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INTEGRAL EXPERIMENTS ON FAST SYSTEMS
OF PLUTONIUM, URANIUM AND THORIUM*

J.J. McENHILL AND J. W. WEALE
AtomMic WEaPoNs RESEARCH ESTABLISHMENT, ALDERMASTON,
Un~itep KiNngDpoM

Abstract — Résumé — Amsoraims — Resumen

Integral experiments on fast systems of plutonium. uranium and thorium. The
paper describes two types of integral experiment which have been undertaken to
provide experimental checks on nuclear data and methods of calculation.

The first consists of a cylindrical assembly of material with a point source of DD
or DT neutrons at its centre. The neutron flux and various reaction rates in the cylin-
der material are measured as a function of position. Results obtained are compared
with calculation. Experimental results for natural uranium and thorium are presented.

The second type of experiment is a low-power experimental reactor of simple
regular geometry and approximately homogeneous composition. Holes can be pro-
vided as required for the insertion of counters or perturbation samples. The core
composition is adjusted by the addition of a moderator to provide a neutron spectrum
which tests the nuclear data in the energy region of interest. Measurements are made
of the neutron-energy spectrum and various reaction rates and perturbation cross-
sections as a function of position in the reactor and the results are compared with
computer calculations. Results are presented for a system consisting of a core of
of U%5 and graphite surrounded by a natural-uranium reflector.

Expériences intégrales sur réacteurs a neutrons rapides de plutonium, d’uranium
et de thorium. Les auteurs décrivent deux types d’expériences intégrales visant & con-
troler expérimentalement des données nucléaires et des méthodes de calcul.

Le premier dispositif expérimental est un empilement cylindrique de matériau
au centre duquel est placée une source ponctuelle de neutrons DD ou DT. On mesure
le flux de neutrons et l'intensité de diverses réactions dans le matériau, en fonction
de la position. On compare les résultats des mesures a ceux des calculs. Le mémoire
donne les résultats des expériences effectuées avec de I'uranium naturel et du thorium.

Le deuxiéme dispositif est un réacteur expérimental de faible puissance, ayant
une géomeétrie réguliére simple et une composition sensiblement homogéne. On peut
le munir, selon les besoins, de canaux pour 'introduction de compteurs ou d’échantil-
lons de matériaux perturbateurs. On régle la composition du cceur par l’adjonction
d’un ralentisseur, afin d’obtenir un spectre de neutrons tel que le contréle des don-
nées nucléaires s’effectue dans la zone d’énergie voulue. On mesure le spectre d’énergie
des neutrons, ainsi que l'intensité de diverses réactions et les sections efficaces de
perturbation, en fonction de la position dans le réacteur. On compare les résultats
& ceux qui sont donnés par des calculatrices. Le mémoire donne les résultats obtenus
avec un réacteur ayant un cceur composé de 235U et de graphite, entouré d’un réflecteur
en uranium naturel.

HnTerpa/ibnble 3KCIEPHMEHTHI C CHCTEMAMH HA OBICTPbIX HEHTPOHAX C ILTYTOMHEM, YPAHOM H
TOpHeM. B nokiiage DaeTcsl OMMCAHME IOBYX JKCIEPHMMEHTAJIBHBIX YCTAHOBOK, CO3NAHHBIX IJS
IKCTIEPHMEHTAIBHOM NPOBEPKU SACPHBIX NAHHBIX M BBIYHCIIMTENBHBIX METOHOB.

TlepBast ycTaHOBKa COCTOMT M3 COOpKM MaTepmasa UMAMHAPHYECKONX GOPMBI C TOYEYHbIM
HcToyHMKOM HeiTpoHOB DD wnu DT pacnonoxeHHbIM B ee LeHTpe. IToTOK HEATPOHOB M pas-
JIMYHBIE CKOPOCTH PEaKUMH B LUMIMHADPE W3MEPAIOTCH Kak GYHKUMA nonoxeHus. IlonyyeHHbie

“Tincluding work by L. R. Day, J. R. Dominey, H. Goodfellow, M. H. McTaggart.
H. Shieff, A. F. Thomas, K. A. Wallace.
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pe3ynbTaThl CPAaBHMBAIOTCA C pacyeToM. JaroTcA 3KCNEPHMMEHTAIbHbIE pe3yabTaThl OJIS MPH-
POOHOrO ypaHa U TOpUA.

