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S U M M A R Y 

The main aim of the fast reactor physics measurements carried out 

in the zero energy reactor PROTEUS was to check the performance 

of data sets and calculation methods used in the design of fast 

breeder reactors. This allowed the accuracy of the power reactor 

calculations to be determined and enabled an assessment to be made 

of whether this accuracy would be sufficient to allow the design, 

construction and licensing of the GCFR power reactor. 

At the time when this work was initiated (1972) relatively few 

measurements of the detailed neutron balance of fast reactor latti

ces had been made and it therefore appeared particularly necessary 

to carry out a programme of experimental measurements accompanied 

by an analysis of the results. 

This work was undertaken within the framework of collaborative 

agreements involving EIR, Swiss Industrial concerns and external 

organizations. The main emphasis in these studies was placed on 

the GCFR but, in fact, many of the results obtained were almost 

identical for both GCFR and LMFBR. 

In order to carry out the physics measurements an existing zero 

energy reactor was converted to a form in which a central fast 

reactor lattice was surrounded by thermal zones to drive the reac

tor critical. 

This arrangement produced at its centre a neutron spectrum closely 

similar to that of a single-zone reactor with the composition of 

the central zone. It also had the advantage that it required only 

about one tenth of the plutonium that would have been needed to 

set up a single-zone fast reactor. The required amount of plutonium 
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nevertheless amounted to 100 kg and we were fortunate to obtain 

this amount on hire from the U.K. The fast-thermal reactor was 

known as PROTEUS and operated with this configuration during the 

period April 1972 to April 1979. 

The composition and geometry of the fast reactor lattice were 

chosen to be typical of fast breeder designs. The fuel consisted 

basically of 6.7 mm diameter pellets of PuO /UO containing 15 % 

of plutonium. The ratio of Pu 240 to total plutonium was 17.6 %. 

The fuel was produced in the form of capsules each consisting of 

8 pellets sealed in a thin aluminium can and having a total length 

of 5.6 cm. These capsules were placed in steel tubes to form the 

fuel rods which, in the first core configuration, were placed on 

a hexagonal lattice with a pitch of 10 mm. 

The diameter of the fast zone was 50 cm and the maximum available 

height was 140 cm. In general the fast zone was constructed with 

axial blankets, which were places above and below the PuO./UO. 

capsules in each fuel rod. In the first core each rod contained 

12 PuO_/U02 capsules giving a fuel height of 66.7 cm while the 

axial blanket regions were each produce by six depleted UO. ci

gars giving blanket widths of 34.0 cm. A central section of the 

fast zone, in the form of a hexagonal column 13 cm across flats, 

could be moved in and out of the core and was used primarily for 

the insertion and removal of fuel rods containing foils for irra

diation. 

One of the most important measuring techniques used to check the 

performance of data sets and calculation methods was the determi

nation of reaction rate ratios and, by using an appropriate range 

of nuclides, it was possible to obtain a detailed picture covering 

70 % of reactions taking place in the central part of the fast re

actor zone and with an accuracy of + 1.5 % in a typical ratio. 
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In order to avoid undetected systematic errors two independent 

methods of measuring fission rate ratios were used: foil acti

vation and the use of solid state track recorders. 

An important feature in this context was that we were able to 

obtain successively the UK fast reactor data libraries FGL4 and 

FGL5 and to use the results of our measurements to check the per

formance of these two codes in the GCFR spectrum. We then set up 

the "PROTEUS Benchmark Exercise" in which representatives of seve

ral countries carried out calculations of the PROTEUS lattice 

using their own data sets and calculation methods. When the results 

were presented at the Conference on Advanced Reactors in Atlanta 

in 1974 the PROTEUS Group and the corresponding ANL Group simul

taneously put forward data showing that the ENDF-B/3 library (which 

was then in current use) underestimated the breeding ratio by 

about 8 %. 

The publication of this result simultaneously with that of ANL was 

a very important achievement by the PROTEUS Group. Some indication 

of the importance of the result was shown by the fact that ANL 

carried out measurements involving the irradiation of about 1000 

foils in order to check the validity of the results of the PROTEUS 

and ANL Groups since the reduction of breeding ratio was a serious 

blow to the US LMFBR programme but the new results proved to be 

valid. The PROTEUS Benchmark exercise also gave a wide range of 

information on other data sets many of which did not reach the 

accuracy required for reactor design. 

