission Rate Ratios

Scattering Fuel rod rings - DéO*
model i (cell:
D,0 (cohtre| 2 3 4 5 |boundary)
rod) .
Free gas 1,428 | 1.423 | 1.403 | 1,367 | 1,308 1.189
Width 1,482 | 1,482 | 1.461 | 1.424 | 1.362 1.226
Nelkin 1,406 | 1,401 | 1.470 | 1.432 | 1,369 1,231
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2.6 Neutron Transport and its Effect Upon Spectra, Flux Peaking
and Reactivity

Changing the diffusion coefficients of the moderators in an
SGHW cell will affect the flux peaking which may interact with the
cell spectrum and both the spectrum and flux peaking changes will
influence the reactivity.

(1) Adjustment of the Diagonal Elements of H and D

Scattering Models

An attempt has been made to vary diffusion coefficiente while
leaving the cell spectra substantially unmchanged, by adjusting the
diagonal (elastic) terms in the hydrogen and deuterium scattering
matrices. Three alternative diffusion coefficients for H20 and
D20 have been used, and were obtained by adjusting the scattering
matrices for the width model between the extremes of an isotropic
matrix and a matrix with the transport correction‘applied. Yalues
of thease diffusion coefficients listed in Table VII below can be
compared with the values implied by the various acattering laws as

given in Table II,

Table VII Effect of Transport Correction on the

Calculation of Diffusion Coefficients o .

Hy0 PIXSE D (cm™) D0 PIXSE D (™))

(Width model q = 3.7) (width model q = 2.7)
Isotropic matrix 0.111 0.737
Intermediate matrix 0.129 0.788
Anisotropic matrix 0,158 : 0.848

Different combinations of these alternmative diffusion coefficients
have been used in THULE calculations of the reaction rate of manganese

as a function of position in the "water cooled" cell. The reaction
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rate in a fuel rod is obtained by applying the hyperfine factor to

the thermal activity and adding the resonance activity., Table VIII
shows flux ratios in the cell, where § represents mangenese activity,
and where 'PTCT' denotes the average value in the pressure and

calandria tubes. Also shown are the variation of k~inf and the Pu-239/
U-235 fiasion rate ratio in the outer ring of rods; changes of this

ratio for the inner rod positions were negligible.

Table VIII  "Water Cooled" Lattice. Varying Dﬂ,“:and D, 0
2 2

Pu-239
D olea™)| By (™) Porcr Engo T-235 1°F*| k-inf
2 2 '7 '3 outer
fuel fuel ring

0.158 0.848 1,707 { 2.024 1.1820 1.173

0.129 0.848 1.783 | 2.108 1.1787 1.170
0.111 0.848 1.849 | 2.178 -1.1771 1.168
0.158 0.788 1.711 | 2.042 1.1815 1.173
0.158 0.737 1.706- | 2,049 1.1813 1.173

A decrease in DB20 of approximately 40% produces an increase in
the fuel flux peaking of 4% and a 0.4% decrease in k-inf through
increased absorption in the aluminium pressure and calandria tubes.
Changing DDzo by 10% produced no significant changes in either flux
peaking or reactivity. It is likely that in an air-cooled lattice,
flux peaking and reactivity are similarly insensitive to the diffusion
coefficient of the D20 bulk moderator, although this has not been
checked. A conclusion to be drawn from Tables VII and VIII is that,
vhen only the elastic scattering is changed, the interaction between
flux peaking and the form of the transient in the Pu~239/U-235 fission

rate ratio in the fuel can be neglected. The fission ratio changes

A .
by only 3% for a 40% change in DH20'
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(1i) The Effect of Different Scattering Models Upon Flux Peaking

In Tables IX and X, experimental results for flux peaking as
indicated by manganese activation (x), in the water cooled and air
cooled lattices are compared with THULE predictions using the various
scattering models. The free gas models do not have the tranmsport

correction applied for the reason given in Section 2.4.

Table IX "Water Cooled" lLattice ~

Variation of Flux Peaking with Scattering Model

Scattering models 7 B .ﬁ
?PTCT 7!)20

H,0 B0 :
"coo%ant»" "modegator" fuel fuel
Free Gas Free Gas 1.718 2,048

width Free Gas 1,761 2,093

Width width 1.729 2,049
Nelkin Nelkin 1,741 x 2,060

Experiment 1.753 + .020 2,05¢ + .026

Table X "Air Cooled" Lattice

Variation of Flux Pegking with Scattering Medel

Scattering I’} I
model ~2IcT -—QQL
Dy0 il Pruer
Free Gas 1.502 2,084
width 1.483 2,054
Nelkin 1.480 2,059
Experiment | 1.484 + ,017 |- 2,014 + .026
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The variations in flux peaking are small; this is to be expected
in Qiev of the results presented in Tables VII and VIII, When the
Nelkin~type models are used for nao and D20 the predictions for both
lattices agree with experiment in the main within the experimentﬁl
errors; it should be remembered, however, that the lkmown ~ 2% under-
estimate in the calculated hyperfine structure implies an underestimate
of this order in the calculation of ¥ fuel, in the water cooled lattice.
A particularly interesting fegture is that while for the water cooled
lattice changing the models for HQO from free gas to width produces
the expected increase in peaking, making the equivalent change for
D20 causes a small reduction in”péaking. For the air cooled lattice
a very similar reducyion is observed, This is considered to arise
through the smaller rate of exchange of energy for the bound model
leading to the fuel cluster being exposed to a harder neutron spectrum
and the peaking within the cluster thereby being smaller due to the
1/v fuel cross section. Thus in their effects on fuel flux peaking,
neutron transport effects appear to be dominant within the fuel cluster,
vhile D20 scattering models are important mainly through their effect

upon the spectrum.

2.7 The Reactivity Effect of Spectrum Changes

Even in lattices containing uranium-235 as the only fiasile
isotope, spectrum changes produce changes in reactivity, which although
small, are significant for metho&a of analysis which aim to predict
rsuctivity to better than 1%. Theae changes arise principally from
the non—l/v behaviour of the U-235 thermal cross section; From
consideration of the reactivity effects of flux peaking given in
Tables VIII and the flux peaking changes in Table IX resulting from
the use of different models, it appears that ~ 0.1% of the reactivity
change from gas to Nelkin can be attributed to flux peaking effects.

This is the case for the water core; for the'air cooled' core



29

peaking effects are likely to be small also, but will probably be

positive rather than megative.

Table XI Changes in k-inf with Scattering Model

"Water cooled"” Lattice "Air cooled" lattice
H,0 D0 D,0 _
scat%ering scagtering k~inf scattering k-inf
model model model
Goa Gas 1.177 Gas 1.217
Width Gas 1.174 Width 1.211
Width Width 1.172 Nelkin 1.210
Nelkin Nelkin 1.171

Table X1 shows the overall reactivity effects of model changes
for the two lattices, It appears that there is little incentive ﬁ?
improve on the Nelkin~type models on reactivity grounds, although this
might be necessary if a natural uranium fuelled SGHW were éontemplated
a8 very accurate estimates of the initial reactivity would then be

needed.
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CHAPTER 3
SCATTERING LAW FOR SANTOWAX-R

Slov meutron scattering by the polyphenyls has been the subject
of experimental and theoretical atudies motivated by their possible
use in organic cooled reactors, The more restricted aim of the
work described in this chapter has been to provide a thermal neutron
scattering model for liquid terphenyl, in the form of the Momsanto
Chemical Co. product Santowax-~R.

This model has been used in the analysis of rethermalization
measurements, These measurements involved both Santowax and water (320);
the scattering by water is diecussed in Chapter 4. Although a
scattering model may be obtained by adjusting the results of calcula-~
tion in an iterative manner to agree with differential neutron
scattering measurements, such a model must not be accepted uncritically.
Integral tests of the proposed model for Santowax~R have therefore
been made by comparing ﬁredicted diffusion lengths and total cr;;s
sections with the available experimental values. Solid Santowax-R
ﬁaﬂ also been investigated, though in less detail.

The iterative method of fitting a spectral density distriﬁuﬁion
(the density of normal modes of vibration as a function of the
dimensionless energy variable F ) to phased chopper velocity selector
measurements of neutron acattering was proposed by Egelstaff and
Schofield (1962) and was first applied by Haywood (1967) to Hy0.
Beckbrts and Gliser (1964) have analyzed their results using this
method and show that the spectral densities of hydrogen atom motion
for benzene and diphenyl differ significantly below 0.03 eV. 1In
view of these differences, independent study of neutron scattering

by terphenyl appears to be justified. Recently Ross et al (1967)
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have studied scattering by benzene; their results comfirm the
general form of the results obtained by Beckerts and Gldser but

shov detailed differences. The hydrogen atom motion in benzene

has been calculated by Crawford and Miller (1949) and applied to

the calculation of neutron spectra by Boffi et al (1062) and by
Young et al (1964). Sandroni and Zerbi (1065) have calculated

the vibrational modes of diphenyl and have shown that although the
low energy vibrations differ between benzene and diphenyl the energy
of the C-H vibrations at 0.38 eV are essentially unchanged. Some
reference must be made in this chapter to theory because the experi-
mental results available for the fitting procedure only cover part
~of the energy range of the molecular vibrations.

In Section 3.1 the main features and difficulties of the iterative
method are outlined and the application in fitting spectral density
distributions for Santowax-R to the differential measurements of
Brugger (1962) at 23°C (solid) and 207°C and 267°C (1liquid) is presented.
Conatraints on this distribution and the method of extending it
outside the range of the avaiiable measurements are described in
Section 3.2, The resulting spectral densities are compared in
Section 3.3 with each other and with the results obteined by Beckerts
and Gl#ser and by Ross et al for benzene and diphenyl. Exiating
experimental values for the thermal neutron diffusion length in
liquid Santowax~R are discussed in Section 3.4 and are compared with

the predictions of the proposed scattering model, together with the

predictions of two alternative models. The second integral check

of the scattering model, a comparison.of calculated and experimental

total cross section measurements, is deacribed in Section 3.5. A
;descriﬁ%ion of the fitted model has been published (Goddard (1967))

£}

and the paper is submitted with this theais.
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3.1 The Iterative Method Applied to Santowax-R

Brugger (1962) has derived the reduced partial differential
scattering cross section, the scattering law S( %,B), where < is ﬂ‘]f*‘*‘“ﬂ
the momentum change sE +E - 2(EE°)&cosEB;//;kT (A is the atomic
vei&ht of the principal scattering atom; A = 1 has been used through-
out this work) end B the emergy change (E - E ) /kT, by measuring
the slow neutron differential cross section using a phased chopper
velocity selector. S (%X,p) is defined in Section 2.3. The Idaho
MIR vas the neutron source and the neutron emergies incident on the
samplea were within the range 0.01 eV to 0.1 eV, Solid Santowax
was studied at 23°C (LT = 0.0255 eV) and the liquid at 207°C and 267°C
(0.0414 ¢V and 0.0467 eV). The velocity selector consisted of two
slov neutron choppers 3.4m apart and two rotating collimators to
limit fast neutron background., BF, detectors were placed at suitable
angles 2m from the sample. The energy, time resolution and flux
were determined by a beam monitor,

Santowax~R (018 Hl4) is a mixture of ortho, para and meta
terphenyls in the approximate ratios 12:55:33. Reference to Figure 4,
which illustrates the configuration of diphenyl and the terphenyls,
showa that two rings are in a similar situation to the diphenyl rings,
while the third ring has only four H atoms. It is probable therefore
that the average hydrogen atom motion in the terphenyls resembles
that in diphenfl noég than diphenyl resembles benzene. In the
analyasis th&; followa the assumption is made that 5gattering by
Santovax-R can be characterized by a single H atom spectral density.
Brugger has atudied acattering by the individual terphenyls without
obaserving significant differences and the use of such an average
is therefore justifiable.

Figure 5 shows a selection from the data of Brugger converted

to S(=.p)/ and plotted semi-logarithmically as a function of X .
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Figure 4 The Polyphenyls
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Alao shown are the extrapolations which were used to obtain the first.
estimates of ¢(8), the spectral density, using the relation (derived
in Appendix B).

e(_ﬁ) - 2F ginhﬁ/a lim M @)

ol 0 X

This ¢ (£ ) was then fed as input to the programme LEAP - ADDELT,
written by McLatchie (1965) and which was run on the University of
London Atlas computer, to compute S( =< B )+  The theory of the
LEAP part of the programme is outlined in Appendix €, Modes outside
the range of measurement can be treated as ® - functions and are
convolved with that part of S(¢, ) generated from the fitted @(73)
using ADDELT (see Appendix A). S (< P )'s are calculated from the
fitted part of ¢ (8 ) using three different methods, depending on the
circumstances. At low o< values the scattering law is expressed as
o phonon series with the (n + 1)th term giving the scattering law
for an n-phonon process. Up to,a maximum of 20 terms, the terms are
calculated by direct n!l-m_ex;ical convolution. Beyond 20 terms an
approximate form (Sjolander (1958)) is used. . This series is an
expansion in ascending powers of oK and for larger << values an excessive
number of terms would be required and so an alternative 'steepest descents'
method (Egelstaff and Schofield (1961)) is used. This approach gives
rise to an asymptotic expansion in inverse powers of o< . On the
basis of these calculations the new curve of (=< /B )/< was adjusted
up or down to give agreement over the middle o¢ part of the measured
range. Comparison of intercepts with thex = o axis gives the change
in ¢ (B ) and this change may be large. These changes will mainly
arise because multiphonon acattering from modes at lower B will give
contributions at larger o( values at higher \F 's and thus prevent a
single extrapolation from being successful. Thus equation 4 only

holds at o values below the measured range or where multiphonon pRfetis
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effects are small, Five iterations were used in obtaining the
final ‘¢ (), but the major part of the change took place at the
first iteration. ‘ |

It will be seen from the S(=,B) plot in Figure 5 that experi-

¢ ' _
ment rises much more steeply than calculation at low << 's, This
has been observed by workers studying gcattering by other materials,
and has been variously ascribed to multiple scattering in the sample
or to anharmonic effects. No complete explanation has been proposed.
Recently, however, Slaggie (1967) has calculated multiple scattering
corrections for water samples and shown that these are large ( ~ 50%)
at low o{ values. He considers that the technique used by Haywood
and in this work of fitting to the middle o< range eliminates the
effect of these errors from ¢ ()B ).

Reference to Figures 6 to 8, where bound atom calculations are
compared with the experimental data shows that there are very large
discrepancies at § « o. The reason for this is thought to be the
crydiilline wodel used which neglects diffusive motion of the.molecula.
Bééause of uncertainty concerning the mechanism by which diffusion
occurs in Santowax-R, no attempt has been made to include tﬁis effect
in the calculations, It should be possible to fit a free gas transla-
tion model to the;S- o dgta by varying the mass of the free gas atom,
but it will be ahown in Section 3.4 that this procedure is not justified
for reactor phyaics calculations.

Only hydrogen scattering was considered whem fitting to fS(C*;P)
for the whole moleculey assuming carbon to scatter according to the
free gas model the comtribution to -S(c<.F ) per 0!8 H,, molecule is
only a few percent at.F»n 0.1 and is less than thi; for the higher
values considered. In a reactor calculation carbon scattering would
become significant in the few electron volt regions where 'free etom’

croas sections prevail, but the use of the free gas model for carbon

ghould then be adequate,



Figure 6  Secattering Law Calculations Based on the Fitted Model
for 207 C Santowax Compared with Measurements of Brugger

|02 lﬁﬁilllll | Illllnl T T TTTT0 T T 1111 lTllmll T ||1|||£' — '37
= . a - 0 = Energy Initial
— A, ..B—O .y o e- _ Gain Loss energy (ev)
oL — o s | . o 0-0252
= . a 3 = o 0-0709
- NI s 0-101
— / - * =
Il ‘ K | Bound hydrogen calculation.
\02E 11 A1 11 11 B W M1 N AR
- T 1
~ 4+ B=0-4 -
O E:S é
T b Shoage 3
- T e S . -
©  oE = d - 3
g F = 7 p-os E
< _ T i
Ico - TL- Oan 3 Af ]
O ‘E == s N\ =
— - -
& - T ) =
a }— -+ -
~ —|_ [ —_ “ i
2 10 ] | |
§ 102 S §
o - B=15 T B=2-0 B=25 1.
N - T f E
— ot * - X . . >
- ‘ - ,,z»’ﬂ\ )n.\\
10”! B / /
| E a a i ‘EE i - a / §
= fs s bl T ., o ‘< N
- P30 //m\ B=35 . T B=4-0 Jdaom p=45 wt? T
‘O_l = 7 ' 7/ x _:: /)}/—\ e
- | ¥ ' -
E s | A :[ /-A :
‘0_2 IR (i L 111l Lt L 1 11U R R liIJIl!l’ IR REN L Lt ] J 11 | LllJlil
07z 107! 1 101072 107! | 10'07¢ 107! N 101072 107! | 10




S (x,B) per CIB H,, molecule

|03E'l7_lﬂlll T T HITHT T TTTTT ' 1 TTTm T TTTIn T TTTTIH ] B
= ' S Enerqgy Initial
- a Loss energy (ev)
02— ° 0-0251
= . B=0 B=0-1 E o 0-0744
u « s ] N 0-1010
ol — T % } Bound hydrogen calculation |
2 == T T T T T 7T T 1 1T
'V \ T ~ ‘ 7
I u . P02 T -
IOE - © - " = B=0'5 —§
E o. qt 3
B “ T i
I o2 -
1 / | T ﬁVM
“l - $ l j:h_ ’ \:
= B=06 p=07- = 7 B=09 E
- 0 }4&%\ - T .
| el X 2088l
=/ 3 / = 5
- 4- . i
07! - T
0E = 3
E B=1-5 I B=2-0 B=2:5 7
IE 05 s = & rtewae o
- :""'/’ﬁ\é A e
B / - /” . | /‘/{h\\
0~ ] | | |
10E ES s
n | T | .
" B=3-0 B=35 1 B=4-0 B=45 ]
'E .
F_ -";“f j: ';‘.:a‘- " :-j
- ' * - - _ R - . V“““T
o Jk STUREUTT L e vl corenge” sl AR ‘m el g
107 107! | o102 10t 10'1072 /0002 0Tt 7 10
| | | o
Figure 7 Scattering Law Calculations Based on the Fitted Model

for 267 C Santowax Compared with Measurements of Brugger



S (x,8) per Cjg Hy, molecule

39

T TTTTIT

I IIIIII,

S
S|t
T

10~

U S
i

T TT1T7TT

1072 iy o

1072

|

10~

I

N 0 R FOR A A N R T

10

Ly

™ |

0

o .
N

L4 b LT

Energy

Gain

a

A

Bound hydrogen calculation

Initial
energy (ev)

0-0100
0-0150
0-0248
0-0701
01000

02 07! |

Figure 8

X

101072 ;

!

|

RS

t
|
, == TT T I T T T TTTT T TTTIT T T TTTT T TTTTI13
! =+ <’ o | l ]
| ﬁ3|=o-3 T | B=04 B-05
! ' 1
.- _— ) B SR ]
R E | E
fan ]
Al -
e 4 - -
p=07 I 09 3
+ :
| T l N
. t |
| =" *' T
| ] iy i i =
=15 T B=2:0 =25
| : ‘

S R e o | R
s o - l ! ]
oe 2 - i 1 ol | ° —

| . - YRy o | REN-L

' !
) ,,,,,_,m,,,,,_,,__} o | . . .‘ A5 s %Ik:'
N 2 yé | 3
. I | / A Z
| | 1 | A i
I S W RSt I A A RaiT P e SO NI IR £ PO N B 5 Lt

o~! 1

for 23°C Santowax Compared with Measurements of Brugger

Lo [ 10

Scattering law Calculations Based on the Fitted Model



40

3.2 Restrictions on the fitted

In Figures 6 to 8, where calculations are compared with experiment,
there is the general disagreement, which has been noted, at lowv < values.
Brugger considers that because of multiple scattering the most reliable
experimental value of s(oz,f, ) for 0.17 > E > 0.5 is a line near the
smaller values of_S(cl,}B ) and that at larger F values the emergy
Joas points will fall above the neutron energy gein points. If this
is taken into account the agreement is quite good for the solid data.
The agrecment is less good for the liquids, where there are discrepancies
at large o{ values for low./'B values and all o¢ values vhen }27 2.5
This latter discfepancy restricted the range of the €(£9fit to
0.14{*3 < 2.5 for the liquid data.