. BTOpbIM THMOM YCTAQHOBKHM SIB/IS€TCA JIKCNEPHMMEHTAJbHbIA PEaKTOpP HHU3KOH MOLUHOCTH C
NpocTOil OOLIYHOM TeoMeTpuell M NpHONH3IUTENBHO TOMOIE€HHBIM COCTaBOM. PeakTop MoOXeT
MMeThb KaHaJbl, HEOOXOAMMBIE IS BBEAEHMS CYETYMKOB MM BO3MyLIarowux ob6pasnos. Cocras
AKTHMBHOM 30HBI PEryJUpYyeTCs H00aBIEHHEM 3aMeJIUTENS C TEM, YTOOBI MMETh CMIEKTP HEHTPO-
HOB, HEOOXOONMBIIl IS IPOBEPKH AAEPHAIX AAHHBIX B MHTEpeECYIoled 00macTn 3Heprun. M3mep-
AKOTCA PHEPTETHYECKHII CNIEKTP HEHTPOHOB, Pa3jMyHble CKOPOCTH PEAKUMH M HM3MEHEHHE nofe-
PEYHOrO CeMEHHA KaK (GYHKUMM MOJIOXKEHUS B PeaKTOpe, M pe3ybTaThl CPABHUBAKOTCSA C pacyeTa-
MU Ha BbIMHCIIMTENBHbIX YCTPO#CTBaX. JatoTcsa pe3yibTaThl A1 CACTEMbI, COCTOSILLEH U3 aK [MB-
HOI1 30HbI M3 ypaHa-235 u rpa¢uTa, OKpY>KE€HHOI! OTpaxaTesjeM U3 IPUPOAHOro ypaHa.

Experimentos integrales realizados con reactores rapidos de plutonio, uranio y torio.
Los autores describen dos tipos de experimentos integrales que se han llevado a cabo
con el propdsito de comprobar experimentalmente determinados datos nucleares,
asi como la exactitud de los métodos de calculo empleados.

El primer dispositivo experimental consiste en un montaje cilindrico en cuyo
centro se halla una fuente puntual de neutrones DD o DT. El flujo neutrénico y
las diversas velocidades de reaccién en el material del cilindro se miden en funcién
de la posicion de la fuente y los resultados asi obtenides se comparan con los calculados.
La memoria presenta los resultados de experimentos efectuados con uranio natural
y con torio.

Para el segundo tipo de determinaciones, se utiliza un reactor experimental de
baja potencia, con una geometria regular sencilla y una composicion sensiblemente
homogénea. Los orificios practicados en el mismo pueden utilizarse para introducir,
conforme sea necesario, contadores o muestras perturbadoras. La composicién del
cuerpo se regula mediante la adicién de un moderador, a fin de disponer de un espectro
neutronico que permita comprobar los datos nucleares en la region energética que
interesa. Se realizan mediciones del espectro de energias neutrénicas y de diversas
velocidades de reaccion y secciones eficaces de perturbacién en funcién de la posicion
en el reactor y los resultados se comparan con los obtenidos con calculadoras. La
memoria da los resultados correspondientes a un sistema que consiste en un cuerpo
de 28U y grafito, rodeado de un reflector de uranio natural.

Introduction

A broad programme of research is in progress at Aldermaston to improve
our understanding of the neutron physics of fast systems. Its primary aim is
to reduce the errors and uncertainties which arise in the present calculations
of nuclear characteristics for fast-reactor systems. These errors arise mainly
from the inadequacy of the basic nuclear data, and the work therefore centres
on an attempt to improve these data and to establish a single set of data for
fast-reactor materials which is sufficiently accurate over the whole energy range
of interest. The overall programme comprises three interrelated areas of work:

(a) Measurements of important nuclear cross-sections and parameters;

(b) Compilation of nuclear-data sets using results of (a) and other available
data, and the development of methods of theoretical analysis of the nuclear
characteristics of fast systems; and

{c) Checks of the accuracy of the nuclear data sets and system analysis against
integral experiments.