The results confirmed that the PROTEUS Group's proposal for detailed 

experimental checks of data sets and calculation methods were justi

fied and, in particular, showed that a number of data sets were not 

adequate for reactor design and licensing at that time. 
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The newly acquired data were passed on for use by other physics 

Groups in EIR. Their publication opened the way to fruitful 

contacts with other establishments: notably ANL and ORNL and 

strengthened our existing contacts with Winfrith. 

A further technique used during the work on GCFR-PROTEUS was the 

measurement of neutron spectrum which was carried out in a wide 

range of environments and, in the later stages of the work, co

vered the energy range from 9 keV to 2.3 MeV. These measurements, 

in particular, indicated significant errors in the FGL4 scattering 

cross-sections. 

A third technique, which was developed to a high degree of accu

racy, was the measurement of reactivity worths. This was used in 

measurements of the worths of small samples and also in the appli

cation of the null reactivity technique to determine k-infinity 

and hence the absorption cross-sections of reactor structural ma

terials. 

The broad development of the programme of measurements proceeded 

in the sense that the early measurements were largely carried out 

in the central zone in uniform lattices. These mainly tested data 

sets. Later measurements were carried out in blankets (both inter

nal and external) and these primarily tested the adequacy of the 

calculation methods. In addition to UO. blankets thorium-oxide and 

thorium metal configurations were also examined. 

Further achievements in the international field were: 

1) Participation in the NEA Specialists' Meeting on Shielding 

Benchmarks in October, 1975 

The PROTEUS Group presented the results of a range of neutron 

spectrum and threshold detector measurements made in iron and 

steel shields mounted above the PROTEUS fast zone. 
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2) The Group participated in the International Fuel Cycle 

Evaluation (INFCE) with a contribution on "Integral testing 

of thorium cycle nuclear data". 

In conclusion it is wc rth considering the general influence of 

GCFR-PROTEUS on EIR. One of the most important effects arose from 

the procurement on hire of 100 kg of plutonium from the UKAEA, 

which allowed the performance of integral measurements on a wide 

range of reactor systems: and specifically, in the present case, 

on GCFR systems. The presence of the plutonium also gave the first 

opportunity for the staff of the Health Physics Department and the 

Hot Laboratory to obtain experience in large-scale plutonium hand

ling. 

A very important result of the acquisition of this experience was 

that the members of the EIR Internal Safety Committee and the 

Swiss Licensing Authority could be given first hand information 

concerning safety effects of plutonium handling. 

A final point to mention is that the GCFR cores were analysed in 

considerable detail and it was important that the calculation 

methods should fully represent the complex structures of the reac

tor core and its associated zones. This created a need for improved 

computer facilities which ulitmately led to the implementation of 

improved code systems at EIR. 
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1. INTRODUCTION 

Research and development work for the fast breeder reactor in 

Switzerland began in 1967 following the cancellation of the 

earlier Swiss reactor system based on a heavy water moderator 

and CO. coolant. Switzerland decided to concentrate on the gas-

cooled fast reactor (GCFR) because of its previous experience 

with gas-cooied reactors. 

Activities undertaken at this time under a bilateral agreement 

with the General Atomic Company included 

- The physics lay-out of a 1000 MWe GCFR with a direct 

helium cycle. 

- A study for converting the Swiss experimental heavy 

water reactor at Lucens to an experimental GCFR. 

- A programme for measuring the neutron physics properties 

of fast reactor lattices in the zero-energy reactor 

PROTEUS. 

- A GCFR core thermal-hydraulics programme. 

The present report is specifically concerned with the neutron 

physics measurements on PROTEUS, which were carried out during 

the period April 1972 to April 1979 /l/. The work was undertaken 

to provide integral neutron data which could be used to check the 

performance of data sets and calculation methods used in the de

sign of fast breeder reactors and hence to improve the accuracy 

of the design calculations. The experimental programme was based 

on the construction of a series of benchmark lattices in PROTEUS 

and the measurement of the detailed neutron physics properties 

of each lattice. The measurements were planned with emphasis on 

the investigation of GCFR lattices because of the interest in 

this system but it is worth noting that the most important results 

obtained were equally valid for the LMFBR. 
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The investigation of fast reactor lattices involves the use 

of plutonium fuel and there was therefore an incentive to 

minimize the amount of fuel in the fast lattice because of the 

high cost of the fuel and the problems involved in handling it. 