In order to extend €{f9 beyond 2,5 for the liquids the available

data for benzene and diphenyl was consulted. It is only necessary to

» “

construct an approgimate wodel in this range, for if the modes are at
high energios ﬂuﬁ“their offect on thermal reactor calculations at these
temperatures will be a second order one. For benzene the calculations
of Crawford and Miller (1946) and Boffi, Molinari and Parks (1962)
indicate that the C-H vibrations are concentrated at 0.38 eV and that
"there are few modes between this energy and the broad group of ring
vibrations at ~ 0,14 eV. For diphenyl an extensive series of
calculations and an analysis of experimental data on the fundamental
frequencies has been made by Sandroni and Zerbi (1965). These show
a 8imilar absence of modes in the range 0.2 eV to 0.38 eV and a
concentration of modes at 0,38 eV. We have therefore extrapolated
the continuous, fitted, part of‘e(FQta zero at 0.17 eV for the liquids
and approximated the C-H vibrations by a & function at 0.38 eV,

The second problem is the assignmeni of an area to the d function

80 that the normalization

J' f(F) dp =1 | (5)
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is preserved. The relative areas in the § function and under the
rather ill-defined large peak 1n-€(ﬁ)were varied while the above
nomalization was maintainedy it was found that tﬁe best overall
sgreement with the 'middle < ' data was obtained with a O function
of the form 0,35 & (.F -P;). A similar problem arose for the 23°
solid S(Bﬂf%) data. Because the temperatﬁre was lower, the modes
observed were at lower energies and the data only extended to 0.07 eV.
The fitted part of g(.p) e::tending up to ~ 0,07 eV was quite well
defined, and the area was teken to be 0,12, It was assumed that the
remainder of (’(15) had the same form as the liquid and that the large
peak in the liquid data could be approximated by two d functions to

give a complete distribution of the form

e(g) = e(p )m‘ted + 0,09 5(;- 3.7) + 0.445(f- 5.5) + 0.356 (5~ 15())
‘ 6

This representation appears justified by the satisfactory agreement
obtained between calculation and experiment shown in Figure 8." Figure 9
ghows the proposed spectral demsity distributions for Santowax-R at
the three temperatures.

Yo atteﬁpt has been made to assign an error to the fitted ¢(p)
as this would require a lnowledge of both random and systematic errors
in the date besides an understanding of the importance of any noﬁ—Gaussian
contribution to the scattering. Inspection of Figures 6 to 8 shows
that thé contribution of random errors in the data emounts to approximately

15% at lowa values and approximately 30% at high F values.

3.3 Comparison Between Solid and Liquid Santowax, and Between
Santowax, Diphenyl and Benzene.

As spectral demsity distributions have been derived both for
s0lid and liquid Santowax, these may be compared in an atﬁempt to
detect differences arising from the change of state. The fitted
spectral density distributions are plotted on a commuon energy scale

in Figure 10. The two distributions are quite similar in the energy
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range 0,005 - 0,06 eV and in view of the possiblj large errors in the
fitted e(}S) the f;_iifferences may not be significant. This absence
of any eff;ct of the phase change indicates that the modes observed
are not due to motion of the whole molecule,

In Figure 10 the 6(43) distributions for 23°C solid Santowax
(this work) and for benzene and diphenyl derived by Beckurts and Gliser
are compared. The dimtributions for diphenyl and Santowax-R do not
differ significantly, but while both show a small peak at 0.01 eV,
benzene shows a large peak near this energy. The results obtained by .
Roas et al for benzene are also shown, which differ from those of
Beckurts and GlHsery it should be noted that Ross et al relied on a

simple extrapolation and did not use the iterative method.

3.4 The Diffusion Length for Santowax-R

The diffusion length for Santowax-R has been measured by Hohki (1965)
et al over the temperature range 200°C to 400°C. A loop pressurized
by nitrogen was used and neutrons were fed into the pressure vessel
by a fo—Ba source in a graphite plinth., Axial and radial distributions
'vere measured using cerumicrbaoa discs, An iterative methodAwas used
to eliminate a small harmonic content.

Tremeer (1966) has published measured diffusion lemgths over the
wore restricted:range of 170064~ 230°C which resulted from rethermalisa~
tion studies in an Hy0/Santowax-R two-tank assembly. These studies
are discussed in more detail in Chapter 5, The 10.3 cm thick cold
vater tank was next to the graphite thermal column. 'Axial' weasure-
ments in water and Santowax were made with fission chambers. Transverse
measurements were ﬁade from the axis outwards in only one direction
and an extrapolated vidth of 93 cm was obtained. Tremeer assumes that
this is a genuine buckling and that the extrapolated width in the
other transverse direction is determined by the tank physical size.

However, the 81 c¢m square tank was not well matched to the 95.2 cm
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square thermal column. Any harmonic content would not be attenuated
by the water tank due to the small relaxation length differences arising
from the small transverse buckling (l - 2Ty = 2.38cm). In

[S¥ V33

the Santowax tank, however, the difference between Yll and Y33 (Y22 cannot
‘be present in this symmetric system) are again small, but great enough
to affect the deduced L. . For example with a diffusion length of 6.1 cm,
. 5.6 cm and-l = 4,8 cm. In order to estimate possible corrections
n £
to Tremeer's data the relative proportions of (1,1) and (3,3) components
in the flux entering the Santowax tank were obteined by a graphical

method and were found to be 95% and 5%. Using these proportions, the

percentage by which L would be overestimated (¢33 was negative on the

axis) if harmonics were ignored and the transverse buckling were assumed
to be fixed by the tank size, was estimated and found to be 2.2%. Now
Tremeer took a relaxation length possibly too great by this percentege
and combined it with a transverse buckling, possibly too small. The

underestimate of L due to a possibly erroneous traonsverse buckling was

2.3%, Thus even if harmonics are postulated to explacin the large trans-
verse buckling, the value of L. will not change. However, a possible
systematic error of z 2% has been assigned to Tremeer's data.

In the calculation of diffusion length, besides the Santowax
model fitted to Brugger's data, two other models of hydrogen scattering
have been used. These are, the free gas model which has been described
in Chapter 2, ond a model which we have called the Ardente model.
Ardente (1967) has proposed a simple Nelkin-type model based on the
possible dynamics of the benzene molecule., The energies and effective

masses of the modes are as follows:-

Mass Energy (eV)
Translation 18 0
Rotation 21.3 0.02
Vibration (2 x Mv 0.12
(2 x Mv 0.38
Whereil; +%‘- +317 = 1 (1)
T R Vv
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This normalisation is equivalent to the normalisation to unity
of 6(43). The molecule ias assumed to vibrate with two internal modes
and these modes are positioned at the approximate emergies of ring and
C-H vibrations in benzene. Ardente suggests that this model may be
adequate for the polyphenyls. |

A limitation of the models fitted to Brugger's data is that they
were, for the liquid, evaluated at 207°C and 267°C and o method of
interpolation and extrapolation is obviously necessary. Now the
spectral density distribution does not change greatly with temperature
on an energy (eV) scale and the chosen procedure has been to convert
the @(;S) to ¢ (E) and linearly interpolate and extrapolate. Using
this procedure the 6(15) curves for 170°C, 200°C and 230°C have been
oﬂiaiﬁed and are illustrated in Figure 11, ‘

Diffusion lengths were calculated using the programme DIS written
by P. W. Johneon (1966)., Cross sections for this calculation are
evaluated as follows; the angular integration of equation
is accomplished by double Gaussian quadratgve (order 15) while the energy
integration to obtain total cross sections is of the Lagrange type with
a cubic equation being fitted to successive sets of four out of 32
energy points and Simpson's rule being used to integrate across the
central interval. The fundamental space eigenvalue (the diffusion
length) of the source~free one dimensional tramsport equation is obtained
by BL analysis, using a method proposed by Bomeck (1962). Differential
cross gections for the free gas and Ardente models for hydrogen are
obtained analytically while for the fitted models DIS will interpolate
linearly in a matrix of-S(o<b? )e;Vz values, 852/2 vaties more slowly
with ;S than does S. In the Santowax calculation typically 35F and
32 o values were used; these rather small matricés were used to economise
on LEAP running times; the errore in the total cross section arising

from this interpolation are thought to be 1 - 2%, In the absence of
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6—function area
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-
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Figure 11o Specgral Densigy Distributions for Santowax-R
at 171°C, 201°C and 232°C Ohtained by Interpolation
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any treatment of diffusive motion the quasi-elastic scattering is

A
s(=p) = o0 () (8)
where A\ is the Debye~Waller coefficient which is computed by LEAP:
) ——?i ¢ (B) dp (9)

Carbon has been assumed to scatter according to the free gas model and

simply the first term in the phonon series

-0

the densities of Santowax at the various temperatures are those measured
by Trilling (1957). Uncertainties in density may represent the major
possible error in the calculations.

Calculated diffusion lengths are compared with experiment in Figure 12
and Table XII. The]51 approximation has been used in the calculations,
té economise on computing time; some comparative calculations with the
]32 approximation produced changes of 0.02%, Densities used are also
given in the Table in order to facilitate comparison with future work.
Calculations with the Ardente model were taken to higher temperatures
in order to verify the trend with temperature of the measurements of

Hohki et al.

Table XI1I Measured and Calculated Diffusion Lengths

T°?§:”“‘3§e Mea?zgsd Calculated (cm) g:::?§§

g (Tremeer) Goddard | Ardente | Free Gas | {gm cm
171# 5.88 I 0.12 5,46 | 5.57 6.93 0.991
201% 6.16 X 0.12 5.80 | 5.87 7.21 0.967
207 5.85 | 5.97 7.27 0.962
232 8.48 ¥ 0.13 6.01 | 6.18 7.51 0,943
267 6.34 6.55 7.85 0.916
300 6.92 .02 0.887
400 8,01 9.31 0.812

#The Goddard model at these temperatures was obtained by interpolation
or extrapolation.

Figure 12 shows that the measurements of Hohki et al ure not of

sufficient accuracy to distinguish between the models for H scattering
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and in fact agree best with the free gas predictions.. At 400°C the
difference between these experiments and calculation is comsiderably
greater than the errors assigned to’the measurements. -Thé predictions
of the fitted model and the simple Ardente model do not &iffer sig-
nificantly but lie below the experimental values of Tremeer by '6%,
that is by more than the 2 assigned systematic error of the measure-
ments. However, if density and S(ofpﬁ ) matrix interpolation errors
are taken into account then this difference could lie just within the
sum of experimental and theoretical errors. Total cross sections were
examined as described in the next section in order to obtain more
information about this discrepancy.

An unresolved question vhich arose from the fitting of the model
to Brugger's data where these remained a large discrepancy at $?= 0
was ascribed to the absence of diffusive motion in the theory;- A
programme BOND specified by the author and P. W. Johnson and written
by P. W. Johnson has been used to convolve a mass 230 (total mass of

the Santowax molecule) with the 207°C fitted model.
(o . ?7 ,
¢ ~ !
st,p) = J;Sgas (=77230) Syoq (p-F) 4B (10)

Figure 13 shows that this model with free gas translations gives
improved agreement with Brugger's elastic data, but the calculated
diffusion length changes from 5.85 cm to 5.87 cm - not a significant

change.,

3.5 The Total Cross Section of Santowax-R
Brugger has measured the total cross section of liquid Santowax
at 0.0253 and has obtained 810 ¥ 24 barns per molecule at 207°C and
791 A 24 barns at 267°C. Ardente model calculations using the method
outlined in Section 3.4 yield 925 barns and the Goddard mode1‘895 barns

in this temperature range. This comparison is presented graphically
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in Figure 14, The discrepancy suggests an overestimate in cross
sections derived from the fitted model which is in the same direction

as that indicated by the discrepancy between exi)erimentul and calculated
diffusion lengtha., However, the experimental inforwation is so
restricted at the present time that it cannot be regarded as certain

that the fitted model is deficient.



CHAPTER 4

NEUTRON SCATTERING BY LIGHT WATER

Neutron interaction with water has been studied more extensively
than for any other moderator. One reason for this concentration of
effort has been the need to predict thermal meutron transport and
spectrum distortion in water reactors. The second reason has been
the relative simplicity of the dynamics and environment of the molecule
in liquid water and the fact that the scattering is predominantly by
hydrogen and is essentially incoherent. Several scattering models
for hydrogen have been proposed ranging from a representation of
molecular modes by widely apaced discrete harmonic oscillators to a
continuous mode density distribution derived from experiment. At the
present time no one model ia completely satisfactory. In this Chapter
the predictions of four different scattering models are compared with
the precise diffusion length measurements of Johnson (1966). The
accuracy of the available experimental data cowpensates for the fact
that the experiments will only reveal properties averaged over an
energy range near to the Maxwellian peak. This is in contrast to
direct spectrum measurements in poisoned solutions or total cross
section measurements, which cover a wvide energy range but with rather
lower accuracy at the present time.

The first realistic model for bound proton scattering was due to
Nelkin (1960) and assumes the dynamics of a proton to be translation
of the entire molecule plus a number of harmonic oscillators describing
rotation and vibration. Koppel and Young (1964) have proposed modifi-
cations of the Nelkin model to take account of the spatial anisotropy
of the vibrations. A model with possible future potential has been

proposed by McMurry, Russell and Brugger (1966) who attempt to take



account of the varying environment of a %plecule in water by using a
model which also originates from:?he Nelkin concept. Several authors
have interpreted double differential Qéattering experiments in terms
of a continuous ;ﬁergy density of modes of vibration but only Haywood
(1967) has so far proposed a complete model for use in reactor calcula-
tions. Important modifications to both the Nelkin and the Haywood
modele have been proposed recently by Koppel (1966). Slaggie‘(1967)
has calculated multiple scattering corrections to the basic measurements
and has commented on the errors arising from this source in the McMurry-
Russell and Haywood models. Recently Beyster (1968) has reviewed
ex?erimental data and models for neutron scattering by water and has
conéiudod that it is mot posaible, at the present time, to calculate
both teotal cross section and differential scattering from any one model.
Precise total oross section measurements (which agree with the earlier
measurements of Melkonian (1949))nnd an evaluation of the mean kinetic
energy per bound proton have been performed by Russell, Neill and Browm
(1966). Numerous authors (for example, Clendenin (1964)) have com-
pared predictions, using individual scattering models, of the diffusion
constant with experiment. However, no systematic studies have been
made, using a range of scattering models, of the diffusion constants and
diffusion heating or cooling coefficients for'% and nonJ% absorbers.
An interesting feature of the comparison presented here is the light
thrown on the consistency of cross section sets for cadmium and gadolinium.
The probable structure of water and the motion of the molecule
within this structure is outlined in Section 4.1. Four models for
hydrogen scattering ha§h been constructed in order to highlight par-
ticular parts of the spectral density distribution. O0f these four,
the Haywood model and related assumptiona is described in Section 4.2

and the other three models in Section 4.4. In Section 4.5 the predictions
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obtained with these four modela are compared with the measured diffusion
paraneters of Johnson. Thig comparison uses more recent cross sectionl-
for cadmium and gadolinium than were used in the published work.
(Goddard, Grant, Johnson and Tremeer (1967)). Calculated total cross
sections and wean kinetic energies are compared with experiment in
Section 4.6, The majority of the work described in this Chapter has

| been carried out in collaboration with P. W. Johnson and is to be pub-

lished in "Nuclear Science and Engineering".

4.1 The Structure of Water

Present ideas of the structure of water assume the presence of
crystal-like aggregates containing large numbers of molecules which
are counstantly breaking up and refermming. Hydrogen bonds maintain
this structure. The first experimental evidence from neutron scatter-
ing of a structure for water came froh the measurements of Brockhouse (1958)
who used a crystal spectrometer technique to study the angular distribu-
tion of elastically scattered neutrons. It w;s found that the intenaity
varied with angle in the manner of a Debye-Waller factor exp(- <X),
where o is the neutron momentum change, and this form normally arises
from thermal motion within a crystalline lattice. In addition the
energy spread of the elastically scattered neutrons could not be ex-
plained on the basis of simple diffusion end Brockhouse had recourse
to a jump diffusion model which assumed that the molecule remains bound
for a certain time before undergoing simple diffusion for a further,
sBhorter, time. This residence time, which may be regarded as time
spent in an aggregate of molecules, allows the development of a solid-
like spectral demsity distribution of molecular motion.

The cryastalline character of water, at least near to the freezing
point, is further illustrated by the fact that the'cold neutron scatter-

ing measurements of Larasen and Dahlberg (1962) made upon water



87

immediately above and below the freezing point indicate that neutron
interactions occur with accoustic and optical vibrations end that the
positions of these modes do not change significantly between phases.
Similer modes are also observed at ~ .0l and ~~ .025 eV in the

Haywood (1967) spectral density distribution. There is little evidence
at present as to hov the size or binding of molecular aggregates change
with temperature.

The three fundamental modes of vibration of the water molecule are
illustrated in Figure 15 and comprise a bending vibration and symmetric
and asymmetric stretching vibrations. These modes have been observed
in infra~red absorption measurements (see, among several authorsa,
Harzberg (1860)) and while these measurements indicate the energies
of tha_vibrations they cannot be used to predict hydrogen atom ampli-
tudes because infra-red absorption depends upon dipole changes of the
vibrating molecule. Haywood has discussed the relevance of Raman
and infra-red measurements to the study of neutron scattering processes.
He points out that the wvibrational potential is not quadratic and that
the zero emplitude stretching vibration calculated by Herzberg,

0.474 eV (symmetric) and 0.488 eV (asymmetric), differ from the observed
energies of 0.428 eV and 0.450 eV (liguid phase) and 0.453 eV and

0.466 eV (vapour phase). The vibrational modes are observed in infra-
red spectra as part of a broad distribution but there is no evidence

at the present time whether neutrons 'aee' discrete or broadened
vibrational modes. Haywood comments that the bending mode energy is
only slightly changed by the liquid - vapour phase change, from 0,198 eV

to 0.205 eV.

noted that the liquid is formed from tramsitory aggregates of molecuiés.

In contrast to the situation in the vapour, where the molecule will be

-

e

It remains to discuss the manner of molecular rotation. We have//”/
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free to rotate in a maonner near to the classical, in & liquid the
molecule will be restrained by the hydrogen bonds maintaining the
aggregate and may perform small amplitude torsional oscillations,

It is, however, unlikely that an oscillation at a single energy will
exist, for several reasons. The moment of inertia of the molecule
about the three principal axes of rotation will not be the same, the
potential may not be quadratic but more shallow and lastly, because
of the irregular environment, the bonding will differ depending on
vhether the molecule is within or at the edge of an aggregate or is
free. A broad band of hydrogen atom frequencies due to rqtation is
to be expected and has been obaerved by Haywood, Larssen and Dahlberg
and by Kottwitz, Leonard and Smith (1962) using different measuring

techniques.

4.2 The Haywood Model and Assumptions Relating to it

A particular assumption made by Haywood in the analysis of his
experimental results was that all hydfogen atoms scatter in an identical
manner and that it is meaningful to consider a 'single average atom',
This approach, which greatly simplifies a situation where, in fact,
molecules may be in completely different enviromments, either free or
within clusters. McMurry, Russell and Brugger (1066) treat water as
a mixture of 10% free molecules and of 45% each of two»types of aggregate.
The total masses of these aggregates are 150 and 75 and the energy and
density of vibrational modes below 0.125 eV were adjusted to give
agreement with differential scattering measurements.. However,
Slaggie (1967) has published calculated multiple scattering cbtreotion
factors for these measurements which throws doubt on the present
McMurry-Russell model. This wmodel represents, however, a powerful
concept and one which may be used in the future if, as seems likely,
it does not prove possible to reconcile dgfferentfhl measurements with

5
total cross section and integral measurements.
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The Haywood analysis makes a second major assumption; that the
harmonic oscillators (there is no evidence that the use of the harmonic
- oscillator model introduces significant errors) representing molecular
vibrations are isotropic in Apace. As our aim is to comment on the
Haywood model and to understand the importance of the ahaﬁe of the
spectral density distribution we have also used the isotropic approxima-
tion for the three comparative models. Koppel and Young (1964) have
noted that the angle between the two 0-H bonds is effectively constant
and that the 'bending' vibration and two 'stretching!' vibrations must
be correlated in space. They assume an infinitely heavy oxygen atom
and this leads to two stretching vibrations, one bending vibration and
~ three completely hindered rotational modes. When applied to the cal-
culution of total cross sections this anisotropic model produced a local
increase of up to 4% in total cross section, compared with the Nelkin
model (imotropic), between 0.02 and 0.08 eV (Young and Koppel (1965)).
Beyater (1968) has quoted diffusion coefficients Dg of 37906 en? sec™}
for Nelkin (in good agreement vith. the calculated value in Table XIV)

and 36352 cm>

sec”! for the Koppel-Young model. These changes are sig-
nificant.