Aspects of the data measurements and of the theoretical analysis are described
in other Aldermaston papers presented at this Seminar. The present paper will
describe some relevant integral experiments.
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First of all, however, it is instructive to indicate, by reference to some of
our problems at Aldermaston during the past two years, how the three pro-
grammes relate one to another and how they help to establish which microscopic

Fig. 1
Versatile experimental reactor essembly (VERA).

data need to be checked and which integral experiments are essential. During
1959 a literature review of nuclear data was made and a set of nuclear data
established by selecting “‘best values” from the published microscopic data.
These data were checked by calculating critical masses for a number of Pu-
and highly-enriched U-systems, both bare and reflected by various thicknesses
of natural U. The calculated critical masses were in all cases about 209, smaller
than the experimental values. About this time a direct experimental measure-
ment of » for U35 suggested a downward revision of this quantity. A low » value
was therefore adopted for the U2 calculations and a corresponding reduction
was applied for Pu®9. Good agreement with experimental critical masses for fast
concentrated systems was then obtained and this set of nuclear data was therefore
adopted for general use [1]. Nevertheless, the need for further measurements
of v and further checks against integral experiments was recognized and new
work was put in hand. Later it became clear that the low » value was incorrect
and that the adopted nuclear-data set was less accurate for U-systems of lower
enrichment. New experimental data had also accumulated and it was decided
to make a complete revision of data for U2%, U8 agnd Pu??. As an interim
measure an attempt was made to adjust the nuclear data empirically to fit
integral results over a wider range of U concentration. This was done [2] by
making plausible adjustments to the values of » and o¢ for U5 and to » and
o (n. ) for U8 The procedure was successful, reducing the critical-mass errors
to +£39% over the concentration range 29°; to 93°; U235, It is not satisfactory,
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however, to rely permanently on this expedient. New microscopic measurements
and lntegral checks for the revised data are ev1dently required and these are
progressing in parallel with the detailed revision of the basic nuclear-data set.
Initial results for v of U235 are reported by Moar [3], and initial results of a new
U235 integral experiment are reported as part of the present paper.

Our integral experiments are of three types. The first is the determination
of critical mass by extrapolation of multiplication measurements made on a
critical assembly machine; the second is the analysis of neutronic processes
in large blocks of material in which a strong compact neutron source is located ;
the third is the detailed study of neutron reactions in a simple system operated
as a zero-energy reactor. Some of the critical-mass measurements were done
primarily to provide data for safety assessment; the other experiments were
designed specifically for testing nuclear data. All the experiments have simple
regular geometry and uniform composition, so that corrections relating the actual
experimental system to the calculated model are minimized.

1. Critical mass measurements for fast systems

A number of critical-mass measurements have been made for plutonium
metal in spherical geometry and for 45.59, enriched U metal in slab geometry.

The Pu measurements are for a bare sphere and for spheres reflected by natural
uranium, pile-quality graphite, steel or water. The results are based on central-
source multiplication measurements using Pu spheres of 4.5, 6, 7.5 and 9 kg
and various thicknesses of each reflecting material. Each Pu sphere had a 2.16-cm-
diameter spherical cavity at the centre to accommodate the neutron source
used for multiplication measurements. The plutonium metal density was
15.64 g/em® and the metal in the form of two hemispheres was clad in copper
foil. 0.010 in thick on the curved surfaces and 0.005 in thick on the flat surface.

Calculations for these systems have been made using the nuclear data of
reference [1] in a multi-group Carlson S; code. Seven energy groups from 10 keV
to 11 MeV were used for the Fe- and U-reflected systems and 13 energy groups
from thermal to 11 MeV for the graphite-reflected system. The results are com-
pared with experimental values for a number of reflector thicknesses in Table 1.

TABLE I
COMPARISON OF CALCULATED AND EXPERIMEI\ TAL CRITICAL MASSES FOR
Pu SYSTEMS
Reflector Experimental Calculated
Reflector thickness crit. mass crit. mass
(in) (kg Pu) (kg Pu)
None — 16.8 17.0
2 8.5+0.1 8.10
Natural U (18.7 g/cm3) 3 7.4+0.1 . 7.19
6 6.3 +0.1 6.31
2 10.9 10.3
Fe (7.87 g/em?) 4 9.6 - 0.1 8.80
6 9.1 =-0.1 8.11
2 11.2 11.0
C (1.61 g/cm3) 4 9.2 +0.1 9.39
6 8.2+0.1 8.62
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The experimental critical masses are derived from graphical extrapolations
of graphs relating central-source multiplication to reflector thickness and the
errors indicated are estimates of the probable errors of the extrapolations. In
three cases the extrapolation was rather long (the largest available sphere being
9 kg) and no error is quoted for these. The result for the bare sphere was obtained
by analytical extrapolation of a least-squares fit to a diffusion-theory
approximation.