The PROTEUS work was therefore carried out in a coupled fast-

thermal system in which a central fast reactor zone of cylin

drical geometry was driven critical by a thermal reactor zone 

which surrounded it radially. This system produced at its 

centre a close approximation to the correct fast reactor spec

trum while requiring only about one tenth of the plutonium in

ventory which would have been needed to construct a fast criti

cal system. 

An important feature of the design was that all the fuel ele

ments in the fast zone were in rodded form so that fuel hetero

geneity and other geometry-dependent effects (eg. neutron strea

ming) could be properly represented. 

The results of the measurements made on each of the various 

lattice configurations were used to check the predictions of 

a wide range of data sets and calculation methods which were 

in current use at the time that the measurements were made. In 

the following sections the reactor PROTEUS and the various 

lattice configurations built into its central zone are described. 

An account is then given of the physics measurements made in each 

configuration together with a comparison of calculated and mea

sured parameters. 

The aim of the experimental programme was to give a fully detailed 

picture of the neutron physics of each of the lattices under in

vestigation /2J. This was not always possible since at the be

ginning of the programme not all of the techniques had been 

fully developed. 
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Towards the end of the programme it was possible to measure 

a) A wide range of neutron reaction rate ratios. 

b) The reactivity worths of small samples. 

c) The shape of the neutron spectrum in the energy 

range from 9 keV to 2-3 MeV /3/. 



- 4 -

2. REACTOR LAYOUT AND BASIC PHYSICS PROPERTIES 

2.1 The Fuel Elements 

The composition and geometry of the fast reactor lattice were 

chosen to be typical of fast breeder designs. Tne fuel consisted 

basically of 6*7 ram diameter pellets of PuO2/U0 containing 15 % 

of plutonium. The ratio of Pu 240 to total plutonium was 17-6 %. 

The fuel was produced in the form of capsules each consisting 

of 8 pellets sealed in a thin aluminium can and having a total 

length of 5.6 cm. These capsules were placed in steel tubes to 

form the fuel rods which, in the first core configuration, were 

placed on a hexagonal lattice with a pitch of 10 mm. The mate

rial volume fractions and nuclide concentrations in this lattice 

are given in Table 2.1 (a) . Its neutron physics properties are 

briefly summarized in Table 2.1 (b) which gives the median ener

gies for the neutron spectrum and the more important neutron 

reactions, and Table 2.1 (c) which gives the neutron balance. 

In this latter table the total neutron absorption is normalized 

to unity so that total neutron production is equal to k-infinity. 
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Table 2.1 Properties of the Fast Reactor Lattice 

(a) Composition 

Material 

Fuel 

Aluminium 

Steel 

Air 

Volume Fraction 

41 

2 

11 

46 

( % ) 

Nuclide 

Pu 239 

Pu 240 

Pu 241 

U 235 

U 238 

0 

Fe 

Cr 

Ni 

Al 

Average Concentration 
(atoms cra-3xl0~22) 

0.1116 

0.0246 

0.0041 

0.0035 

0.7953 

1.881 

0.6658 

0.1864 

0.0963 

0.1660 

(b) Median Energies 

Neutron spectrum 

Pu 239 fission 

Pu 239 capture 

U 238 capture 

Median Energy 
(keV) 

187 

170 

15 

54 
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Table 2.1 Properties of the Fast Reactor Lattice 

(c) Neutron Balance 

Nuclide 

Pu 239 

Pu 240 

Pu 241 

U 235 

U 238 

Steel 

Oxygen 

Total 

Capture 

0.083 

0.015 

0.002 

0.003 

0.356 

0.026 

0.004 

0.489 

Fission 

0.378 

0.022 

0.018 

0.012 

0.081 

0.511 

Production 

1.121 

0.066 

0.056 

0.030 

0.227 

1.501 
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2.2 General Aspects of the Coupled Fast Thermal Reactor 

A fast-thermal system has to be designed so that the neutron 

spectrum in the central region of the fast zone approximates 

closely to that in a critical fast reactor of the same compo

sition. This is achieved by appropriate choice of the dimen

sions of the fast zone and of the dimensions and material of 

the buffer which lies between the fast and thermal zones. 