It is assumed conventionally that vibrational motion, internal or
of the molecule as a whole, can be aeparated from the diffusive motion
that is characteristic of a molecule in a liquid and which is responsible
for line broadening in elaatic.scattering. Haywood neglects diffusive
motion completely, quoting Schofield to the effect that the area of
the spectral demsity distribution allocated to diffusive modes is less
than 0.5%. With this assumption the elastic scattering is just the

Debye-Waller factor
- oA
S(=p) = e | (10)

where A is the Debye-Waller coefficient

' 2[ T-éc,ofh]B/g ¢ (F) dp (_il)

§
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The importance of diffusive motion is discussed further in Section 4.4.

Haywood derived a spectral density distribution ((;5) for water
uaing extrapolation techniques which have been described and-applied
to terphenyl in Chapter 3, His spectral denmsity distribution is
illustrated in Figure 18. The main features are two small peaks at
3 = 0.5 (0.0125 eV) and 3= 1 (0.025 eV) which may be attributed to
hindered translational motion of the whole molecule, a main peak at
Ba 2.7 (~0.07 eV) due to hindered rotation and two delta~functions
representing the viﬁrational motions. The fitting procedure was only
possible up top = 4 and above this a constant e(f ) was assumed up to
? = 10, The form of the constant part was such as to satisfy the
normalisation of Q(;B), to maintain 50% of the area of e(}?) under
the continuous part and to force the mean kimetic energy'i of the bound
proton into agreement with experiment.

Scattering law values suitable for input to the programme for
calculating diffusion lengths and total cross sections were obtained
by using the programme LEAP-ADDELT, described in Chapter 3, to calculate
a matrix ofS(d,F) 6:}8/2 values. Earlier calculations published by
Johnson (1966) used a 31 and 35,? matrix, whereas the present work
uges 5l and 60?; values, These values covered a range such that
scattering cross sections in the range 0 -~ 1 eV could be calculated.
Changing from the coarse to the fine ESLx,f) matrix produced a change
in diffusion constanﬁ of ~ 1%, A proportion of this difference aribes
from the use of an improved energy mesh in the later calculations and
it is likely that the remainimg error arising from the use of the

R

51 x 60 matrix is appreciably less than 1%,

4.3 Models Used for Comparison with Haywood
The Nelkin (1060) model for hydrogen scattering has been used due
to ita extensive use in reactor and basic studies and its success in

predicting integral, though not differential, scattering effects.
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Molecular hindered rotation is approximated by a single hnmonicv
oacillator at 0.006 eV and vibrational motion by one oscillator at 0,205 eV
and tvo degenerate oscillators at 0.48 eV, Motion of the molecule as
a whole is represented by a free gas of masg 18, The method of Nelkin
was used as modified by Frederici and Goldman (1962) and programmed by
Johnson in the code DIS. Emergy transfera are classified into the
ranges 0 - 0.205 oV, 0.206 ~ 0,48 eV and 0.48 eV ~cc . In each range
one mode (the .06 oV mode in the first region) is treated exactly. All
lowver modea are treated in the free gas model limit and all higher in
the elastic limit., It is of interest to compare predictions obtained
using this approach with those obtained with the 'exact' method proposed
by the author in Section 2.3 (iii). 4An S(d.f) matrix for comparison
with the 'exact' data was generated using the DIS code in an identical
357‘6 x 30« form. For these two matrices calculated diffusion lengths
in water differed by only 0.3% and the total cross section by, at the
most, 0.4% over the emergy range 0.02 eV - 0.08 eV,

A modified Nelkin (hereafter demoted MN) model has been constructed
in which the delta-function representing hindered rotations in ¢ (}3 )
is broadened in an arbitrary symmetric manner to form a distributed
peak of the same weighting (Figure 17). This modification is siwilar
to one proposed independently by Koppel (19668) who has used a Gaussian
form for the broadened line. We have seen that broademing of this
hindered rotation line is the main feature of the experimentally based
Haywood model. As the modified E(:P) now has a continuous part, to-
gether with the twod=functions representing vibrations, LEAP-ADDELT
was used to calculate S(o(,F). LEAP-ADDELT will only calculate the
'bound' part of the scattering law Sb(d,fi), and in order to include
the free gas mass 18 translations in the modified model a programme

BOND was apecified by the suthor and P. W. Johnson and programmed by
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the latter to perform the convolution°c

S(<,3) = e--c><>\sg(=</1s,f) +fosg(o</1a,?' )s, (d,]a_f’)cl{s' (12)
by numerical integration. Sg(e</18,? ) is the free gas model scattering
law (with the o( scale reduced by a factor of 18 to give the correct
ness) end e~ the Debyo-Waller factor.

A third comparative model, 'modified‘ﬂa&wood‘ (hereafter denoted MH)

vas chosen to have some features of the Haywood model, but to have
mass 18 translations added, so that the only difference (apart from
s small difference of the upper vibrational mode) between MN and MH
models is in the shape of the continuous part of ¢ (F )+ Again BOND
vas used to convolve a free gas Sﬁu,f) with the Haywood S&x,P). A

gas of mass 17 was used initially and the combined (5(;3) then had an
area of 1.055. Now the normslisation to unity of ¢(p) is equivalent
to a normalisation of inverse mode masses. As the dimensionless momen-
tum transfer, o , is inversely proportional to the particle mass
(equation (1)), the normalisation to unity was achieved by increasing
the o« scale of the S(cx,?) matrix by 5.5%. The translational mass

thereby became 17 x 1,055 = 18.

4.4 Self-Diffusive Motion

In Sections 4.2 and 4,3 the quasi-elastic scattering has been
treated in two vays, by the Debye-Waller factor only and also according
to the free gas mass iB. A partial study has been carried out to
inveatigate a model which represents the process of self-diffusion
more realistically, Several models have been proposed, ranging from
the simple Fick diffusion model (Vineyard, 1858) to the 'jump diffusion'
model (see, for example, Singwi end Sj8lander (1960}) where a molecule
oscillates within an aggregate for a certain mean time and.then diffuses

for a second specified mean time., Ve have used, however, a model due
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to Egelstaff and Schofield (1962) which, while not representing the
physical processes in such detail, can be fitted to experimental data
and has been expressed in terms of the_dimensionless variables o( and ;3.
Egelstaff and Schofield propose that the function W(t), propor-
tional to the mean square displacement of the molecules at time t, be

given for diffusion by:~

e - B{etelep® o) )

¢ is ‘a measure of the time delay duriﬁg which the molecules oscillate
around their initial position before diffusing away. The ﬁ({i)
derived from (13) is

elp) = F (4 D sinn B/, KI{(ca + })i‘[ﬁ} (14) -
The ‘area' under this e(f:) is-% and the inverse of this ratio, the
'ﬁass', gives the size of the cluster of atoms that affects the short
time motion of an individual molecule. The scattering law mey be
obtained from (14) analytically.

We have assumed a value of the self-diffusion coefficient for
water of 2.13 cm® sec which was obtained by Simpson and Carr (1958)
and is close to the value of 2.17 cm2 sec obtained by Pope and Nation
(1965). These values are within the spread of a number of other
measurements. A plot of the half width at half maximum ((Zﬁf)ém)
of the quasi-elastic peak as a function of o< is linear at low o values
and

(4p ym = 2t (15)
a8 is the case for Fick diffusion for all o (d is a dimensionless

form of D). At larger < values experimental half widths fall below

this line due to the retention of molecules for a period with clusters.
Ve have fitted the Egelstaff-Schofield model to this non-linear part
by adjusting the free parameter ¢. Using for D 2,13 cm2 sec, the

equivelent dimensionless parameter d in (15) is 0,034 and in order
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to reproduce the non-linear part of the measurements of Pope and Nation
a value of ¢ of 30 was chosen, Thus the ratio °/d = 1,000 indicating
a cluster of ~ 50 molecules; these figures must be treated with
great reserve on account of the simple model and fitting procedure.
However, it is clear that the effective mass is large. compared to
the free molecular mass.

It has been noted that Haywood quotes Schofield to the effect
that the 'area' of the diffusive part of Q(F) must be less than 0.5%
(equi?alent to a mass of 200) and Haoywood does not take account of
diffusive motion. This is legitimate as his work does not involve
enérgy transfers less than.fi: 0.1 and differences between quasi-elastic
models are not important above this energy. However, elastic scatter-
ing is important in the calculation of integral quantities such as
the diffusion length. |

An attempt has been made to convolve the self-diffusion model with
the Haywood S(:X,f) using BOND and to use the resulting S(o«}?) to
calculate diffusion lengths., The convolution was successful, but
the diffusion length calculation was not, a partial reason being that
the angular integration to.give the Legendre moments of the scattering
kernel (see the mext Section) involves anc(- integration from «<= 0
to “E/kT, Figure 18 compares the elastic S(>,0) for Haywood with
three different quasi-elastic scattering models and‘the réason for
the difficulty becomes clear. For the self-diffusion model S(«,0)
varies approximately as ;1-( y compared with 1[& for the free gas model,
A second equally acute problem is that the half-width of the elastic
peak a3 a function of ;3 is 2d < for the diffusion model. While
the peak is wide for large «(, it resembles a d~function for small
and the enmergy integration (efféctively an integration in ;3) becomes

difficult to perform, The numerical methods used here do not appear

to be capable of handling realistic models of quasi-elastic scattering,
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4,5 Calculation of Diffusion Lengths

The method used to obtain diffusion lengths has been outlined
in Section 3.4 and described in detail by Johnson (1966). It involves
the calculation of the Legendre moments of the scattering kernel

1

ol 2) 2] o (5, ) B, (16)

This integral is carried out by double Gaussian guadraturej
o4 (EO,E,u) is obtained from equation (1), the required values of
S(«,,F ) being obtained by a linear interpolation of S(o(,:F Je 7a/2 in <
and F + TFor the basic Haywood model the elastic scattering is the

Debye-Waller factor and there is an additional contribution to the

nth moment of the scattering kernel.

v, I
ci(E,) $(E-E) = d_é_gj e Pp(wawd(e-E) (17)
-1

In the case of the basic Nelkin model <f(EO,E,p) is calculated directly
[ 9 .

using the analytical method outlined in Section 4,3. Throughout this

work scattering by oxygen is represented by a frec gas of mass 18.

The diffusion length, the fundamental space eigenvalue of the

one~dimensional neutron trensport equation
y
> p = « z (E) V(Z,E,u)
o= T ) 0o
=.J( d“;_jfdﬂ' Z:s(EhsE’“o)ﬁm(zan"“%) (18)
=1 - : )

where Ho is the cosine of the. angle between p and ui, is evaluated

using the 'B, ' method proposed by Homeck (1962), Fluxes were computed

L
at 32 energy points covering the energy range 0 - 0.625 eV, Ten
calculations using the L = 2 approximation were performed for each of
the three absorbing solutions containing boron, cadmiwa or gadolinium,
These ten calculations were equally spaced in absorber concentraﬁion

between the pure water case and the Z . (min) limit (Corngold (1964))

above which no fundamental space eigenvalue exists. The hydrogen
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2200 m sec™! cross section was taken to be 0.332 b after Stehn et al (1964);

this cross section was increased to 0.337 b for the cadmium cases tb

allow for ;he small, lnown, boron contamination. An earlier analysis

of this type has been published by Goddard et al. Since this work

wus publiphed the calculations for boron have been extended and those

f;r cadmium and gedolinium repeated using more recent cross section data.
Considering first absorption by the non-l/v absorbers, both cal-

culated and experimental (Johmnson) vulues of K2 (=) vere fitted

to a series expansion

9
-

K- = 780 + 7BIN -FQNQ (19)

vhere N(cm-g) is the absorber number density and the coefficient fgo
represents sbsorption by hydrogen (and small quantities of boron in

the cadmium solutions) and is)t2 for pure water. The coefficient %32
represents the efiect of spectrum distortion. To demonstrate the efiect
of diffusion cooling and heating, Johnson has sugrested a rearrangement

of the series expansion in the form

x2-p } _ 2 o
—{;&- ?léoo ii—i-“ Z oo * O(ZOO) (20)
vhere ii’oo is the product of the non-l/v aubsorber density and its
microscopic absorption cross section averaged over a Maxwellien spectrum
& 0o Plot.t.:'mg(m2 -780)/200 against Zoo yields a graph whose
slope deuonstrates the effect of diffusion heating or cooling.

A puzzling feature of the comparison already published was that
when plotted according to (20), exverimental cadmium absorption data
vas in good agreement with the predictions of the MN model while for
gadolinium and boron experiment lay betveen predictions of the Mil and
N models., Additional evidence comes from the so-called Laguerre
polynomial analytic approach in which the flux is represented by a

’ W
-
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Maxwellian modified by a series of Laguerre polynomials. Johnson

has extended this method to non—l/v absorbers and, in particular,

has shown thatﬁlé{oo, the intercept of the plot of equation (20),

is given by ];%; (where]Doo is the Maxwellian averaged diffusion
constant for water) minus a small extra term. This term is ~ 2,8%
for gadolinium and~0.5% for cadmium and when equation (20) is plotted
the gadolinium intercept should lie below the cadmium. This was true
for the calculated curves, but for experiment the cadmium intercept

was 3.2% below the gadolinium, indicating an inconsistency between true
and assumed cross sections of these isotopes of ~ 57,

For the above study both gadolinium and cadmium absorption cross
section were taken from BNL-325 (1lst ed.). Wydler (1967) has suggested
that an arbitrary normalisation of ~ 7% applied to the cadmium data
of Rainwater (1947) in making this compilation, was not justified.
Recently Widder and Brumner (1968) have performed a very detailed series
of total cross section measurements which confirm the data of Rainwater,
and the Widder data, together with that of Hohme (1961) at very low
energies, has been used in the'calculations shown in Table XIII and
Figure 19. For this datacfoo is 2841 b compared with 2986b for the
old BNI-325 data.

A new correlation of the gadolinium absorption cross section has
been prepared by Goldberg et al (1966) and this has been used in the
present calculations for gadolinium poisoned water. The newxioo'is
35680 b compared with 37520 for the old data. Fitted series constants
for both calculation and Johnson's experiments at 22.3°C are given

in Table XIII and illustrated in Figure 20,
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Table XIII Non-!/v Coefficients For Water at 22.3°C

o 1x 1019 2 x 1038

Expt./Model | Element o2 (cm) o)
Experiment cd .1356 & .0005 | .202 ¥ .002 |-.0002 ¥ .0001
Haywood cd 0.1490 0.2160 -0.00003
Mod. Haywood cd 0.1429 0.2075 -0.00033
Mod. Nelkin cd 0.1331 . 0.1928 -0.00037
Nelkin cd ©0.1293 0.1874 -0.00026
Experiment Gd 1315 X L0002 |2.49 ¥ .02 .86 ¥ .03
Haywood Gd 0.1466 2.747 1,39
Mod. Haywood Gd 0.1407 2,662 1.10

" Mod. Nelkin Gd 0.1309 2,473 | 0.81
Nelkin Gd 0.1273 2,402 0.77

. 1 . . . .
Turning near to /v absorption, the series expansaion is

)22

) s 3
a0 - 2 Ezno + 2 (21)

3 ao

wherefiao is ghe sum of the 2200 m sec"1 macroscopic absorption cross
sections for boron and hydrogen and the ='s are coefficients to be fitted.
The magnitude snd sign of the coefficient o<2 indicates tﬁe effect of
diffusion cooling or heating., Fitted coefficients at 22.3°C are siven

in Table XIV vhere the more familiar pulsed parameters have been ob-

tained through the expressions quoted by Noneck (1962).

Table XIV 1 v Coefficients For Water at 22.300
Experiment T(°C) Do(cm2 sec—l) C(cm4 sec-l)
Johnson 22,3 | 35620 I 230 2800 X 260
Starr und Koppel | 21 35850 X 100 2900 ¥ 350
Kichle 29 35400 700 4200 ¥ so00
Calculation
Haywood 22.3 32660 3750
Mod. Haywood 29,3 34203 2060
Mod. Nelkin 2.3 36820 2920
Nelkin 22,3 37850 3230
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The rearrangement used for graphical presentation is

2
* /Zﬁ\o= <y —% Zao + z 302 (22)
2
and ifycu/fiao is plotted vs. 2:30, then the gradient demonstrates
the effect of diffusion heating. This is done for the calculated
value and the experimental values of Johnson in Figure 21.

From being below that of gadolinium, the intercept ’B'/ro, for
cadmiun is near 7% greater, compared with the expected ~ 2.3%,
Comparing the diffusion constants D, for boron and.f1 for cadmium and
gadolinium with the experimental values, the latter lie between the
predictions of the MH and iN models. There is an indication that as
the amount of spectrum distortion increases, from cadmium through boron
to gadolinium, then experiment agrees better with the MN model, The
effect of spectrum distortion is contained in the constants C and ;52.
?52 for cadmium is not sufficiently well-defined to permit a comparison
with theory, but it is shown without doubt to have a negative value,
indicating diffusion cooling. The experimental values of C for boron
of Johnson, which he has shown to be in good agreement with the typical
static value of Starr and Koppel (1962) but lower, though only 1%
standard deviations less, than the typical pulsed value of Kichle (1960),
agree within the experimental errors with the predictions of the MN
ond MH models, but is significantly less than that of the Haywood
model, For gadolinium ?2 ligs between the predictions of the MIH

and MN models.

4.6 Total Cross Section and Mean Kinetic Inergy

Valuable confirmation of the adequacy of scattering models can
be obtained by studying the related quantities total cross section
and mean kinetic energy per bound proton'ﬁ. Russell, Neill and
Brown (1966) have recently published total cross section measurements

for H20 which, while agreeing with the earlier measurements of
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Melkonian (1949) within the errors of the latter, are more precise and
more closely spaced in energy. They have also obteoined a new value
for K.

In re-calculating the total cross section for the four models for
hydrogen scattering, a particular effort has been made to reducq
numerical errors. Most important, the number of energy points has
.been increased to 64 from 32. This change had little effect on the
total cross section below 0.06 eV, but produced detailed improvements
in the form, compared with the published curves of Goddard et al, above
this energy. Figure 22 compares calculution with the mecasurements of
Russell et al. Around 0.025 eV the experimentul vulues lie between
the MH and the Nelkin-type models. The Nelkin model drops below
experiment by ~ 5% above 0.04 ¢V and then rises above experiment due
to energy loss scattering through the discrete node at 0.06 eV,
Broadening this line in the Mﬁ model gives good agrecument., Haywood
and MH prédictions are both high above ~ 0,02 eV,

By fitting the total cross section in the high energy 'joining'
region to the Placzek asymptotic expansion, Russell et al have deter-
mined a new- value for the mean kinetic energy per bound proton X.

In practice we;work with T = 2/3 x»i wvhich is equal to KT for o

free proton gas. In terms of KT,

¥=%ffw%®@ﬁ@)@ : (23)

In Table XV the values of T for the various models are compared with

the value of Russell et al.