It should be noted that data used in the calculations are “‘best values” except
for », for which the low value of » (Pu22%)=2.82+0.105 E was chosen in order
to obtain agreement between calculation and experiment for the bare and thick-
U-reflected systems. For graphite the agreement is reasonably good but for Fe
the calculated values are too small by amounts ranging from 69, to 119%,. Taken
with the fact that the » value should probably be higher, the latter result suggests
that the Fe scattering data need checking.

The U-slab experiments were done specifically for criticality safety assessment,
to provide data against which calculations of fast-reactor melt-down configurations
could be checked. Measurements of critical size were made for bare slabs and
for slabs reflected by natural uranium, graphite, steel and aluminium respectively.
The reflector covered both faces and edges of the slabs. The slabs were constructed
of machined blocks in the form of hexagons 23-in across the flats and of various
thicknesses. These were assembled into pseudo-cylindrical assemblies with a
neutron source located at the centre, and measurements of the central-source
multiplication were made as a function of thickness of the enriched-U slab.
Critical thicknesses were obtained by graphical extrapolation. The results are
listed in Table II.

TasLE I1I
RESULTS OF U SLAB EXPERIMENTS
Critical thickness of enriched U (in)
Reflector
11.6 in diam. 16.9 in diam. 22.1 in diam.

None .........co..... 7.26 - 0.03 5.47 - 0.04 —
Nat. U (6-in thick,

16.3 g/em3) ......... 3.27 + 0.02 2.36 + 0.02 2.01 +0.02
Graphite (6-in thick,

1.74 gfem3) ......... 3.00 4+ 0.02 2.14 +0.02 1.78 + 0.02
Steel (6-in thick,

7.24 gfem®) . ..... ... 4.12+0.03 2.98 + 0.02 2.57 +0.02
Aluminium (6-in thick,

2.58 gjem3®) ......... 4.40 + 0.02 3.21 +0.02 2.72 4+ 0.02

The diameter indicated is that of the enriched-U slab. The natural-U reflector
was solid for the first inch on the flat faces of the slab; the remainder of the
reflector was a 5.7-in layer of 13-in rods at a packing density of 0.85. The effective
density of the enriched-U slabs was 18.44 g/cm?.

These experimental results have been used to check the adjusted set of nuclear
data [2] for U235 and U%8, Calculations were carried out using a two-dimensional
Carlson code (S,) with 13 energy groups from thermal to 11 MeV. The resuits
are listed in Table III.

17
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TasLE 111

COMPARISON OF CALCULATED AND EXPERIMENTAL CRITICAL THICKNESSES
FOR 45.6% U SLABS

(inches)
Reflector
» Graphite 6-in
Nono thick all round
Slab diameter Exp. Cale. Exp. Calc.
11.6 7.26 6.99 3.00 3.18
16.9 5.47 5.43 2.14 2.31
22.1 — — 1.78 1.95

Agreement is good for the bare systems but for the graphite-reflected systems
errors range from 69 to 109, the calculated results being too large. This dis-
crepancy is ascribed to errors in U%3® data at the lower neutron energies produced
by the graphite reflector.

2. Accelerator-driven integral experiments with uranium and thorium

The neutron balance in a large cylindrical pile of material with a 14-MeV
neutron source at its centre has been studied experimentally for natural uranium
metal and for thorium metal. (A full account of the U experiment is given in
a recent paper [4]). The neutron source was a Zr-H3 target located at the centre
of the cylinder and bombarded by a beam of deuterons brought in through
a drift-tube from a 200-kV Cockcroft-Walton accelerator. Each pile was made
of vertical rods packed closely together, and it was possible to remove a rod
from any position to provide access for a counter to measure reaction rates
and neutron spectra as a function of position in the pile. Copper cylinders were
inserted and irradiated to measure the 14-MeV neutron flux by the Cu® (n. 2n)
threshold reaction; fission rates were measured by inserting fission chambers
loaded with the appropriate material; and neutron-capture rates were measured
by irradiating small pellets of U or Th metal and separating and counting the
Pa23 or Np2*® activity. All the measurements were related to the strength of
the central 14-MeV neutron source which was continuously monitored by counting
the associated a-particles emitted into a known solid angle at 177° to the deuteron
beam. The total number of neutrons of all energies escaping from the pile for each
central-source neutron was measured by means of a “long” counter mounted
outside the system, its position being varied to take account of the variation
of the emergent flux with angle. The fission and capture rate results were
integrated to determine the total number of fissions and captures in the pile
per central-source neutron.