Table XV  Mean Kinetic Inergy l'er Bound I'roton
For Models Compared with Experiment

Model/Experiment T (eV)
Experiment Russell et al 0.1173 ¥ 0.0068
Haywood 0.1172
rode Haywood 0.1111
Mod. Nelkin 0.1102
Nelkin 0.1168
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The Haywood model was adjusted to give agreement with a measured
K value and this is seen to have been successful. Modifying Haywood
to include mass 18 translations reduces K below measurement. Both
Nelkin and MN models agree with experiment within the assigned error.
Vhile achieving the correct Kis a very important constraint, X is not
a sensitive parameter for low thermal effects, mainly because X depends
on the high 73 parts of 6(?3)- Compared with the MN model, the area
displaced in 6(78) from the rotational peak appears around £ = 7 in
the Haywood model and so will not greatly affect K (K = 6,9 in KT

units for Haywood).
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CHAPTER 5

THE RETHERMALISATION PROCESS

In this chapter features of chapters 2, 3 and 4 are brought to-
gether in the discussion of the rethermalisation problem. It must
be accepted that some important points have not been resolved com-
pletely, but these points are indicated and suggestions are made for
future work. 1In chapter 2 the sensitivities of fission and reaction
rate ratios in a cold, clean, SGHW lattice to changes in the hydrogen
and deuterium scattering models were studiéd. An operating SGHW power
reactor will, among other differences, have hot coolant at ~ 270°C and
the fuel cluster spectrum will now depend more strongly upon the rate
of exchange of energy between the coolant and the 'softer' neutron
spectrum entering from the cold moderetor. This rate of exchange will
influence the manner in which the spectrum approaches the asymptotic
spectrum for the cluster., In order to study this 'rethermalisation'’
process we have taken scattering laws studieh in detail in chapters 3
and 4, namely the Haywood model for light water and the model proposed
by the present author for Santowax~R, and applied them in an analysis
of the two-femperature experiment of Tremeer (1966). ~ This experinent
combined cold water and hot Santowax-R in slab geometry. Essentially
the same numerical meihod of calculation has been used in the analysis
presented here as was used for the cell calculations described in
chapter 2. By using pure moderators and simple geometry the retherma-~
lisation aspect should be isolated in both experiment end calculation,
A second part of this work has involved the re-analysis of the experi-
mental results of Tremeer in an attempt to verify the existence or
othervise of a single discrete 'rethermulisation length' for Santowax-R.

The analysis of the temperature discontinuity problem was initiated
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by Kottwitz (1960) who used the heavy gas scattering model and proposed
a solution in terms of an effective neutron temperature. Selengut
(1958) introduced the two overlapping thermal group model and Leslie
(1962) has discussed the calculation of rethermalisation cross sections
between such overlapping groups. The work of Kottwitz has been ex-
tended by De Ladonchamps and Grossman (1962) and KuSter (1962).
Pearce and Kennedy (1964) have performed 40-group diffusion theory
calculations and obtained good agreement with the model of Selengut.
Using the heavy gas model, VWilliams (1965) has solved the exact meutron
transport equation to give the mean neutrons energy as a function of
position near a plane temperature discontinuity. He shows that a
transport transient m;y be expected near to the discontinuity in addition
to the rethermalisation transient. In a second paper relevant to
this work Williams (1966) has studied the existence of space eigenvalues
of the transport equation using the free gas model, For a free proton
gas he concludes that no space eigenvalues other than the fundamental
exist (i.e. there is no discrete rethermalisation length) and that the
first higher eigenvalue only exists for A ¥ 2. Saastamoinen (1967)
has also used an analytical approacﬁ and has assumed ihefflux to be the
sum of two overlapping components. Hoﬁever, these fluxes were assumed
to be angle-dependent and for light water the transport equation was
solved by the Pn method with n = 3 and the different Legendre components
of the rethermalisation flux were compared. These differed markedly
in their transient behaviour and Saastamoinen links this with the fact
that all violate the (ZZT)min limit. A numerical approach has been
used by Day (1967) who has analysed, with the WDSN Code, his time of
flight measurements of the spectrum in differentially heated graphite
blocks.

Although this chapter is concerned with the analysis, rather than

the conduct of experiments, it is relevant to consider other experimental
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wvork in addition to that of Tremeer, which will be discussed in ﬁhe

next soction. Benmett (1963) has resorted meesurements in an annular
arrangerient of graphite'and vater placed at the centre of a reactor core.
This experiment appears to be subject to uncertainties in the overall
sloving dovm neutrom source. Day in his work alreedy referred to, has
reported measurements which represent the culmingtion of a series of
experiments using differentinlly heated graphite. These used a well-
defined thermal source originating at the LIDO reactor end entering the
experiment perpendicular to the interface. In the series of experiments
performed at General Atomic (see, for example, Derdes, Neill and
lloughton (1964)) neutron spectra near to poison end teﬁperuture discon-
tinuities in grephite and beryllium were measured by the time of flight
method., A pulsed electron beam falling on a uranimm target provided

a fast neutron source eiternal to the experiment. In the initial work
of Saastamoinen (1966) the provision of time-of-f1light beam extraction
resulted in very poor definition of spectrum changes near to the dis-—
continuity between water tanks. Recently Saastamoinen (1967) hes
reported time—-of-flight measurements in water closg to an interface with
hot zirconium hydride. The reported measurements were restricted to a
verification of the space dependence of the transient flux engular
distribution referred to chove.

In Section 5.1 the experimental arrangement used by Tremeer in
measuring the fission rates of Plutonium—239 and Uranium-235 necr a
plane temperature discontinuity is discussed. A detailed re-cunalysis
of the form of the spectrum transient in Santowax-R is presented in
Section 5.2; evidence for the existence of a discrete rethermalisation
length in this medium is discussed.  The methods used in performing
transport theory calculations of fission rates, together with the
scattering models used and the representation of the experimental con-

ditions are described in Section 5.3. Some comparison between
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calculated and experimental fission rate distributions are also
presented in this Section. A preliminary anclysis of the experiments
of Tremeer have been published (Tremeer, Goddard and Grant (1966)) and
recently Goddard, Grant, Johnson and Tremeer (1967) have carried the

analysis further,

5.1 Rethermalisation Experiments at Imperial College

Let us first consider the desigm requirements for an experimental
study of the rethermalisation problem. These are that the retherma-
lisation transient be readily isolated and measured with sufficient
accuracy for meaningful comparison with one-dimensional transport theory.
All design fentures arise from these requirements.

The source-free case of no flux grodient far from the interface
ond no absorption, originally studied theoretically by Kottwitz, cannot
be realised in practice and the need for an external neutron>source
brings with it the problem of overall flux gradients, which will be
particularly severe with hydrogenous moderators. Attempts by
Saastamoinen (1966, 1967) to reduce the overall gradient thermal column
are not regarded with favour by the present author as the overall flux
shapes in the water are not easily measurable and no‘measurements are
reported. The most satisfactory arrangement is that used by Day and
by Tremeer; the overall neutrom current flow is perpendicular to the
temperature discontinuity und can therefore be taken account of in a
one-dimensional theory. A reactor has been used as a neutron source
by both Day (LIDG) and Tremeer (CONSORT). Now the transverse dimensions
of both the neutron source and the experimentul tanks are linked by
th? need for e fundamental transverse flux mode in the tanks which
means that transverse bucklings of botlhh source and tenks must be matched.
The transverse dimensions are fixed by the requirement thdt the trans-

verse leakage correction be small and for this correction to be made



84

eagily the overall flux should be harmonic-free. Finally, the source
neutron spectrum should be close to the equilibrium spectru.: in the
tank nearest to the source.

The experiment of Tremeer was installed on o face of the London
University 100 Kw reactor CONSORT II, in a high flux cave separated by
2 cm of graphite from the reactor tanl, The fast flux entering the

experiment as a percentage of the total flux was 167 and a negative
source technique was used to simulate a near Maxwellian source. An
aluminium reinforced cadmium shutter could be lowered to close a square
aperture, matching the size of the experimentpl tonks, in a cadmium
screen., Collisions in the shutter gave the negative source a small
fast component.

Two tanks fabricated from 0.16 cm aluminium contuined cold water
and h?t Santowax. A 0,32 cm gap between the tanks was mainteined by
0.48 cm diameter insulating discs fixed to the cold tank face. The
cold tank was 10.3 cm long and the hot tank 25.4 cm long, both were
61 cm wide and were filled to a depth of 61 cm with the liquids. The
mismatch of the transverse bucklings of the tank and the main 95.2 cm
square graphite neutron fecd meant that harmonic corrections had to be
considered; this has been discussed in Chapter 3. " Demineralised water
in the cold tank was kept close to room temperasture by circulation
through a heat cichanger while the Santowax temperature was automatically
controlled using hot plates with a total output of 5. Kw beneath the
tank. The sides and rear face of the tanks were covered with cadmium
sheet and thermal insulation.

A niniagture fission chamber vhich coudd be woved horizontally by
a remotely operated screw drive wos used and a second vertical screw
drive together with a wiper seal to remove liquid enabled the chamber
to be transferred from one tank to the other. A horizontal positional

reproducibility of 0.013 cm was achieved in the rethermalisation cxperiment.
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Two pairs of U~235 and Pu-239 chombers were available, mounted in
.02 em and 0.3 cm outside diameter zas-filled Nimonic tubes of such
a length that the centre of the active regions were at the tank centre
line. The fissile coatings, vhich were of 0.5 ca and 0,25 em diameters
had thiclnesses of 1 mgn/cm® for U235 and 0.3 mgn/ca® for Pu~239,

Fisgion chamber gain chenges with temperature betwveen cold water
and hot Santowax tanks were determined by the method of graphical
superposition of attenuation bias curves. The greatest correction
applied was 1.5, A constont systenetic crror of approximetely £ mm
in the position of the 0.3 cm detectors in the hot tank hes been shown
to be duc to temperature induced internal gas pressure changes straight—
ening out small bends in the rdfher flexible counter stems. A possible
error in the negative source technique arose through radiative capture
Y-rays from cadwium giving photo-fission counts in the measuring fission
chambers. TFrom the change in counting rate produced by lovering the
cadmiun screen in front of an additional boron screen it was shown
that the photo-fission contribution must be “less than 4.9% of the fast
flux or typically 1% of the difference counting rate observed in the
rethermalisation experiment.

Unpublished experimental work by Petr (1967) has used the same
experimental taenks but with a number of important differences.
Diphenyl was substiiuted for light water in the cold tank, a greater
thickness of graphite between the neutron core and the tanks reduced
the fast flux and a special cadmium insert in the thermal column gave
a source with the correct transverse flux shape. The amount of aluminium
in the shutter was reduced to cut down any fast component of the
difference flux. To avoid the systematic position errors associated
with the fission chambers and to obtain greater spectral sensitivity,

lutecium and manganese foils were used, mounted in foil holders



positioncd rigidly ogainst the temperature interface. This work

has not yet been analysed completely. |

5.2  Analysis of Spectrum Transients in Santowax-R

The re~cnalysis of Tremeer's experimeﬁtdl results hos been mode
in the lisht of the theoretical work of Willicms and Saastamoinen
already mentioned.  Their work has throvn doubt uponr the existence of
a discrete rethemealisation length vien the scattering is by protons
ond its existence is mot certain for licht water, in spite of the -
increase in H atom effective mass due to molecular binding. We have
already noted Williams' conclusion that as the mass of a free gas
increases then more discrele space eigenvalues appear. Nov Tremeer
has Titted the two overlepping group model to his measured fission rate

distributions and has obtained typicdl values for 1 the inverse
trensient (rethermalisation) relaxation length of ~ 2.5 7% 0.2 cm—l
(at 20°C) for M0 and ~ 1.33 ¥ 0,04 e} (at 200°C) for Sentovax-R.
These values should be compared with the corresponding values of
( Z;r )min which are 1.48 cm-'1 for g0 and 0,948 cm"1 for Santowax-Rj
both limits are violated. For Santowax Z}—falls below the value of
the above fitted X , at ~ 0,14 eV and dﬁove this energy the transient
relaxation length should deviete from the apparent discrete value and
be influenced by the Eif variation down to the limifing ( Z;f)min
value. Thus it may be expected that the transient flux will not he
separable in space and energy and the aim of the analysis has been
to detect this. |

The approach to the analysis has been influenced partly by kmown
systematic errors in Tremeer's measurements and pertly by the relevant
theoretical worl. The principal systematic error wes the uncertainty

in the fission chamber positioming although it must be emphasised

that reproducibility and the distonce between counter positions in
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each tank were lkmown to a high degree of accuracy. This temperature
induced bending of the 1/8" detector stems meant thet the cold tank
and the hot tank measurements were not properly related to each other,
and analysis of the hot tank points alone was a solution to this
difficulty. Rethermalisation effects in the H20 tank occurred over
too short a raonge to be analysed accuralely.

A result of theory which must influence the analysis is the con~
clusion of Williams that there will be e 'transport transient', near
to the interface, in addition to the main rethermalisation transient.
It way be appreciated readily that, at a short distance inside the
hot medium, the transient flux perpendicular to the interface will have
a higher mean energy than that travelling parallel to it. Williams
shows, for a heavy gas of mass 20, that the transport transient has a
shorter range than the mein 'diffusion theory' transient. For lighter
scattering atoms, where a neutron may reach equilibrium at a single
collision, then the transport transient may extend over the whole range
of the rethermalisation process. Such a situation has been studied
theoretically by Saastamoinen for light water; he finds that the
Legendre components of the transient flux have very different relaxa-
tion lengths, indicating thet the engular distribution is changing
continuously. A complete experimental approach to the problem would
thus involve a study of the separability of the transient flux with
respect to the space, energy and angular variables. In the case of
Tremeer's results we are restricted to a couwparison between measurements
with the two fissile isotopes Pu-239 and U-235 evidence of space/energy
separability and to a study of goodness of fit to an exponential
transient for ratlier indirect evidence for space/angle separability.
If o second eigenvalue exists then beyond a certain distance from the
interface, close to which transport and higher spectrum trunsients

might be significant, a fission rate distribution in the hot tank



night be represented by

F{r) = A + Aye O o+ A, e’ (24)

where Yo and Yl are the inverse relaxation lengths of the fundamental
and transient components.

In the method of non-linear fitting used the function was linearised
by expanding it in a Tdylor series in the unknown parameters about
initial guessed wvalues. Agplication of the least squares criterion
led to a set of normal equations involving the corrections to the initial
values of the parumeters. This process was repeated until accuracy
criteria were satisfied.

Convergence was not obtained whenr fitting expression (24) to the
experimental daﬂu owing to the small influence at the measuring positions
of leakage from the back face ot the hot tank. The data were then
| fitted to |

-Yyr =Y, r -27011 .Y

F(r) = A e + Ay (e - e . e ) (25)

where H is the extrapolated thickness of the hof tank., By fitting
expreésion (25) to the experimental data using different fixed values
of H it was shown that the value of I expected from the physical
dimensions of the hot tanl: was close to the value indicated by the
goodness of fit.

Table XVI shows the values of the fitting parameter )52 for various
values of exp(—2Yoﬁ), denoted 2z, corresponding to different values of
. In five cases the minimum 7(2 occurs near Z¥ and Z was therefore

fixed at these values for all subseqguent fitting,



Table XVI  Effect Upon X> of Varying Extrapolated Thiclmess

Expt. (2) (z) (2) (z)
No. x2 ~ 2 =2 X2
(.000134) (.000056) (.00003) (.000014)
G170 53.0 46.4 46 .4 47,1
H170 35.5 25,4 23.5 22.8
J170 40.3 32.8 30,9 30.0
K170 - 11.3 11.1 11.3
(.000182) (.0000825) (.000045) (.000022)
G200 20.5 11.4 10.5 10.7
H200 24.0 . 24,0 26.2 28.1
J200 24,17 23,2 23.7 24,3
K200 56,0 29,3 20,9 30.6 .
(.000348) (.000125) (.00008) (.000035)
G230 53.8 20,4 17.3 15,7
11230 23.9 12.8 13.9 16.3
J230 28,4 35.3 - 41.7
K230 33.7 27.7 29,9 33.4

Table XVII ghows the results of fitting expression (25) to the
experimental data.
detector centres were 0.4 cm and 0.5 cm from the interface for 0.62 cm

and 0.3 cm detectors respectively.

For the first points included in the fit the

there are no systematic differences in the fitted Yo either with

fissile isotope or detector size.

The values of chi-squarcl when
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For the same Scntowox-R temperature

compared with the theoretical)(,o2 corresponding to the number of degrees

of freedom end a 5 level of significance shov that the differences

between experiment and expression (25) were not significantly greater

than the experimental errors.

Comparing the fitted values of Y
differences between Pu-239 and U-235 experimental results obtained

using 0.62 cm detectors.

1

some caution because of the large detector diameter.

there are significant

These results must however be treated with
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Table XVII  Experimental Fundamental and

Transient Relaxation Lengths

Hot
Bote | gt (en) | T |y (@) |y @) |22
/1sotope (°C§‘
G170 0.62 U 171.7 | .1827 ¥ 0004 | 1.35 % .05 | 22 | 26
H170 0.62 Pu | 170.5 | .1808 & .0005 | 1,17 ¥ ,07 | 25 | 29
J170 0.3 U 170.5 | 1811 ¥ 0007 | 1,06 ¥ .07 | 27 | o5
K170 0.3 Pu | 171.0 | .1810 % ,0005 | 1.03 ¥ .08 | 10 | 25
G200 0.62 U 201.7 | .1740 ¥ L0003 | 1.25 ¥ .03 | 12 | 29
G200A | 0.62 U 202.4 | .1754 ¥ ,0006 | 1.32 % ,05 | 33 | 26
G200B | 0.62 U 201.9 | .1732 X L0004 | 1.25 % .04 | 22 | 29
H200 0.62 Pu | 200.1 | .1727 ¥ L0005 | 1.12 % ,08 | 24 | 29
J200 0.3 U 198.8 | .1738 ¥ ,0006 | 1,13 % ,05 | 16 | 25
K200 0.3 Pu | 200.5 | .1722 % .0006 | 1.00 % .10 | 17 | 25
6230 0.62 U 232,9 | .1666 ¥ ,0004 | 1.28 * .04 | 21 | 29
H230 0.62 Pu | 231.7 | .1639 ¥ ,0005 | 1.19 % .05 | 5 |20
J230 0.3 U 232.4 | 1653 £ ,0006 | 1.14 ¥ ,05 | 20 | 25
K230 0,3 Pu | 231.9 | .1659 ¥ 0005 | 1,24 % .14 | 21 | 25

With the 0.3 cm detectors the resulting Yl volues are less than those
obtained with the larger detectors and the differences between Pu-239
and U-235 detector results are not greater than the experimental
errors. The errors were greater because of inferior counting statistics.
To detect any deviation from an exponential form of the transient
wvhich might not be revealed by the goodness—of-fit test, up to 8 points
vere dropped next to the interface and the fit repeated. No systematic
changes in either YO or Yl were observed. Typical results are shown
in Figure 23.
In an effort to explain the apparent differences between values
of 7 for 0,62 c¢m and 0.3 cm detectors, numerical integrations of the

fission rate around the counter circumference were performed, assuming
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the overall flux distribution to be the initial fitted one. Corrected
fission rates were then fitted to equation (25) but without any
significant change in the Y3 values. The differences observed are
most likely to result from moderator displacement and the resulting
neutron streoming, rather than from the size effect alone.:

Two further aspects of the measurements need to be considered;
these have implications for the reliability of the transient relaxation
lengths quoted in Table XVII and for the design of experiments of this
type. In Section 3.4 it was noted that a 5> harmonic content in the
experimental neutron source was e strong possibility, although Tremeer
did not consider this. In order to check the likely effect of harmondics
'upon transient reloxation lengths the data were fitted té a modified

form of equation (25)
F(r) = A 1" + A, (670 ~""0 .=20)
2
o T sqrt.(yo + B) (26)

The constant B is 16 (ﬂya) 2 vhere a is the tonk extrapolated width

and B = 0.0408 cm™2.

Toble XVIII Effect Upon Yl of Harmonic Contamination

Eﬁg?' Yo(cm_l) Yl(cm-l) % change in Y,
G170 1861 1.30 -3.7
H170 »1830 1.10 -5.8
J170 .1832 1.11 -4 .4
K170 .1828 0.95 -8.2
G200 1761 1.20 -3.8
G200A 1776 1.26 —4.2
G200B .1753 1.21 -3.0
H200 1748 1,03 ~T.9
J200 | <1759 1.08 -4,0
K200 1743 0,92 -8.2
G230 1686 1.23 -3.8
H230 .1680 1.14 -3.6
J230 1673 1.10 -3.5
K230 .1678 1.12 -10.3
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Vhile the small difference between plutonium and uranium transients
aend between the 0.62 cm and 0.31 cm transients arg in general, maintained
the typical change in Y is of the same order as these differences.

This undesirable state of affuirs lhos been rectified in the recent
experiments of Tetr where o harmonic-free flux distribution was obtained.

It has been noted that collisions in the shutter gave the negative
source a small fastbcomponent. Purely on the basis of the total
scattering cross sections of the cadmium and its aluminium backing,

10% of fagt neutrons were scattered in the shutter. However, the
difference flux will only contain those neutrons thereby removed from
the experiment, rather than those scattered into the experiment or
back into the graphite. It has been assumed that one-~third of the
scattered neutrons are removed and the effect of this upon the experi-~
mental flux distributions has been simulated by reducing the measured
shutter-dowvn flux distributions by 3% and repeating the fitting proce-
‘dures. Table XIX shows that, if the assumption of one-third of
scattered neutrons lost is reasonable, which it may be because of the
presence of an air gap between the graphite thermal column and the
experiment tank, then this may be a significant systematic error in
Tremeer's measurements. In the subsequent measurements of Petr, more
graphite was used in the thermal column and the mejor part of the

aluninium was removed from the shutter.

Table XIX Effect Upon 15} of Additional Fast Neutrons in the Source

E§2?' Yo(cm~1) Tl(cm_l) % change in Y,
G170 « 1860 1.43 + 6.0
7o «1841 1.29 + 11.5
J170 «1845 1.25 + 8.1
K170 .1844 1.18 + 11.4
G200 1772 1.32 + 5.5
G200A .1788 1.41 + 7.0
G200B .1765 1.31 + 3,1
H200 1762 «20 + 12.6
J200 1769 1.19 + 5.3
K200 1754 . 1.18 + 13.0
G230 .1697 1.34 + 4.7
H230 « 1659 - l.22 + 2.0
J230 .1682 1.19 + 4,0
K230 .1690 1.42 + 14.5
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5.3 Calculation of Fission Rates

With the object of calculating fission rates in as rigorous a
manner as possible, a numerical solution of the transport eguation has
been used in contrast to the analytical methods used by Williams and
Saastamoinen. These numerical methods are the same as those used in
the cell calculation described in Chapter 2, and the aim has been to

test these methods in plane geometry, with homogeneous regions, against

[4 o

Tremeer's measurements.,

To deal first with the scattering models for the materials iﬂ'
Tremeer's experiment, the free gas model with isotropic scattering has
been used for oxygen and carbon in the two moderators and for aluminium
in the two interface walls. The scattering law representation of
equation (1) in Chapter 2 has been used. Calculations have been per-
formed for the three experimental temperature combinations, 17100/2000,
20100/2000 and 232°C/EOOC. An attempt has been made to use both the
free gas model for hydrogen scattering and bound models. However, the
free gas model transport theory calculations were not successful for
reasons to be discussed later. The Haywood model as described and
studied in Chapter 4 was used as the bound model for hydrogen in cold
wvater. The spectral density distribution is showﬁ in figure 16.

As before, the LEAP-ADDELT programne was used to generate matrices of
SG*“F) values on cards. The method of generating bound models for
hydrogen in Santowax-R at 171, 201 and 232°C has been described in
Chapter 3. Spectral density distributions vere obtained by interpolat-
ing and extrapolating linearly, on an energy (e.V.) scale, the models
fitted by the present author to the measurements of Brugger. Linear
interpolation and extrapolation was used because on an e.V. scale the
curves of Q(F ) fitted to Brugger's measurements differed by less than
the likely systematic errors. Figure 11 shows the three spectral

density distributions plotted against dimensionless energy transfer ?.
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A special group structure was defised for these calculations,
based upon the 55 group structure studied in Section 2.2. By eliminat-
ing the dense cluster of groups around 1 ¢.V. and ending the group
structure at 1 e.V. a 31 group set was obtained which is illustrated
in Ficure 2. As the problem is entirely thermal a slowing down source
need not be considered and the number of ncutrons above 1 e.V. will be
negligible. Point fission cross sections for uraniumm-235 ucnd plutoniun-239
vere taken from the VWinfrith Data File. Multigroup fission cross
sections were obtaincd by numerical integration by computer; the effect
of chenging the effective temperature of the Hoxwellian weighting specfrum
was investigated and found to be negligible. The chosen weipghting
spectrun had a temperature which was the mean: éf cold and hot tamk
temperatures.
Again following the procedures outlined in Chapter 2, the programme

PIXSE was modified and run on the Imperial College 7090 computer. It

[ 8
was divided into two parts; the first, PIXSCAT, was used to write
micfoscOpic 31 group scattering matrices for'all the elementé concerned
onto magnetic tape. The second part of the programme, PIXED, was used
to edit this tape to give.macroscOpic region cross sections suitable
for input to the transport theory programme WD3N. Now the version of
this prograrmme which wes available was réstricted to isotropic scattering
and in order to improve the represeptation of overall flux gradients the
transport correction was applied. This has been referred to in Chapter 2.
In this correction ihe total anisotropic scattering cross section is
subtracted from the diagonal (elastic) scattering cross section,

‘1

3 Tyerg = Swm Iy grg

3

The scattering is assumed to be linearly anisotropic. As we have

.—-j =

noted, this correction gives the correct diffusion coefficient and .

leaves the spectrum as calculated in an infinite homogeneous medium
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unchanged. It appears to the author that this approximation may give
errors when the coolunt of an SGIV is hot or in the temperature dis-
continuity experiment. The anisotropy in the energy change cross
sections is ignored and therefore it is possible that the spatiel rate
of energy change (or rethermalisation) will be too great.

In order to reduce the long running times of the WDSN code for
this problem, the thicknesses of the water and Santowax tanks were reduced
to 6.6 cm and 22 em. The S; approximation was used. Fifty space
sub-regions vere used in the calculation as illustrated in Figure 24.

A neutron source having a 20°C HMexwellian energy distribution was assumed
in the innermost three sub-regione in water, distributed spatially in

en approximate first collision distribution. The effect of transverse
leakage was not included as o DB2 absorption term because this was a
neglirible correction to the short transient relaxation lengths. In
retrospect, however, its inclug}on would probably heve improved the

rate of problem convergence. For the calculation using bound nmodels
for hydrogen scattering in water ond Santowax, the convergence of the
transport theory calculation was subject ﬁo two tests. First a compari-
son of fluxes after 40 minutes and 60 minutes running times on the
computer; this, however, is not necessarily o relioble test. The

test which wes regarded as conclusive was that the asymptotic flux
distributions away from the interface should have an exponential form
and should have relaxetion lengths which égrecd with the results of
eigenvalue calculations,

Fission rates of U-235 and Pu-239 were obtained by editing an
output tape from WDSN with the aid of the Winfrith programme WED. A
typical calculated U-235 fission distribution is shown in Figure 24,
Both transient and asymptotic distributions can be seen together with
the effect of leakage from the outer Santowax boundary. Celculated

fission rate ratios
(Pu-239/U-235) experiment
(ru-239/U-235)

20°C Mexwellian
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are compared with Tremeer's measurements using.the 0,62 cm detector in
Figures 25 to 27. A comparison with the 0.3 cm measurements was not
possible because of the position uncertainties already referred to,

The form of the transients are well represented although the experi-
mental points in Santowax-R tend to lie below theory close to the inter-
face. There is & strong possibility that this feature is due to
neutron streaming across the large (0.62 cm) fission chambers.

As with the experimental points, an citempt was made to fit o sum
of three exponentials given by equation (25) to the calculated fission
rates in the Santowax. A study was again made of the effect of dropping
points mext to the interface upon the fit. Contrery to the result of
this study with the experimental data, a slow increase in the transient
relaxation length was obaerveq with point dropping. The inverse
transient and fundamental relexation lengths given in Teble XX below
correspond to the first point in the fit being ot the same distance

from the interface as was the first experimental point.

Table XX Calculated Fundamental and Transient

Relaxation Lengths

ngz)t“ mesile |y (o) | r(e™)
171 o 0.184 Yo
201 v 0.171 1703
232 oy 0,159 1.0

Fitting sums of expomential functions is notoriously difficult end
the variation in the transient relaxation length might have been due
to deviatiéns of tpe asymptotic part from the hyperbolic sine form
either due to incomplete convergence or to, more probably, the use

of too wide finite difference sub-regions in the outer parts of the
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Santowax tanke. There is an obvious conflict between the WDSN
assumption of a linear flux variation across sub-regions and the overall
exponential flux distribution. Very narrow intervals could not be
used as this would result in very long running times. The difference
between fitted transient relaxation lengths is of the same order as
that observed (with rather doubtful statistical significance) for the
experimental measurements.

No comparisons between bound and free gas hydrogen scattering
model calculations was possible because WDSN calculations vith free
gas models failed to converge even after running times of ~ 1 hour.
In a recent publication Engle and lMynatt (1968) comment that the flux
vill converge in a few iterations in or near source regions, but, de-
pending on the proportion of neutrons lost by absorption or leakage at
each iteration, severul hundred iterations may be reyuired to converge
at a point maeny mean free paths from the source. They propose an
iteration scheme which is claimed to reduce the running times for pene-
tration problems by an order of magnitude and which, if applied to WDSI,

would probably permit free gas model calculations.

—y
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CHAPTER 6

CONCLUSIONS
Although the work which has been described is broadly linked
together, it does fall naturally into four distinct parts and the

results are therefore considered in this form.

6.1 Scattering Law Effects in Cold, Clean SGHW Lattices

Free gas models, effective width models fitted to diffusion co-
efficients and Nelkin-type models for hydrogeﬁK;nd deuterium have been
used in this study of scattering law importdnce. A new method has
been proposed and used to generate cross sections for the Nelkin—type
models.

Reaction rate ratios in the fuel, predicted using the effective
width models, are very close to those obtained using Nelkin-type models.
However, this result may not hold for higher coolant temperatures
. because it is not obvious how the width model should be generalised to
cover all temperatures. There is some evidence that, for 'water—cooled'
fuel clusters, the calculated spectra are too 'soft' when the Nelkin
model is used. This conclusion must be tentative becaunse of simplify-
ing assumptions made, particularly the neglecting of energy-dependent
hyper-fine structure. |

From the rather limited evidence available, the width model for
deuterium in heavy water or the Nelkin-type model witﬁ no corrections
for coherent scattering, appear to yield reaction and fission rate
ratios in agreement with experiment for cells containing only heavy
vater moderator, that is 'superheat' cells.,

Interattion between flux peaking and fuel fission rate ratios was
examined and found to be negligible, The prediction of cell flux

peaking is only marginally affected by the choice of scattering modelj
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changing from a free gas to a width or Nelkin model typically aiters
the cell flux peaking by 1} - 2% in the SGHW lattice examined. The
effect of these changes in flux peaking on reactivity is small compared
with those arising directly from spectrum changes.

The use of the width or Nelkin model gives a harder spectrum than
a free gas model and hence a lower predicted reactivity due to the
non—l/v behaviour of the U-235 thermal cross section. Typically, the
value of K-infinity is reduced by 0.5, While such changes in reactivity
are probably just significant for an enriched SGHW design, they are
likely to be very important in a natural-uranium fuelled SGHW where the

excess reactivity is small and burn-up must be predicted accurately.

6,2 Scattering Lav for Santowax-R

By the use of an iterative fitting method, spectral density dis-
tributions of the normal modes of hydrogen atom motion have been derived
for solid Santowax-R at 23°C and liquid Santowax-R at 207°C and 267°C.
Reduced partial differential cross sections generated from these dis-
tributions agree well with the measurements of Brugger (from which they
vere largely derived), perticularly when likely systematic errors in
these measurements are taken into account.

Spectral densities for the liquid and solid phases show no sig-
nificant differences where the fitted energy ranges overlap. By
comparing the spectral density for the liquid form with the equivalent
results obtained by other workers for diphenyl and benzene, it has been
shown that Santowax-R is closer to diphenyl than it is to benzene in
its scattering behaviour.

Total cross sections at 0.025 eV calculated for the fitted model
are ~~ 10% greater than experiment. There is also a consistent dis-
crepancy of 6% between calculated and the measured diffusion lengths
in Santowax-R of Tremeer. A study has been made of the temperature

dependence of the diffusion lengtli. Both free gas model and the
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Nelkin-type Ardente model have the same trend with temperature.

Over the restricted range 171°C - 267°C this trend is confirmed by
Tremeer's measurements and the calculations with the fitted model.

The trend is markedly different from that exhibited by the measurements

of Hohki et al.

6.3 Neutron Scattering by Light Vater

Diffusion lengths in cold light water poisoned with boron, cadmium
and gadolinium measured by Johnson have been compared with the results
-
of calculation using four different scattering models for hydrogen.

For both 1/v and non—l/v absorbers the best agreement with the fitted

~ experimental diffusion constants D, and ;31 and the spectrum distortion
constants C and q%z is not obtained with either Nelkin or Haywood models.
Rather, experiment tends to lie close to the predictions of the modified
Nelkin and modified Haywood models.

The reason why a model such as Haywood, which was fitted to
differential measurements, does not predict integral experiments satis-
factorily may lie both in the treatment of quasi-elastic scattering and
in the form of the generalized frequency distribution. Koppel (1966)
has suggested that, at least in the prediction of total cross sections,
the difference between the Haywood model calculations and experiment }n
the energy range 0.02 to 0.10 eV arises from excessive weighting of the
region in the frequency épectrum around 0.2 eV, The modified Haywood
and modified Nelkin models differ principally at this point in the spectrum
as both models have essentially the same treatmént of free translational |
motion and of vibrational-motion by two discrete oscillators. This
work has been restricted to isotropic models and Koppel and Young:' have
shown that the effect of spatial anisotropy of the hydrogen vibr%tions ;
acts in such a way as to improve the agreement of the Nelkin modél pre-—

dictions of D0 and total cross section with experiment, ' If it does not

v
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prove possible to reconcile models besed on differential experiments

with integral measurements then it may be necessary to abandon the

'single typical atom' concept and adopt the approach of McMurry et al (1966)
which takes account of the existence in water of free moleculeé and

aggregates of differing sizes.

6.4 The Rethermalisation Process

The work presented has served to indicate the direction that future
work on the rethermalisation problem should take, With regard to the
space/energy separability of the spectrum transient in Santowax-R,
apparent differences were observed between transient relaxation lengths
for the two fissile isotopes in the case of the large diameter (0.62 cm)
detectors only, In order to confirm these differences future experi-~
mental work should ensure that the fast noutron content of the flux
and the harmonic content is reduced by at least an order of magnitude:
compared with Tremeer's experiments. Counting statistical accuracy
should also be improved by at least a factor of two.

Bound hydrogen multigroup transport theory calculations of the
normalised fission rate ratio plutonium-239/uranium-235 were in general
agreement with the experimental results obtained by Tremeer with the
0.62 cm detector, There were, however, differences cloée to the inter-
face which were most likely due to moderator displacement by the detectors.
Transient relaxation lengths fitted to the individusal calculated.fission
rate distributions were in better general agreement with the less
accurate experimental results obtained with the 0.3 cm detectors.

Within the accuracy of these comparisons it'appeurs that the rethermalisa-
tion process in an SGHW reactor with hot coolant will be calculated.
correctly with the methods used. Future theoretical work should be
concerned with multigroup methods Qith a proper treatment of anisotropic

scattering.
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APPENDIX A

THEORY USED IN THE ADDELT PROGRAMME

These Appendices draw heavily on the publications of Egelstaff
and Schofield and information communicated by McLatchie, who wrote the
programmes ADDELT and LEAP.
| We will consider only the ‘self' or incoherent part of the scatter-
ing and neglect effects due to interference between parts of the neutron
wave scattered from neighbouring atoms. The physical meanings of the
various functions afe not easy to envisage, but a qualitative description
of each will be attempted. Sﬂu,g) the "Scattering Law" measures the
probability that, if the atomic system is given a "push" of momentum I x
then it will absorb or give up energy % . ‘ An atom is given this "push"
and its energy initially either increases or decreases. Now the atom
is coupled to the molecule, and as time passes the momentum concentrated
on the initial atom will decrease through the various dynamic connections
between the atom and the system, e.g. vibrational or rotational motions.
The function. which measures the fraction of the initial momentum, which
s8till resides on the initial atom after a time t, is called the inter-
mediate scattering function I (=, t), and due to their physical con-
nection I and S are the Fourier transforms of one another. I {,t)

is defined by

~ &
1 . _
S(a,P) = E:T?J I(x,t) exp , (1.;3 t) dt (1)
~- 00
The behaviour of I Gx,t) is discussed by Schofield who has shown

that for small times end low values of<< , and for large times, it has

the form

I(x.t) = exp, (~scw(t)) (@)
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v(t) (secs) is o decay constant in the usual sense, but in this case
its variation is the qqestion of interest. In the so-called Gaussian
approximation, equation (2) is held to be true for all values of t.
This corresponds to the assumption that the "self corrélation function"
G (rt), of which I(mgt) is the Fourier transform, is a Gaussian function
of position. G(rt) may be thought of as describing the probability
of the atom being at position r at time t, having started from r = 0
at t = 0, and with w(t) being proportional to the mean square displacément
of the atom at time t.

From eqﬁations (1) and (2) we can write for the Gaussian part of

the scattering,

S(=<,p) = Z%?J exp (-~w(t)) + ift) dt | - (8)

)
the non-Gaussian -part of the scattering being of the order o, It

may be shown that by integrating (3) by parts, and considering the limit

of small «< , where non-Gaussian terms vanish and the expression becomes

exact,
lim 1 , 1 1 ‘f
<0 S(x,B) = S T2 w(t) exp (iFt) dt (4)
-— 0

A function p(F) is nov defined, such that

lim

2 1
p) =3" T, o S S(=<F) , (5)
In the case of a solid, p(f) as defined above is related to the

spectral density distribution ((F) by

2 4 .
RN ﬂﬁ— ()

ond this serves to define e(F) for liquids also.