The way in which these results can be used to draw up a detailed neutron
balance is described (for the U pile) in reference [4]. Recently the results have
been used to check the accuracy of nuclear data for natural U in the fast-neutron
energy range. Two Monte Carlo calculations have been made by PARKER and
MERCER [5] using first the nuclear data of reference [1] and secondly the same
data with the original (unadjusted) values for ». The results of these calculations
are compared with the experimental results in Table IV.
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TaBLE IV

EXPERIMENTAL AND CALCULATED VALUES FOR THE NUMBER OF REACTIONS
PER 14-MeV CENTRAL-SOURCE NEUTRON IN THE U PILE*

Reaction Experiment Calculation (A) Calculation (B)
U238 fission.......... 1.18 4+ 0.06 0.78 0.86
U225 fission.......... 0.28 4+-0.02 0.20 0.23
UBE capture......... 4.08 +-0.24 3.45 3.96
Leakage............. 0.41 +0.02 0.53 0.52

* The effective pile dimensions were: height 112 cm, diameter 99 cm; the effective density was
16.3 g/cm3.

Calculation (A) (Table IV) used the data of reference [1], in which »
(U285)=2.254+0.132 F and v (U%8)=2.32+40.129 E.

Calculation (B) (Table IV) used the same data except that the values were
taken as v (U235)=2.46+0.144 £ and » (U%8)=2.53+0.141 E.

Evidently the higher values of » give better agreement with experiment,
but there is a large error in the U238 fission calculation. This must be due to an
error in the fission cross-section or in the inelastic scattering cross-section or
energy distribution.

The Th pile results have not yet been compared with calculations but the
experimental integral results are quoted (in Table V), as they provide useful
data against which nuclear constants for this material can be checked.

TABLE V
EXPERIMENTAL INTEGRALS FOR THE Th PILE*

Number of reactions per
Reaction 14-MeV central-source
neutron
Th (n,f) ... 0.174 + 0.009
Th (n,y) . .. 1.51 +0.08
| Leakage .. 0.69 =+ 0.02

* The pile was 110 em high, 96.5 cm in diameter and contained 9.70 gfem?® Th and 0.13 g/em?® Fe.

3. Experiments on fast critical systems

We have recently commissioned a new Versatile Experimental Reactor
Assembly (VERA) and it is being used for studies of the physics of fast critical
systems. The measurements are primarily intended to provide information
for a systematic check of nuclear data in the energy range 1keV to 1 MeV.
For each assembly the neutron flux, neutron spectrum. fission and capture
rates and perturbation cross-sections are measured as a function of position,
and the fast chain-decay constant (Rossi-a) is measured in the region of delayed
critical. Multi-group Carlson calculations are compared in detail with the experi-

17*
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mental results and discrepancies are interpreted in terms of corresponding errors
in group cross-sections. The first assembly, which is now under study, has a
core of U5 and C surrounded by a reflector of natural U. The properties of this
system provide a sensitive check of nuclear data for U2 and will be used to
select (within experimental cross-section errors) a set of group constants for
this nuclide. :

VERA is constructed of square-section fuel boxes mounted vertically in a
steel lattice plate. The core and the axial portions of the reflector are composed
of small square plates or bricks of material and are loaded in the fuel boxes.
The radial portion of the reflector consists of closely-packed round rods which
surround the square fuel boxes and are located by holes drilled in the lattice
plate. The assemblies are arranged as pseudo-cylindrical cores surrounded by
cylindrical reflectors and the compositions of the axial and radial portions of
the reflector are adjusted to be the same. Accurate calculations are thus possible
by means of the two-dimensional Carlson codes. In these calculations the core
is taken as a homogeneous mixture and the experimental results, which apply
to mixtures of X-in-thick plates, therefore require a slight correction for the fuel
“bunching” effect.