Let us tauke equation (4), invert the transform and substitute for

e(f), ’ oL S
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$@ - [ e one iy @

= ZJ";(’B) cos?t g since w(t) is real. (8)
Integrating, ©
w(t) = 2 | p(g) sinh 3 t dp (9)
Y ‘f 7

Integrating again,

0
.w(t) = 2 J’ 2195) [cosh ‘J;{g - cos?gdﬁ (10)
j ngucosh B /2 - cos;&ﬂ (11)
sinh f/g dE

If we consider a ¢ function in e (IB)’ of "area" A, (that is ¢ (f)
é‘ (:F ‘181)) then for this 4 function
[osh ? /O - cos8 PIJ
h
?1 sin '81/2

w(t) =

and if the subscript e denotes the experimentally determined part of
4 (,F ), we have for the complete S(a,F ), including the d' function con-

tribution, from equation (3)

L A .
S(o(,P) = éﬂfexp. § - we(t) + f—l—-;r:;hr (cosh?l/:‘! - cO8 flt)};elft at

- ad A"

- e—;o" exp. %—b(\.' (t); exp. ((.? slnlffl/z cosh lft at  (12)
where )\1 = COth;BIL
£1
Now
o(Al “1?1 1 " <tn ‘L’
exp i,F smhfl *s —i.Fl ;.._.%__-”F (v smh?l/,,) (13;
where In is the modified Bessel function
. N o Gufl” : i(f - op )tg In’ °4A1 )
S S, fi) = o %.,. _002'2—," _weXp -o(we(t) o | ldt’ (-FI sinh’fl/z)‘
o0 i(3- n3 )t
But Se(c(,f- n}Bl) = -é-l_'—r-‘( exp (—otwe(t))% ? ?1 dt (14)

-0
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and therefore

—xhy <A,
S(oc,}s) = e XAl nz=-w se(a<, ?- nfl) In%?l—s—m—hm;g (15)

The scattering law with thg & function included in ((?) may there-
fore be expressed as a series involving the scattering law based upon
the experimentally measured part of e(f) alone.  ADDELT will, in fact,
add on successively any number of & functions up to & maximum of 50,
This facility was used in the construction of Nelkin-type models for
Hy0 and D,0, by edding to an S(égf) representing the translational
motion three ¢ functions corresponding to the rotational end vibrational

motions.
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APPENDIX B

THEORY OF EXTRAPOLATION PROCEDURE FOR Q(P)
The derivation of the extrapolation procedure has been largely
carried out in Appendix A. From equations (5} and (6) in Appendix A
we have

e(F) = 2p sinh P /2 lim S(4 B) (16)

ol O
and thus {(F), the spectral density’ may be obtained by examining the

limiting behaviour of S(«,P) at small o«¢ . In practice, as has been
noted, edditional components appear in the experimental S(o(,F ) at
low « , probably due to multiple scattering effects. The procedure
of extrapolating the experimental data for each ?3 to zero o can only
yield a first estimate for ((?) + For the first iteration this

is fed into LEAP - ADDELT to generate calculated S(°<.F )'s. f(ﬁ

is corrected on the basis of discrepancies in the 'middle o< ' range,

awvay from the effect of multiple scattering.
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APPENDIX C

THEORY USED BY THE LEAP PROGRAMME
The LEAP part of the combined LEAP - ADDELT programme calculates
S(tx,:p) from the continuous part of the spectral demsity. For low
values of o the scattering lav is expressed as a series involving

n=o0 1, 2, +o, phonon interactions, where n = o represents elastic

scattering.
s(ep) =e "2 L L @), ) (a7)
vhere B = J'::(;a)/pgd]a
T,(p) = ;2})
1) - p@)/BE°
T, (3) = f';n () T, (]B-F')df'

These numerical convolutions are time consuming and beyond 20 terms
thus calculated LEAP uses an LCdgeworth series approximation (Sjolander,
(1958)) which assumes ¢ (F) to have a Gaussian form,

2 .
B 2 42 +°/
- -:}[{f- -3 - } e 20Ey (18)
nE2

1 1
T ﬁ*—ﬁg>{lT(E2

where E, = %J[p (?)/?%l fi cosh_F/g df (i =2, 4)
—cd

For large o an excessive number of terms is required and an
alternative 'short collision time' approach is used. This gives an

asymptotic expansion in inverse powvers of

S(=,p) "45:_"'?('7;5— exp[ ~e<(Tf, (x) -1, (t))]

1

-{1 +:—‘f—2‘z—£-) Cl('C) + W C2 (T) +.ee (19)
. v
where fo('!:) = 2j L(;% (cosh F‘C - coshP/a) df
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P

and where ' :F on + l(t) = 2J; (P) ?zn’lgmh?t dF

chn . o0 = gfeap(?) :ancosh BT d,‘B

o]

€ is given hy:&(t) =:?AK ond the C are simple functions of
J,Cn/JLz (n >3)

Switching porameters are arranged in the programme to ensure a
smooth transition between regions where SCT and the series approxima-
tions are used. At large o« values the SCT approximation is used and
at small o« values the series. For intermediate o£ values the approxi-
mation may change at a point in the f range.

Delta—functions in the spectral density outside the measured range
are automatically convolved with the continuous part with the ADDELT

section of the combined programme.
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Abstract

THERMAL NEUTRON DIFFUSION AND RETHERMALIZATION IN HYDROGENOUS MATERIALS.
Using the thermal columns of a reactor as neutron sources two experiments have been performed, the aim
of the first being to test the ability of models for the scattering of neutrons by hydrogen bound in water to
predict thermal neutron diffusion lengths in solutions of 1/v and non-1/v absorbers. In the second ex-
periment rethermalization in Santowax-R (terphenyl) near a temperature discontinuity has been studied.

Diffusion length measurements in both pure water and boric acid solutions have been carried out
at 22,3 and 65°C, and in solutions of cadmium and gadolinium at the lower temperature only. In each
case measurements were made over a wide range of concentrations. ‘Al measured inverse diffusion lengths
lie within the (E1)p,i, limit of Comgold with the exception of those from the two most strongly absorbing
cadmium solutions. Representation of each set of results as a power series in absorber concentration has
enabled the coefficients up to the spectral distortion term to be determined and it is shown that considerable
diffusion heating occurs in gadolinium sclutions in contrast to the slight diffusion cooling observed in cadmium
solutions. In a theoretical analysis four scattering models for bound hydrogen were used. Diffusion lengths
were calculated by solving the transport equation for the lowest space eigenvalue in the By approximation
with L = 2, using the method described by Honeck. -

The differentially heated experiment combined cold water and hot Santowax-R in slab geometry.
Fission rates of 23U and %Py were measured with fission chamber detectors as a function of position
across the tanks containing the liquids. Two diameters of chamber, 0.6 ¢cm and 0.3 cm, were used to
identify finite detector size effects. The general features of the fission rate distributions in the water
and Santowax are discussed. In view of current interest concerning the existence of a rethermalization
length when the principal scattering is by bound protons, the form of the transient flux in the hot tank is
examined in detail, For comparison with the experimental results the fission rates of U and 2**Pu have
been calculated using the Winfrith DSN transport theory code, Scattering by hydrogen in water has been
calculated from the Haywood model and in Santowax from 2 model fitted to the phased chopper velocity
selector measutements of Brugger.

1. Introduction

Thermal neutron diffusion length measurements in room-
temperature water containing dissolved 1/v absorber have been
carried out by a number of investigators, in particular Starr
and Koppel [1}, Bretscher and Meyer [2] and Baumann and
pPellarin [3]. Aqueous solutions of non-1/v absorber have
been studied by Miller [4] who reports measurements using
cadmium in high concentration, and by Russell et al. £5]
who used two concentrations each of cadmium and gadolinium.
Measurements of this type provide a useful test of the ability
of proposed models for the scattering of neutrons by bound

* present address: Central Electricity Generating Board, Berkeley Nuclear Laboratories, Berkeley,
Gloucestershire, UK - .
t Presenr address: South African Atomic Energy Board, Pretoria, South Africa.
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FIG.2: Experimental arrangement for rethermalization measurements.

hydrogen to predict neutron diffusion and diffusion heating.
In the present work neutron diffusion lengths have begen
megsured in water containing dissolved boron at 2%.3 C and
65°C and dissolved cadmium and gadolinium at 22.37C only.

A wide range of concentrations has been used and the results
are compared with calculation using four different hydrogen
scattering models.

In a second experiment rethermalisation across a temper-
ature discontinuity between two liquid moderators, cold water
and hot Santowax~R (terphenyl), has been studied in slab
geometry using miniature fission chamber detectors. Rela-
tively few measurements of this_type have been performed in
liquid moderators. Bennett L6J) has studied cylindrical

raphite-water systems using foil detectors and Saastamoinen
7) the spectrum changes near a temperature discontinuity in
water using time-of-flight methods. In a theoretical study
of the space eigenvalues of the Boltzmann equation Williams
8] has suggested that if the scattering is by hydrogen and
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is according to the free-gas model then the rethermalisation
length does not exist. In the analysis of experimental
results presented here, the evidence for the separability in
space and energy of the well-defined spectrum transient in
the Santowax-R, where the principal scattering is by bound
hydrogen, is examined in detail.

2. Experimental Techniques

The two experiments were installed on opposite faces of
the London University 100-kW reactor CONSORT II, the diffusion
experiment (Fig. 1) against the 95.2-cm square thermal column
and the rethermalisation experiment (Fig. 2) in a high flux
cave separated by 82 cm of graphite from the reactor tank.
Fast fluxes entering the experiments as a percentage of the
total flux were approximately 5% in the first and 16% in the
second and in both cases a negative source technique was used
to simulate a near Maxwellian source. An aluminium reinfor-
ced cadmium shutter could be lowered to close a square
aperture, matching the size of the experimental tanks, in a
cadmium screen. Collisions in the shutter gave the negative
source a small fast component which was negligible in the
case of the diffusion measurements.

An aluminium tank 96.5 cm wide, 38 cm long contained the
aqueous absorbing solutions to a depth of 95.2 cm. The
sides, rear and base of the tank were covered with heating
blankets, insulation and cadmium sheets. A cooling coil
and a stirrer were mounted at the rear of the tank where
their effect upon the measured flux distribution was negli-
gible Solution temperatures cogld be controlled to better
than = 4°C over the range 20 - 70°C. In addition to pure
-~ water, ten different concentrations of boric acid were used
at 65°C, nine at 22.3% ang ten each of cadmium sulphate and
gadolinium nitrate at 22.37°C. A small guantity of boron
(8.7 = 0.9 p.p.m.B) was detected spectrographically in the
cadmium solutions and is thought to have been adsorbed onto
the tank surface during the boron measurements.

In the rethermalisation measurements two tanks fabricated
from O.16-cm aluminium contained cold water and hot Santowax.
A 0.32-cm gap between the tanks was maintained by 0.48-cm
diameter insulating discs fixed to the cold tank face. The
cold tank was 10.3 cm long and the hot tank 25.4 cm longj -
both were 61 cm wide and were filled to a depth of 61 cm
with the liquids. The mismatch of the transverse bucklings
of the tank and the main 95.2-cm square graphite neutron feed
meant that harmonic corrections had to be considered.
Demineralised water in the cold tank was kept close to room
temperature by circulation through a heat exchanger while the
Santowax temperature was automatically controlled using hot
plates with a total output of 5% kW beneath the tank. The
sides and rear face of the tanks were covered with cadmium
sheet and thermal insulation.

A miniature fission chamber which could be moved hori-
zontally by a remotely operated screw drive was used in both
experiments, and in the rethermalisation experiment a second
vertical screw drive together with a wiper seal to remove
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ligquid enabled the chamber to be transferred from cne tank to
the other. Horizontal positional reproducibilities of 0.002
cm and 0.013 cm were achieved in the diffusion and_retherma-
lisation experiments respectively. Two pairs of 235y and

9pu chambers manufactured by 20th Century Electronics Ltd
were available, mounted in 0.62 cm and 0.3 cm outside -diameter
gas=filled Nimonic tubes of such a length that the centre of
the active regions were at the tank centre line. The fissile
coatings, which were of. 0.5-cm_and 0.25-cm diameters had
thicknesses of 1 mg/ecm® for 235U and 853 mg/cm? for 23%u,
In the diffusion experiment a 0.3-cm 233y chamber only was
used. .

Fission chamber gain changes with temperature between
cold water and hot Santowax tanks were determined by the
method of graphical superposition of attenuation bias, curves.
‘The greatest correction applied was 1.5%. A constant syste-
matic error of approximately 2 mm in.the position of the 0.3-
cm detectors in the hot tank has been shown to be due to
temperature-induced internal gas pressure changes straight-
ening out small bends in the rather flexible counter stems.

A possible error in the negative source technique arose
through radiative capture y-rays from cadmium giving photo-
fission counts in the measuring fission chambers. From the
change in counting rate produced by lowering the cadmium
screen in front of an additional boron screen it was shown
that the photofission contribution must be less than 4.9% of
the fast flux or typically 1% of the difference counting rate
observed in the rethermalisation experiment.

3. Diffusion Length Results

After making corrections for Jdead-time effects and reac-
tor power fluctuations the difference ¥{z) between th=
corrected shutter open and closed courting rates as a fuaction
of distance z from the front face of the tailk was fitted by a
least-squares technique to the expression

o(z) = Ae” Y2 (1)

by optimising A and vy. No corrections for the tank being
finite in the z direction were necessary. No systematic
deviations from the exponential form were found, either near
to the front face, where the first point was 0.6 cm from the
tank wall, or for points farthest from the wall, where errors
arising from the negative source technique might have been
apparent. The fundamental space eigenvalue was obtained by
applying a correction for lateral leakage

2
ne - YZ_z(-g) (2)

where a is the tank extrapolated dimension in the transverse
directions. The maximum contribution (in ths case of pure
water) of the leakage term was only 1.7% in X and the uncer-
tainty in Ehis term was estimated to produce an error of only
0.05% in X< for pure water. The results for absorbing
solutions are presented in Tables I and II. The two most
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TABLE I, Boron absorption at 22.3°C and 65°C 2

o o]

Solue 22.3% 65°C

tion . .

No. L(cm) gélggre L(cm) g/litre

' 3B03 H3BO,

1 2.383 X 004 | .996 £ ,005] 2.563 > .004 | 1.000 * .005
2 2.139 { 003 | 1,99 X 01 | 2.305 % ,003 2.00 & .01
3 1.866 &£ 002 | 3,56 ¥ ,02 | 2,014 ¥ .002 3.59 X .02
4 1.621 % .002 | 5.68 2 .03 | 1.754 I ,003 5.69 1 .03
5 1.269 ¥ ,002 [11.40 X .06 | 1.351 % .002 | 11.50 % .06
6 1.094 X .002 [|17.10 % .08 | 1.170 ¥ ,003 | 17.20 % .08
7 .9738 { .0015] 22.9 £ .1 |1.0325 ¥ ,0013| 22.85 £ .10
8 .8278 * .0019| 33.5 1.0 | .8793 ¥ ,0023| 33.5 % 1.0
9 .7348 £ .0017| 46.4 ¥ .5 .7755 £ .0020| 46.24 X .5
10 .6581 ¥ ,0021| 69.3 % 1.4

a

The concentrations are given in g/litre as determined at 23°%

TABLE II. Cadmium and gadolinium absorption at 22.3°%

Solu- Cadmium Gadolinium
tion .
g/litre © g/litre
No., L{cm) 3CdS0,,. 8H,0 L(cm) GA(NO4) 5.6H,0
1 ] 2.408 E .003 | .774 X o001 2.487 X .004 | .o0g92 % .o00s
2 2.138 & .003 }1.732 X .004| 2.301 X .006 .169 X 003
3 1.859 & .003 |3.251 X ,005} 2.044 * _004 .335 X ,o001
4 1.566 = .002 |5.,772 X .010| 1.658 X .002 .725 1 ,004
5 1.234 I ,002 {10.90 % .02 | 1.458 % .002 | 1.062 X .002
6 [1.0251 % .0014|17.07 X .03 | 1.279 ¥ .002 | 1.546 % .003
7 .8843 I _0014|23.72 X .04 }1.0995 ¥ .0014| 2.370 ¥ .o005
8 .7165 X ,0019|37.82 X .08 | .9775 % .o0018| 3.251 * .006
9 .5983 X ,0019(55.52 X .10 | .8937 X .o0018| 4.155 * .008
10 .4925 I _0029182.15 X .13 | .8222'% ,0015| 5.405 % .010

heavily absorbing cadmium solutions lay outside the ZT(min)
limit.

Two independent geasurements made of the diff¥sion length
in pure water at 22.3°C yielded the results 2,767 -~ .004 cm
and 2.755 £ .004 cm and the mean value 2.761 = .006 cm was
adopted. This is in excellent agreement with the average
value 2.767 = .008 cm _of severa& stationary measurements
quoted by Beckurts [9]. At 65°C the result obtained was
2.971 X .005 cm.

4, Scattering by Water and Calculation of the Eigenvalue

In considering the hydrogen atom motion in water some
simplifying assumptions have been made. The isotropic
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FIG.3. Frequency spectrum models for hydrogen in H,0.

harmonic approximation has been used throughout and molecular
self-diffusion has not been included in the calculations
although for one model results are presented for the two
limiting situations of no translational motion and trans-
lation as a free gas of mass 18.

In addition to the basic Nelkin model [13] a modified
Nelkin model has been used in which the §-function represent-
ing hindered rotations in the generalised frequency spectrum
is broadened in-an arbitrary symmetric manner to form a
distributed peak of the same mass (Fig. 3). This modifi-
cation to the Nelkin model is similar to one employed by
Koppel [10] and has been constructed purely for the purpose
of comparison with other distributed frequency spectrum
models. As a second basic model the Haywood model [11] shown
in Fig. 3 has been used.

Scattering Law S(a,B) data, where oo and B are the
dimensionless momentum and energy transfers, for both the
modified Nelkin and the Haywood model have been generated
using the programme LEAP-ADDELT of McLatchie [12].  sS(«,B)
matrices were generated with 51 o and 60 B values covering
a range such that scattering cross-sections in the range
0 - 1 eV could be calculated. '

LEAP-ADDELT will only calculate the inelastic part of
the Scattering Law Sj(a,B) and in order to include the free
gas mass 18 in the modified Nelkin model, the convolution

S(a,B) = e™ s (a/18,p) +j Sg(@/18,81)S, (a,B-B IR’ (3)
Q

was carried out by numerical integratjon. Sgl{a,p) 1s the
free-gas model scattering law and e~%* is the Debye-~Waller
factor. Using the same procedure a fourth model was constr-
ucted by combining the Haywood model with mass 18 free
translations; in order to preserve the normalisation of the
frequency spectrum the Haywood spectrum was reduced in ampli-
tude overall by 5.5%. This will be referred to as the
modified Haywood model.
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The différential scattering cross-section is related to
the scattering law by

4 9 E -B/2
O(E,E,u) = ¢ 72 «/%% e P2 s, p) (4)

where E,,E are the initial and final energies, p is the -cosine
of the scattering angle and db the bound atom cross-section.

The first stage in the computation of the diffusion
length is the calculation of the Legendre moments of the
scattering kernel, defined by

1
O (E,E) = 2nu i1 G(E,E,p) P_(p)dp (5)

where Pp(p) is the Legendre polynomial of order n. The
integration in equation(5)is carried out by a double Gaussian
quadrature ‘scheme; o(Eq,E,p) is calculated from equation (4},
the required values 95 S(x,B) being obtained by linear inter-
polation of S(et.,B)eB in o and B. For the basic Haywood
model where the elastic scattering is simply the Debye-Waller
factor, there is an additional component to the nth moment

of the 'scattering kernel

db 1 )
CLEJBESE) = 2 [ ™ p (uidp 6 (E-B) (6)

In the case of the basic Nelkin model O(Eg,E,p) is calculated
directly using the- analytic expressions which are obtained
when the well-knaown approximations of Nelkin [13] are made.

In all cases scattering from the oxygen in water is repre-~
‘sented by adding a contribution from a free.gas model of mass

The second stage is the solution of the -stationary
neutron transport equation for the source-free half space
z > 0 bounded by a uniform plane source at the origin. This
may be written

Q
[u 5zt ZT(E)] ®(z,E,p)

1 K-
= ii dp’ Io dE'Zs(E'—pE,pO)¢(z,E',p') (7)

where p_ is the cosine of the angle between g and p', and
Ir(E) if the total macroscopic cross-section at energy E.

The method adopted for the solution of equation(7)to obtain
the fundamental space eigenvalue (the 'Bf,' method) has been
described by Heneck [14], o

Ten calculations with 32 energy points covering the
energy range 0 - 0,625 eV were carried out for each absorber
using the T = 2 approximation with the exception of the 65°C
case where L = 1 was used. These ten calculatiéns were
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FIG.4. HZO total cross-section; comparison of calculation with experiment.

TABLE III. 1/v coefficients for water at 22.3°C and 65°C

Experiment 7(°C) Do(cmzsec"l) clemsec™ 1) UaH(mb)
Present 22.3 ] 35620 { 230 | 2800 I 260|321.9 { 2.1
Starr and Koppel| 21 35850 < 100 2900 = 3501326.9 < 1.6
Kilchle 22 35400 T 700 4200 E 800 326 T 6
Present 65 41340 - 390 2470 = 400|326.5 - 3.8

Calculation
Haywood 22.3 32660 3750 -
mod. Nelkin 22.3 36820 2920 -
Nelkin 22.3 37850 3230 -
Nelkin 65 43350 3340 -

equally spaced 1in absorber concentration between the pure
water case and the I7(min) limit (Corngold [15)) above which
no fundamental space elgenvalue exists. Cadmium and gado-
linium absorption cross-setctions were read from BNL-325;

the hydrogen 2200-m/s absorption cross-section was taken as
0.332 b after Stehn, et al, [16] and that for boron 759
barns. The hydrogen cross-section was fincreased to 0.337 b
for the cadmium runs to allow for the boron contamination
mentioned in Section 2. Only Nelkig model calculatlons were
performed for boron absorption at 65 C and calculations with
the modified Haywood model were not carrled out for boron
absorption at 22.3°%.
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5. Comparison of Experiment and Theory

5.1. 1/v absorption at 22.3°C and 65°

Corrections were applied to the experimental eigenvalues
to allow for the reduction in the moderator number density
on addition of solute. Both corrected experimental and
calculated eigenvalues have been fitted by the method of
least-squares to a series expansion of the form

%2

2 3
- 0Liz"ao - 0LZ):'ao * oL3):'ao (8)
where Z30 is the sum of the 2200 m sec-1 macroscopic absorp-
tion cross-sections for boron and hydrogen and the a's are
coefficients to be fitted. The magnitude and sign of the
coefficient a) indicates the effect of diffusion cooling or
heating. Fitted coefficients obtained at 22.3°C and 65°C
are given in Table III where the more familiar pulsed para-
meters have been obtained through the expressions gquoted by
Honeck [14]. An experimental value of the hydrogen absorp-
tion cross-section was determined by including a constant
term in(8), in the nature of a correction to the assumed
value.

The experimental values, at the two temperatures, of
the parameter F were close to 370 X 500 cmb sec- and it is
clear that coefficients of higher order than C are elusive.
The 22.37°C experimental value for Dg is in excellent agree-
ment with results obtained by other experimenters using
pulsed and stationary methods and the value of C at this
temperature agrees well with stationary measurements as
typified by the results of Starr and Koppel [1] but is some-
what less than values obtained from pulsed experiments of
which the results of Kichle [17]) are given in Table III.

Differences between calculation and experiment are best
illustrated graphically by re-arranging the series expansion
in the form '

2 e 2
" /an = 0 - azzao + a3zao 9

and plotting nz/zao vs. Iao to give a graph which by its
gradient demonstgates the effect of diffusion heating. This
is done for 22.3°C in Fig. 5.

5.2. Non-1/v absorption at 22.3%

Moderator number density reductions caused by the solute
were only significant in the cadmium solutions and the correc-
tion applied was 0.18% in the most concentrated case. For
non-1/v absorbers the experimental and calculated eigenvalues
are fitted to the expansion :

2 2
" = Bo + BiN - BzN . (10)
where N(cm_3) is the absorber number density and the coeffi-
cient Bo representing the effect of absorption by hydrggen
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/

TABLE IV. Non-1/v coefficients for water at 22.3°C

B, B, x 10%° | B, x 1038
Expt/Model |Element o 4
(em ) (cm) (em™)
Experiment cd .1356 £ ,0005).202 £ ,002|-.0002 I .0001
Haywood cd .1488 .2254 -.00003
mod. Haywood cd .1428 .2164 -.0004
mod. Nelkin cd .1328 .2014 -.0003
Nelkin cd .1291 .1956 -.0002
Experiment Gd .1315 X ,0002[2.49 ¥ .02 .86 & .03
Haywood Gd .1466 2.60 1.02
mod. Haywood Gd .1407 2.53 .83
mod. Nelkin Gd .1310 2.36 .63
Nelkin Gd .1273 2.29 .60

(and trace quantitiei of boron in the case of the cadmium
solutions) is just n“ for water alone. . The coefficient B3
represents the effect of spectrum distortion. Fitted
coefficients are shown in Table IV. The small negative

value of By obtained by experiment and calculation for cadmium
shows that diffusion cooling is taking place whereas in
gadolinium solutions diffusion heating is observed.
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If the series expansion is re-arranged in the form

(n2 - Bo) B By

2 .
- S P zoo + O.(Zoo) (11)
00 oo oo

where Tgo is the product of the non-1/v absorber density and
its microscopic absorption cross-section averaged over a
Maxwellian spectrum 0go, then plotting (< - Bo)/Zoo vs. Loo
yields a graph whose slope demgnstrates the effect of diffu-
sion cooling or heating. Experiment and calculation are
compared in this form in Figs. 6 and 7. .

5.3. Discussion

In_the eigenvalue calculations for the three absorbers
at 22,3°C as shown in Figs. 5, 6 and 7 a basic trend exists
in that the Haywood model consistently gives the greatest,
the Nelkin model the least, and modified Haywood and modified
Nelkin intermediate values.

In the case of cadmium absorption shown in Fig. 6 the
modified Nelkin model gives the best overall agreement. The
magnitude of the diffusion cooling is very small and it is
not possible to distinguish between the predictions of Bp
for the various models. Spectral distortion effects are
small because in the diffusion approximation these depend
upon the difference between the variation of absorption cross-
section and diffusion constant with energy and this difference
is small because of the presence of the cadmium resonance.
Fig. 4 shows total cross-sections calculated for the four
models compared with experimental values from BNL-325, It
appears that stationary diffusion experiments in cadmium
solutions give information of the same nature as do total
scattering cross-section measurements. The Haywood-type
models give rather better agreement with the gadolinium
measurements. This suggests that the Haywood model may -be
better able to predict spectrum distortion effects.

It has been shown that for the three absorbers experi-
mental points in general lie between the predictions of the
Nelkin-type model with a distributed rotational peak and the
Haywood model modified to include free~.gas mass 18 transla-
tional motion. The differing predictions given by these two
models must arise primarily from the different form of the
distributed parts of the frequency spectrum as both models
have essentially the same treatment of free translational
motion and of vibrational motion by two discrete oscillators.
Koppel [10] has suggested that, at least in the prediction
of total cross-sections, the difference between the Haywood
model calculations and experiment in the energy range 0.02 -
0.1 eV arises from excessive weighting of the region in the
frequency spectrum around 0.2 eV, :

6. Fission Rate Distribution across the Temperature
Discontinuity

Thermal fission rates as a function of position in cold
and hot tanks were derived by subtracting shutter up and
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shutter down counting rates and applying dead time and ncutron
power fluc&uationocorrectio Se Three Santowax-R tempera-
tures, 171°C, 201°C and 232°C were used, the nominal water
temperature being 17°C, Fig. 8 shows fission rate distri-
butions, measured with a Santowax temperature of 201°C,
expressed as deviations from the unperturbed exponential

form. The transients are clearly defined, particularly in
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FIG.8. Measured transients in the fission rates of 2*Pu and *U near a plane discontinuity between cold
H,0 and hot Santowax-R.

the Santowax where because of the lower hydrogen density the
rethermalisation process extends over a greater distance than
in water. The initial rise in the deviation from exponential
in the water tank as the interface is approached is due to

the second part of the fundamental distribution, Also shown
are the predictions of a two overlapping thermal group model
fitted to individual fission rates by the method of least-
squares. The analysis of the measurements in Section 8 is
related to the validity of this model.

7. Calculétion of Fission Rates

7.1. Scattering laws

With the object of providing realistic models for sca-
ttering by hydrogen bound in Santowax-R, generalised frequency
distributions fitted [18] to the measurements of Brugger (19
at 207°C and 267°C hsve been extended to yield models for
171°C, 201°% and 232°c. Linear interpolation and extra-
polation at corresponding energies (in eV) yielded the
distributions shown in Fig. 9. The LEAP-ADDELT programme
has been used to generate Scattering Law, S{a,B) data. No
account has been taken of translational motion of the molecule.
As a test of the proposed models Fig. 10 shows the result of
performing the necessary angular and energy integration of
equation (4) to derive the total cross-section. The differ-
ences between calculation and the measurements of Brugger are
not large but are greater than the experimental error.

The Haywood model [11) has been used for the scattering
by hydrogen in water and the free-gas model for oxygen,
carbon and the aluminium in the interface walls.,
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7.2 Spatial calculation

Intergroup transfer cross-sections for a slab version of
the transport theory programme WDSN [20] were prepared with
the PIXSE (21] programme. 31 energy groups were used cover-—
ing the range 0 - 1 eV, The version of the WDSN programme
used was restricted to lsotropic scattering and for hydrogen
scattering in the two moderators the first approximation to
the correction for anisotropic scattering

C'o(g""g}nodif:l.ed = Go(g—bg)-ZGI(g-bg') (12)
g‘
was made by modifying the diagonal element in the scattering
matrix.

-,
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TABLE V. Experimental fundamental and transient
relaxation lengths
Hot

Detector =-1) -1 2 2
Expt. dia. (cm) Tank Yo(cm Y4 (em™7) X Xo
No Tem

¢ /Isotope (ocg'

G170 0.62 U | 171.7 [.1827 X .o004| 1.35 X .05 (22|26
H170 0.62 Pul| 170.5 |.1806 X ,0005| 1.17 X .07 | 25 | 29
J170 0.3 U |170.5 |.1811 ; .0007| 1.16 = .07} 27125
K170 0.3 Pu| 171.0 |.1810 X ,0005] 2.03 % .08 ] 10| 25
G200, 0.62 U | 201.7 |.1740 ¥ .0003| 1.25 % .03 | 12|29
G200A | 0.62 U | 202.4 |.1754 * 0006 1.32° % .05 |33 ] 26
G200B| 0.62 U | 201.9 |.1732 X .0004] 1.25 = .04 | 22|29
H200 0.62 Pu | 200.1 |.1727 { .0005{ 1.12 ; .08 12429
J200 0.3 U |198.8 |.1738 2 .0006| 1.13 % .05 | 16 | 25
K200 0.3 Pu|200.5 |.1722 £ .0006| 2.00 X .10 | 17 | 25
G230 0.62 U | 232.9 |.1666 £ .0004| 1.28 X .04l 21129
H230 0.62 Pul231.7 ].1639 X .0005| 1.19 £ 05| 5120
J230 0.3 U |232.4 |.1653 X ,0006| 1.14 X .05 | 20| 25
K230 0.3 Pul231.9 |.1659 X .o005| 1.24 * .14 | 21| 25

TABLE VI, Calculated fundamental and transient
relaxation lengths
§Z£§§§§§ure iiiiigg Yo(cm—i) Yi(cm_ )
171 v 0.184 ies
201 v 0.171 1
232 v 0.159 182

17%.

FPixed source calculations in the S4 approximation using
50 space points were carried out for three Santowax tempera-
tures of 171, 201 and 232 and with a water temperature of

In order to avoid using unduly wide mesh intervals

the cold and hot tanks were taken to be 6.6 cm and 22 cm wide

respectively.

The source had a Maxwellian energy distri-
bution in the first three mesh intervals.
fission cross~sections for

Pu and U for use in the

Group-averaged
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calculation of fission rates were derived using cross-sections
from the Winfrith Nuclear Data File.

8. Analysis of Fission Rate Distributions in Santowax-R

The measured and calculated fission rate distributions
have been examined for the possible existence of a discrete
eigenvalue other than the fundamental. If a second eigen-
value exists then beyond a certain distance from the interface,
close to which transport and higher spectrum transients might
be significant, a fission rate distribution in the hot tank
might be represented by

F(r) = Ay e~ Y1ir | A, e~Yot Ag eYof (13)

where y_ and vy, are the inverse relaxation lengths of the
fundamental and transient components.

If the transient flux is not separable in igace and
energy then different fitted values of yq for 239py and 235y
distributions might be obtained and also the assumption of
an exponential form for the transient might not be valid.

In the method of non-linear fitting used [22], the
function was linearised by expanding it in a Taylor series
in the unknown parameters about initial guessed values.
Application of the least-squares criterion led to a set of
normal equations involving the corrections to the initial
values of the parameters. This process was repeated until
accuracy criteria were satisfied.

Convergence was not obtained when fitting expression(lB)
to the experimental data owing to the small influence at the
measuring positions of leakage from the back face of the hot
tank. The data were then fitted to

Flr) = Ay e Y1F Az(e_YOr - e~ %Yol y oYor) (14)

where H is the extrapolated thickness of the hot tank. By
fitting expression (14) to the experimental data using different
fixed values of H it was shown that the value of H expected
from the physical dimensions of the hot tank was close to the
value indicated by the goodness of fit.

Table V shows the results of fitting expression (14)to
the experimental data. For the first points included in the
fit the detector centres were 0.4 cm and 0.5 cm from the
interface for 0.62 cm and 0.3 cm detectors, respectively.

For the same Santowax-R temperature there are no systematic
differences in the fitted y,, either with fissile isotope or
detector size. The values of chi-squared when compared
with the theoretical xo2 cotresponding to the number of
degreces of freedom and a 5% level of significance show that
the differences between experiment and expression (14)were
not significantly greater than the experimental errors.

to*
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FIG.11. Calculated fission-rate transients in Santowax-R compared with 0.62-cm chamber measurements.

Comparing the fitted values of y4 there are significant
differences between 239pu and 235y experimental results
obtained using 0.62 cm detectors. These results must however
be treated with some caution because of the large detector
diameter which resulted in displacement of moderator. With
the 0.3-cm detectors the resulting yq values are less than
those obtained with the layger detectors and the differences
between 239pu and 235U detector results are not greater than
the experimental errors, The errors were greater because
of inferior counting statistics. Dropping up to 8 experi-
mental points near to the interface and repeating the fit
produced no systematic change in yq4 for eilther diameter of
detector. The differences between values of yq fitted to

239Pu and 235U measurements were not affected by either the

inclusion of a harmonic term in expression 14 or the
correction of the data for fast neutron collisions in the
neutron shutter.

Expression (14) was fitted to fission rate distributions
in the hot tank calculated using WDSN and the resulting
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values of y4q and vy shown in Table VI are those obtained with
the first point in the fit 0.5 cm from the interface and with
the relative weighting of points similar to that in the
experiments., Corrections for lateral leakage have not been
applied to the calculated vy, and yvq; this correction would
be negligible_in the case of yq. A 10% difference between
v1 fitted to 239%u and 235U distributions is indicated. As
calculated points closer than 0,3 cm from the interface were
included in the fitting process the goodness of fit became
markedly wgrse, although the difference between yq from

9pu and 235U was essentially unchanged. The influence
of the temperature dependence of the effective cross-section
of 235U upon the amplitude of the observed transient is shown
in Fig. 11, where calculated and measured flssion rate distri-
butions are compared.

The results of experiment and calculation suggest that
the transient flux is not separable in space and energy
although the evidence is not conclusive. There is a need
for the experiment to be repeated with improved statistical
accuracy or with detectors more sensitive to thermal neutron
spectrum changes and for the calculations to be repeated
with a more rigorous treatment of anisotropic scattering.
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Neutron scattering by liquid terphenyl

A. J. H. GODDARD

Nuclear Power Group, Mechanical Engineering Department, Imperial College of
Science and Technology, London

MS. received 17th June 1966

Abstract. Generalized frequency distributions for the normal modes of hydrogen
motion in liquid Santowax-R (terphenyl) at 207°c and 267°c have been fitted to the
phased-chopper velocity selector measurements of Brugger. The fitting procedure is
based upon the method of Egelstaff and Schofield. It is shown that the hydrogen
frequency distribution is similar to the equivalent distribution for the solid over the
energy range 0-005-0-06 ev. There is a discrepancy of approximately 129 between
the total cross section at 0-025 ev calculated from the fitted model and the direct
measurements of Brugger.

1. Introduction

Liquid Santowax-R (C,3H,,), which is a mixture of ortho-, meta-, para- and quar-
terphenyls (in the approximate proportions 9 : 52 : 30 : 8), is the most commonly used
coolant in organic cooled nuclear reactors. The high boiling point of approximately
380°c, which makes pressurization largely unnecessary, also makes Santowax-R an
attractive material for basic neutron rethermalization experiments. The work described
here was undertaken to provide scattering cross sections for a transport theory analysis of
a ‘two-temperature’ experiment, with Santowax-R as the hot moderator, that has recently
been completed using the University of London CONSORT reactor as a neutron source.

Partial differential scattering data for solid Santowax-R at 23°c and for the liquid at
207°c and 267°c obtained by Brugger (1962) using a phased-chopper velocity selector
have been analysed using the iterative method based on the theory of Egelstaff and Schofield
1(1962) to obtain a fitted generalized frequency distribution for the hydrogen atom motion.
This method of analysing neutron scattering data has been used by B. C. Haywood (1965,
,private communication) for water and by Beckurts and Gliser (1964) for benzene and
diphenyl. From a fitted frequency distribution, scattering cross sections can be generated
covering the whole range of neutron momentum and energy transfers required for reactor
physics calculations in the thermal energy range. The total scattering cross section for
Santowax-R has been calculated as a function of energy and compared with the measure-
ments of Brugger at 0-025 ev.

2. Method of analysis

Brugger has derived the reduced partial differential scattering cross section, the
scattering law S(a, f), where « is the momentum change {E + E' — 2(EE")'/? cos 0}/AkT
(4 is the atomic weight of the principal scattering atom; 4 = 1 has been used throughout
this work) and 8 the energy change (E' — E)/kT, by measuring the slow neutron differential
scattering cross section using a phased-chopper velocity selector. S(a, §) is defined by

- 2y, (E"\1 :
e (E) " et S ) M

where ¢ | a |2 is the mean square of the modulus of the bound atom scattering lengths.
The iterative method described by Egelstaff, Haywood and Thorson (1963) for water
has been used to fit a generalized frequency distribution p(8) of the normal modes of the

205
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hydrogen atom motion to the data; in the incoherent Gaussian approximation to the self-
correlation function G(r, r) it has been shown by Egelstaff and Schoficld (1962) that

p(B) = 28 sinh 18 lim 5(.‘%@ %)
a—0

and this is used to obtain the first estimate from the data. Succeeding iterations attempt
to obtain agreement between calculation and experiment over the whole energy range.
The Gaussian part of S{a, 8) is generated from p(f) for cach itcration by using the pro-
gramme LEAP-ADDELT (R.C.F. McLatchic 1965, private communication) for the Atlas
computer. LEAP is based upon the mcthod of Egelstaff and Schofield which, for low
momentum transfer, uses a phonon serics expansion with up to 20 terms calculated by
direct numerical convolution, while for high momentum transfer the method of steepest
descents is used. High-cnergy vibrational modes outside the measured range are included
in p(B) with the programme ADDELT which uses a method due to Zemach and Glauber
(1956) to convolve successively § functions in p(8) with S(z, f) computed from the con-
tinuous part of p(B).

3. Comparison with experimental data

Bound atom calculations for the solid and liquid are compared with the experimental
data in figures 1-3. There is a general disagreement at low a values; similar discrepancies
have been observed in analysing scattering by water (Egelstaff er al. 1963). Brugger
considers that because of multiple scattering effects the most reliable experimental value of
S(a, B) for 01 << B << 0-5 is a line near the smaller value of S(a, B) and that at larger 8
values the energy loss points will fall above the neutron energy gain points. If this is
taken into account, then the agreement is quite satisfactory for the solid data. The agree-
ment is less good for the liquids, where there are discrepancies at large o values for low 8
values and at all « values when 8 > 2-5. This latter discrepancy restricted the range of
the p(B) fit to 0-1 < B < 2-5 for the liquid data. The calculated curves are for hydrogen
only; assuming carbon to scatter according to the free-gas model then the contribution
to S(a, B) per C,gH,, molecule is only a few per cent at 8 = 0-1 and is negligible for higher
B values. The large differences between experiment and the bound atom calculation at
B =0 are thought to be due to molecular diffusive motion. Because of uncertainty
concerning the mechanism by which diffusion occurs in Santowax-R, no attempt has been
made to include this effect in the calculations.

The proposed p(B) distributions for liquid Santowax-R at 207°c and 267°c are compared
in figure 4. p(B) can be divided approximately into three parts: a low-energy region where
a peak is clearly indicated at 0-012 ev, an intermediate energy region where a large peak
at 0-14 ev is indicated, though not completely defined by the data, and a high-energy
region outside the measured range where the C~H vibrations have been approximated by
a single & function at 0-38 ev, which is the energy of the C-H vibrations in benzene as
calculated by Crawford and Miller (1949). While preserving the normalization of p(B)

J B dp=1 3

0
the areas in the 8 function and under the large p(8) peak were varied; it was found that the
best overall agreement with the experimental S(a, 8) was obtained with a § function of the
form 0:358(8 — B:). In the case of the 23°c solid results the area under the fitted part
of p(B) was better defined and was taken to be 0-12. It was assumed that the remainder
of p(f) had the same form as for the liquid and the large peak in the liquid p(8) was
approximated by two & functions to give a complete distribution of the form

pB) = ”(ﬁfd) +0:098(8 —3-7) + 04488 — 5-5) + 0-358(8 — 15).

This representaition of p(B) appears justified by the satisfactory agreement obtained between
calculation and experiment.
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Figure 2. Calculated scattering law for liquid Santowax-R at 207°c compared with the
' experimental data of Brugger (1962).