To ensure safety during loading and core modifications and to provide a second
shut-down mechanism, the lattice plate is divided into two portions and the reactor
is correspondingly divided in half. One half is mounted on a moveable table
which rests on rails and can be driven along these rails by an electrically-driven
leadscrew. Loading and core modifications are only carried out when the two
halves of the reactor are separated by a distance of 5ft. A number of safety
and control elements are provided. These are normal fuel boxes loaded with core
and blanket material and suspended by cables from winches on the reactor
superstructure. They can be dropped below their normal positions in the reactor
through holes provided in the lattice plate. The safety elements are fully raised -
into the core before the reactor halves are driven together; the control elements
are raised as the last step in the approach to criticality. The reactor is not provided
with local shielding but is located in a large room with thick concrete walls,
and this room is sealed during reactor operation, the reactor then being controlled
remotely. No cooling system is provided as it is not intended to operate the reactor
at powers above 100 W.

The dimensions and composition of the U235/graphite assembly (referred
to as VERA Assembly 2) are as follows:

Core height (em) .......... ..o, 2715

Core diameter (€m).........c.cocuiiiniininnnnnnnnn 38.10

Corevolume (1) ..... ... o .. 30.8

Reflector radial thickness (em).................... 374

Reflector axial thickness (em)..................... 394

U235 content of core (kg) ........oovviiiiiiin. 88.96

U238 content of core (kg) ........ccovviivniin.t 6.80

Stainless-steel content of core (kg)................. 23.44

Graphite content of core (kg) ..................... 35.55

Hydrogen content of core (g) ..................... 3.0 (this is the
protective
lacquer)

Composition of reflector: U-natural (g/em3)......... 14.39

Stainless steel (g/cm?3) .. ... 0.832
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With all safety and control elements fully raised, the above system has an
excess reactivity of 0.39%, i.e. 0.9% in core mass, assuming A K/K=% (A M| M).
Holes provided to accommodate counters at the core-reflector interface make
‘the reactivity 0.679% less than it would be in ideal geometry. The bunching
of the fuel into >-in plates makes the critical mass 29 smaller than it would
be for a homogeneous system (reference [6]).

With these corrections the critical parameters for a homogeneous system
of the above composition are:

Critical volume: 30.41
Critical mass: 87.8 kg U235,

A two-dimensional Carlson calculation using the nuclear data of reference [1]
in 13 energy groups predicts a critical mass of 92.1 kg U2 for this system.

Measurements of fission rates, perturbation cross-sections and the prompt
chain-decay constant for this system are now in progress. Preliminary results
of measurements at the core centre are listed in Table VI.

TaBLE VI
MEASURED CROSS-SECTION RATIOS AT THE CENTRE OF THE VERA CORE

Fission ratios s | Sesaltaes.
g_:; 0.077 0.074
IUT:; 0.162 0.153
%‘2‘3_2:” 1.18 1.12
g.zf%” 0.488 0.365
%Z;: (capture) 0.121 0.138
Perturbation ratio
P% 1.72 1.53

* These results have a probable error of about 6 9.
** The calculated values are from the two-dimensional Carlson calculations using data from re-
ference [1].

Future work

During the next two years work will be mainly concentrated on the VERA
programme. The next step after completion of the U235/C studies will be to
add U28 to the core, adjusting the C content so that the spectrum is not
appreciably changed, and repeat the measurements and calculations, thus checking
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the nuclear data for U28. Subsequent systems will include Pu?¥® and various
diluent materials such as Fe, Al and Na, and small quantities of a moderating
material will be added so that the neutron-energy spectrum is varied over the
desired range. Some diluent materials of particular interest will be studied
separately in accelerator-driven integral experiments of the type described for
U and Th. A Na assembly is planned as the next in this series. When the revised
nuclear-data sets are available, detailed analysis of the U and Th pile results
will be carried out.

ACKNOWLEDGEMENTS

Acknowledgement is due to Mr. H. Bird, Dr. L. Russell and Mr. E. Pendlebury
of the theoretical physics division at Aldermaston for providing the results
of their multi-group Carlson calculations and to members of the chemistry division
for separating and counting Pa23® and Np2%®,

REFERENCES

[1] BUCKINGHAM, B. R. 8., PARKER, K. and PENDLEBURY, E. D., AWRE
Report 0—28/60 (1960).

[2] PENDLEBURY, E. D., These proceedings. vol. II, p. 97.

[3] MOAT, A.. et al. These proceedings. vol. I. p. 139.

[4] WEALE, J. W, et al., J. nucl. Energy 14 (1961) 91.

[5] PARKER. J. B. and MERCER, A., unpublished information.

[6] LONG, J. K., et al., Proc. 2nd UN Int. Conf. PUAE 12 (1958) 119.