S{x,8) per Cla HM molecule

»
103 LT [IIIIIH T 1717 T TTTT - T T TTImT T TTTTITY T TTTITH
3 3 Energy Initial
C ) ] Gain Loss energy Cev)
102k . . ° 0-0251
E o B=0 ﬁl=01 ? - o 0-0744
[~ o * e . 3 a . a 0-1010
ol _,.—v/*'\"k. "‘o g 7 Bound hydrogen calculation
lOZE « 7 EE LI I 101 1 131 R W 0 A1) LR RARH| rnug
- \x' / N I 3
i . =02 B=03 \ T ]
10 T 3¢ ! ES B=04 —B=05 —
. do® g & * . 3
= J oo . T o hogerd . e 3
1 /| g T )}A“,\ e \_
\ \
10 B=07

IEALIL
%
<
(=)
L
T T
AN
N
™
1t
(=)
e <]
T
<
O
~1
SRRt

o
-]
o
o
pio
o
oI
1

3
>

A

T

[IRRALLL

Y
3

|

T TTTIm
(NI

I

S
L

AN

=)
T
W
]
e
)
W
n
NS
w

L

T

W
"
S
W
1
[y,

2334 omdrry,

TTTTON TE T TT00T
\:\
l\
\::'°"
W
! L4
IRARLLL
\..

L d

Nl
/j.:

L)

1 SENII

10!
0
B=30 p=35 T | B=40 p=as
E .‘/_-\\.\ ‘-V:“l ;E ',\.:". .. :-§
- | . e
|0'l Lyt IA [EEEATTT S NS N et [NV S NI A S AT "m IJ[UlLllHIH[ :lrﬁw‘
1072 107 [ 0102 107! | 10'102 107! i/ 1otz 1ot 'y 10

o

Figure 3. Calculated scattering law for liquid Santowax-R at 267°c compared with the
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Figure 4. Generalized frequency distributions for 207°c and 267°c, used in the calculations in
figures 2 and 3, plotted against dimensionless energy transfer f# = EJkT.

No attempt has been made to assign an error to the fitted p(8) as this would require
knowledge of random and systematic errors in the experimental data besides an under-
standing of the importance of any non-Gaussian contribution to the scattering. Inspection
of figures 1-3 shows that the contribution of random errors in the data amounts to approxi-
mately 15% at low B values and approximately 309 at high £ values.

4. Comparison between solid and liquid

By plotting on a common scale, the fitted frequency distributions for the liquid and
solid can be compared. This is done in figure 5. The two distributions are quite similar
in the energy range 0-005-0-06 ev. In view of the possibly large errors in the fitted p(8)
the differences may not be significant, indicating that the frequency distribution observed
for the liquid over this energy range is due to molecular vibrational motion.

8 T T T T T T

p(E)

! 1 1 1 ) !
0 0-04 0-08 0-12
£ (ev)

Figure 5. The fitted parts of the frequency distributions for solid (23°c) and liquid (267°cC)
Santowax-R plotted against a common energy scale.
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5. Total scattering cross sections

The total scattering cross sections at 0-025 ev have been calculated from the proposed
p(B) distributions using the programme pIs (P. W. Johnson 1966, private communication).
pis will perform the necessary angular and energy integrations of equation (1) to give the
total cross section from an input matrix of S(e, 8) values. The angular integration employs
double Gaussian quadrature while the energy integration uses a basic set of 32 energy
. points within which the integral between any two points was obtained by integrating the
cubic interpolating polynomial through these points and an adjacent point on either side.
In the absence of any treatment of diffusive motion the quasi-elastic scattering is simply
the first term in the phonon series

S(a, B) = e*2 3(B) 4

where A is the Debye-Waller coefficient which is computed by LEAP and is given by
[ coth}
2= [ 2y as
0

Total cross sections per molecule as a function of energy have been calcuiated for the
liquid at 207°c and 267°c and are shown in figure 6. Carbon has been assumed to scatter
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- |
= Bound hydrogen calculations
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Figure 6. Calculated total cross section as a function of energy for liquid Santowax-R at
207°cand 267°c.

according to the free-gas model. Brugger (1962) has measured the total cross section
at 0-025 ev and his results are compared with the calculated values in the table.

Total cross section per C,sH,; molecule at 0-025 ev

Temperature o (bn) or (bn) Debye-Waller
(°c) (Brugger 1962)  (calculated) coeff.
207 8104-24 901 2-91
267 79121 912 3-26

The differences between the measured and calculated total cross sections are four times
greater than the experimental error and the trends with temperature appear to be in opposite
directions. Among possible reasons for these discrepancies now under investigation are
the omission of diffusive motion from the calculations and systematic errors in the fitting
procedure.

6. Conclusions

It has been shown that reasonable agreement with scattering law data for Santowax-R
can be obtained with methods based upon the Gaussian approximation for the motion of



212 A. J. H. Goddard

the scattering atom.  Although some features of the experimental data limited the range
of the fitting process, the results suggest that the differences between the hydrogen atom
motion in solid and liquid are small, and that only vibrational modes were observed.
Total cross sections computed from the fitted models arc approximately 129/ greater than
experimental values at 0-025 cv.
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Neutron rethermalization studies in liquids using
miniature fission chamber detectors

G. E. B. TREMEERT, A. J. H. GODDARD and P. J. GRANT

Nuclear Power Group, Department of Mechanical Engmeermg, Imperial College
of Scxence and Technology, London, England

Abstract. Miniature 2**U and #*°Pu fission chambers have been used to separate the
space and energy variations in neutron density in the region of a plane interface
between a tank containing room-temperature water and a tank containing hot organic
liquid, Santowax-R. A cadmium-shutter technique has been used to simulate a
purely thermal-neutron source and an attempt was made to detect y-ray-induced
photofissions in the fission chambers. Methods used to monitor temperaure-induced
gain changes and to record reactor power fluctuations are discussed. Examples are
given to illustrate the two types of analysis of the results that are currently in use,
namely the two overlapping thermal-group and multi-group transport theory methods.

1. Introduction

The transport of thermal neutrons across a temperature discontinuity between two liquid
moderators has been studied using the London University CONSORT reactor as a neutron
source. This problem, besides being of fundamental interest in reactor physiecs, is of
practical importance for reactor systems such as the steam generating heavy-water-moder-
ated reactor, where the thermal-neutron flow in the cell is from the cold moderator to the
hot fuel/coolant region.

Few experimental studies near temperature discontinuities have been reported and none
has used only liquid moderators with well-defined source geometry. Bennett (1963) has
studied cylindrical graphite-water systems in the core of the Hanford physical constants
testing reactor. At the United Kingdom Atomic Energy Authority, Harwell, Day and
Partridge (1964) have used both foil and time-of-flight techniques to study neutron spectrum
changes within two adjacent graphite blocks maintained at different temperatures.

2. Mechanical design of equipment

The experiment was carried out on the ‘bare face’ of CONSORT, separated by a total of
32in. of graphite from the reactor tank. Thermal- and fast-ncutron fluxes at 100 kw
reactor power were 5 X 10% and 109 neutrons/sec em? respectively over an arca of 9 ft2.
Figure 1 shows the gencral arrangement of the apparatus which consisted of two reet-
angular tanks of 4 in, aluminium held together in a frame to form a unit, but thermally
insulated from each other by a } in. air gap, this gap being maintained by small insulating
disks. The supporting frame was designed to accommodate differential thermal expansion
between the two tanks.  Some local stiffening of the interface wall with T-section aluminium
strips was necessary, but this was 3 in. from the central measuring axis of the tanks. Each
of the two tanks had a depth of 26 in. and a width of 24 in. and was filled to a depth of
24 in. with liquid. The ‘cold’ tank had a length of 4in. and was normally filled with
demineralized water; the ‘hot’ tank was 10 in. long and could be filled with water or
Santowax-R (terphenyl).

The rear wall of the hot tank and the side walls of both tanks were covered with 0:015 in.
cadmium sheet to provide a black boundary for thermal ncutrons and these areas were
also covered with 1 in. thick asbestos fibre thermal insulation. Above the tanks the thermal
insulation was arranged on cither side of the fission chamber traversing mechanism.

t On leave from the South African Atomic Encrgy Board.
80
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The hot tank was heated from below by two 8in. X 12 in. double-element hot plates
having a maximum heating power of 51 kw but variable down to zero. A simple arrange-
ment of a thermocouple operating a heavy duty contactor via an electronic potentiometer
was used to control the temperatures. Demineralized water in the cold tank was kept
within a few degrees of ambient temperature by circulating it through a heat exchanger
outside the reactor shield. Cold water entered at the base of the tank and the displaced
water flowed under gravity from an outlet pipe set 24 in. above the base of the tank to a
surge tank and finally through a water-cooled heat exchanger before being returned to the
cold tank. A total of ten chromel-alumel thermocouples were installed. Three were in
the cold tank, at the water inlet, outlet and in a central position; the remainder were distri-
buted through the hot tank in a pattern most likely to locate any temperature gradients.

- ¢ Traversing Mechanism

e ¢+ | Cadmium Shutter
o e

P oe »a e o :' " : ,a '. Screen
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Figure 1. Arrangement of the experiment on the CONSORT reactor.

Because the neutron flux from the reactor contains a substantial proportion of fast
neutrons and because the most straightforward analysis of the experiment required a pure
thermal source to enter the cold tank, a negative source technique was adopted. A cadmium
shutter was built in front of the apparatus and the difference was taken between neutrons
detected with the shutter raised and lowered. Although such a technique can be very
useful, care must be taken to ensure that moving the cadmium shutter produced no un-
desired effects. In order to prevent the shutter from affecting thermal neutrons which
could enter the assembly from the side, a screen was constructed across the whole width
of the cave having an aperture matching the dimensions of the tanks, across which the
shutter moved. Both the screen and the shutter were of 0-015 in. cadmium sandwiched
between aluminium sheets. The shutter ran between vertical guide rails and was raised
and lowered by an electric motor. ' ‘

3. Neutron detection

The two most convenient reaction-rate ratios that can be measured in a study of neutron
temperatures using integral techniques are the 2%Pu/235U fission-rate ratio and the
176] u/55Mn reaction-rate ratio. The former involves the use of either foils or fission
chambers while the latter is restricted to foil techniques only. Although the Lu/Mn ratio
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is more sensitive to neutron temperature changes, the choice was made to use fission cham-
bers because of the ease with which good counting statistics and accurate positioning can
be achieved and any doubtful measurements repeated. In addition the necessity of re-
moving a large quantity of shielding material to obtain access to the experiment would
make a series of foil irradiations very time consuming.

The fission chambers (manufactured to order by 20th Century Electronics Ltd.) were
suitable for operation up to 350°c. In order to check upon any systematic errors in the
measurements due to the finite size of detectors, two pairs of chambers were used, 4 in.
and } in. in diameter, with active regions 1-0 cm and 3-8 cm long respectively. Each
chamber was constructed with a 36 in. long gas-filled Nimonic alloy extension.

The measuring fission chamber was moved by a traversing mechanism fixed above the
tanks and connected by two flexible drives to a control box outside the reactor shield.
Duplicate 1 mm pitch screws were provided on the control box and the traversing mecha-
nism, so that manual rotation of the control box screw moved a slide against a scale in
step with the movement of the fission chamber. The flexible drives were in two sections:
a robust 16 ft length between the control box and a connection point at the base of the dual
tank assembly, and a light 4 ft length for final connection to the mechanism. The former
was sufficiently stiff to reduce backlash while the latter by its low weight minimized bending
loads on the mechanism. Provision was made for moving the fission chamber both hori-
zontally, to examine flux distributions normal to the tank interface, and vertically either to
make flux measurements or to transfer the chamber from one tank to the other during an ex-
periment. Cams at the end of the horizontal and vertical screws on the mechanism actuated
microswitches once every revolution so that the movement of the fission chamber could be
signalled in steps of 1 mm. The slides carrying the fission chambers incorporated poly-
tetrafluoroethylene bearing material and ran on hard anodized aluminium bearing surfaces.
A necessary feature of the vertical part of the mechanism was a high-temperature silicone
rubber seal whose function was to wipe water or hot wax from the counter during transfer
between the tanks.

An additional fission chamber was used as a reactor power monitor and was mounted in
a tube between the cadmium screen and the end of the graphite extension from the reactor.
This position was a compromise between the conflicting requirements of obtaining a
suitable counting rate and avoiding effects due to the movement of the cadmium shutter.
Both counting channels used conventional valve electronic equipment comprising Dynatron
type 1430 head/main amplifiers and Ekco scaler/timer units.

4, Experimental procedure

A typical sequence of operations during a flux traverse with one counter was as follows.
After running the heaters at maximum power to melt the wax and achieve the desired hot
tank temperature, the reactor power was adjusted to give a counting rate on the experi-
mental channel of approximately 10 000 counts per second at positions close to the tank
interface. This counting rate gave good statistics with small dead-time corrections over
the region of greatest interest. Before the start of the measurements, while the fission
chamber was in the cold tank, a bias curve was recorded using the amplifier attenuator and
this was repeated at the conclusion of the measurements with the chamber in the hot tank.
The results of these gain checks are discussed in the next section.

A flux traverse was started in the cold tank with the shutter in the raised position. Pro-
ceeding from a nominal zero position counts were recorded on experimental and monitor
channels at positions up to the interface, the points being spaced close together near the
interface. This traverse was then repeated with the shutter down, after which the chamber
was transferred to the hot tank and the count rates recorded at selected positions, again
with the cadmium shutter in the raised and lowered positions.

Both before and after a traverse the fission chamber was positioned at the nominal zero
of the mechanism, and the distance from the chamber to the interface was measured with a
micrometer.
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The different combinations of liquids and operating temperatures are shown in table 1
below.

Fable 1. Liquids in the cold and kot tanks

Experiment Cold tank Cold tank  Hot tank Hot tank
liquid  temperature liquid temperature

e ‘ (°0)
1 H20 17 H:0 90
2 H-.0 17 Santowax-R 171
3 H:0 17 Santowax-R 201
4 H20 17 Santowax-R. 232

The range of Santowax temperatures was determined by the melting point of 145°c and
the flame-point temperature of about 230°C.

5. Reduction of raw data

All essential corrections were applied to the data. There were no significant short-term
variations of reactor power but at high powers the heating-up of the reactor cooling water
produced slow changes in the monitor counting rate. The experimental channel dead
time was measured by varying the reactor power over a wide range using each of the different
experimental fission chambers and over different count-rate ranges. At very high count-
ing rates the dead time was found to be count-rate dependent, increasing significantly above
rates of 40 000 counts/sec. Measured dead times were used to correct the data; because of
the steep thermal-neutron flux gradient the increased values only applied to a few experi-
mental points near to the reactor face of the cold tank.

The difference between counts taken at each position with the shutter up and down gave
the desired thermal-neutron reaction rate. Hot tank reaction rates were normalized to
those in the cold tank on the basis of channel gain measurements made in both the cold and
hot tanks. These measurements were undertaken because it was thought that heating of
the gas column in the fission chambers might affect performance. In assessing the typical
gain changes shown in table 2 the simple method of graphical superposition of attenuation
bias curves has been used; the accuracy of this method is approximatety 0-1 dB or 0-2% in
counting rate.

Table 2. Typical measured gain changes produced by a
temperature change 17-201°c

Fission e.h.t. Gainchanges Correction factor
chamber \2) (dm) %)
% in, 235 500 —06 +0-8
4 in. 8Py 500 +0-5 —0-8
41in. 85U 250 —0-2 +0-4
% in. 235U 500 —1-0 +1-5
% in. 9Py 500 0-0 00

Although some gain changes were significant, no systematic trend was observed. After
an initial experiment an e.h.t. voltage of 500 v was used for % in. chambers; at 250 v there
was a small change in bias curve shape with temperature although the corresponding change
in gain was still very small.

6. Systematic errors in the measurements

Two possible systematic errors in the measurements arose from the negative source
technique. Although primarily attenuating thermal neutrons, the shutter of cadmium
sandwiched between aluminium sheets had a finite cross section in the epithermal and fast
energy ranges, thus giving the negative source a small fast component. The calculated
proportion of the fast component making a collision in the shutter is 68 %, resulting in a
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typical contribution to the total difference counting rate of 1:2%. A second error could
arise from additional capture gamma radiation from cadmium with the shutter in. the
‘down’ position giving photofission counts in the measuring chamber. Thresholds for
photoneutron production are 5-5Mé&v in 239Pu and 5-75 Mev in 235U, and a significant
proportion of cadmium radiative capture gamma. rays exceed these energies. An experi-
mental test was made using a 23%Pu chamber as the experimental counter by placing a
screen, comprising a 3 in. wide boric-acid-filled gap between hardboard sheets, immediately
in front of the cold tank. From the change in counting rate produced by lowering the
cadmium shutter in front of the boron screen it was shown that the photofission contribu-
tion must be less than 499, of the fast flux or typically'less than 19, of the difference
counting rate.

The greatest difference between results from } in. and 4 in. detectors arose from systema—
tic positioning errors of the 4 in. detectors in the hot tank; these errors have been shown to
be due to temperature-induced internal gas pressure changes‘straightening out small bends
in the rather flexible counter stems. When allowance was made for these effects, no
systematic differences were observed between reaction-rate distributions ‘obtained with
4 in. and } in. detectors

7. Interpretatlon and analysis of results

A typical fission-rate distribution obtained with a 235U chamber is shown in figure 2.
Away from the interface the distribution is determined by the thermal diffusion lengths in
the two liquids. Near the interface transients are produced by the change in the effective
cross section of 235U. The effective cross section of 23Pu is less sensitive to neutron
temperature, resulting in smaller transients at the interface.
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Figure 2. *%U fission-rate distribution measured with a } in. detector.

Figures 3 and 4 show fission-rate distributions, expressed as deviations from the unper-
turbed cxponential form, for hot tank temperatures of 171 and 232°c and for each of the
four detectors used. In the hot tank the §in. and } in, mecasurements are separated be-
cause corrections for the position error, discussed in the previous section, have not been
applied. It will be seen that transients of the order of 3% amplitude and extending over
about 2 cm are clearly defined. One method of analysis of the experimental results con-
sists of fitting to individual fission-ratc distributions, by the method of least squares, two
overlapping thermal group equations (Bennett 1963) and figures 3 and 4 show that this is
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Figure 3. Transients across a temperature step between water at 16°c and Santowax at 171°c.
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Figure 4. Transients across a temperature step between water at 18°c and Santowax at 232°¢.

possible to a high degree of accuracy. This procedure yields rethermalization lengths and

cross sections which can be used in two thermal group reactor cell calculations or compared
with predicted values..

Figure 5 shows the fission-rate ratio 23?Pu/235U measured with  in. detectors with the hot
tank at 201°c, normalized to unity in the cold tank. Although a conventional ‘thermal cali-
bration’ of the pairs of fission chambers in a known Maxwellian spectrum was not carried
out, the measurements in the cold tank away from the interface are closely equivalent to such
a calibration, for the fission ratio per atom in water calculated using multi-group methods
(see below) differed by less than 0-59 from the calculated ratio in a Maxwellian spectrum.
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Evidence that a purely thermal distribution was established is provided by the fact that, for
the case shown in figure 5, the change in fission-rate ratio between hot and cold tanks
away from the interface agrees within the experimental errors with the calculated change,
23-8%. A second essential requirement was that the distribution in the cold tank should
yield a thermal-neutron diffusion length for water in agreement with the best accepted
value; this was the case. As an alternative analytical method the Winfrith DSN (transport
theory code) (Askew and Brissenden 1963) is being used with 31 energy groups to predict
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Figure 5. Measured ***Pu/??°U fission-rate ratio compared with the Winfrith DSN calculation.

fission-rate distributions and figure 5 shows the fission-rate ratio distribution calculated in
the DS4 approximation and with hydrogen in both water and Santowax scattering accord-
ing to the free gas model. The differences between this calculation and experiment are
not large, but are significant near to the interface. The calculations are to be repeated with
proper treatment of the effect of hydrogen molecular binding upon the scattering cross
sections.

8. Conclusions

It has been shown that a negative source technique can be used to stimulate a thermal-
neutron source in the presence of a mixed spectrum and that miniature fission chamber
detectors can be used successfully to study thermal spectrum transients in liquid moderators.
The results obtained are of practical interest for reactor physics design besides yielding
basic information on neutron rethermalization.
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