This buffer zone is intended as a relatively cheap means of 

beginning the process of converting the thermal driver spec

trum to the fast zone spectrum. Its primary function is there

fore to remove low energy neutrons. However, it is normally 

necessary to maintain good coupling between the thermal and 

fast parts of the system and the low energy neutrons have 

therefore to be removed not purely by capture but by conver

ting a reasonable fraction of them to fission neutrons. The 

buffer has then the additional function of degrading the energy 

of these fission neutrons as they pass into the fast zone so 

as to avoid an excess of high energy neutrons. 

2.3 The PROTEUS Fast-Thermal Reactor 

The initial design of the fast-thermal version of PROTEUS was 

largely based on the results of a series of one-dimensional 

transport calculations. The lay-out of the driver zones was in

fluenced by the need to make maximum use of the components of 

a previously existing thermal reactor and this led to a rather 

complicated design. 

Horizontal and vertical sections of the fast-thermal system 

are given in Figures 1 and 2 resprectively and the lattice 

structure of the various zones is shown in Figure 3 which 

gives a photographic view of the top of the reactor. The indi

vidual zones of the system are considered below. 
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Fast Zone 

The diameter of the fast zone was 50 cm and the maximum 

available height was 140 cm. In general, the fast zone 

was constructed with axial blankets which were placed 

above and below the PuO_/UO_ capsules in each fuel rod. 

In the first core each rod contained 12 PuO_/UO_ capsules 

giving a fuel height of 66.7 cm while the axial blanket 

regions were each produced by six depleted UO_ cigars 

giving blanket widths of 34.0 cm. A central section of the 

fast zone, in the form of a hexagonal column 13 cm across 

flats, could be moved in and out of the core and was used 

primarily for the insertion and removal of fuel rods con

taining foils for irradiation. 

Buffer Zone 

The buffer zone was initially constructed of closely packed 

rods of natural UO_: each 13 mm in diameter and 150 cm long. 

The width of the zone was 10 cm. At a later stage this buffer 

was replaced by a layer of closely packed natural uranium 

metal rods which improved the central neutron spectrum. 

Thermal Zones 

The all-thermal version of PROTEUS was a two-zone system 

in which a central D-O-moderated zone was surrounded both 

axially and radially by a graphite-moderated driver zone. 

The basic structure was a ring-shaped graphite block with 

a mean inner diameter of 125 cm, a mean outer diameter of 

326 cm and a height of 318 cm. This structure contained the 

radial driver and the control absorber rods, while its outer 

region served as the radial reflector. In the axial hole was 

placed the D20-moderated zone flanked by the axial drivers. 

In converting the reactor, the aim was to retain the existing 

control absorber rods and also to use the existing driver fuel. 

This consisted of 10 mm diameter U02 rods with a 5 % U 235 

content. 
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The conversion was achieved by removing the original D_0 

zone and the axial drivers and building the new thermal 

driver sections of the reactor into the axial hole. The 

new sections were placed in the upper region of the hole 

to facilitate access to the top face of the lattice. 

The thermal driver zones consisted of an inner region 

moderated by D_0 and a graphite-moderated outer zone. 

The D O zone with its greater reactivity was used to 

ensure that criticality could be achieved and that the 

safety and shut-down rods would have adequate reactivity 

worths for safety purposes. Fuel rods could be loaded in 

the graphite driver to an outer diameter of 180 cm. 

2.4 Neutron Physics of the Reactor 

The neutronic behaviour of the first fast-thermal core of 

PROTEUS is illustrated in Figure 4. This shows the radial 

neutron flux distributions obtained from a 28-group calcu

lation but condensed to 4 groups in order to illustrate the 

basic properties of the system. Group 1, covering neutron ener

gies greater than 820 keV, consists primarily of source neutrons. 

The peaking of this group in the buffer results from the local 

increase in fission rate which occurs when the thermal neutrons 

from the driver penetrate the closely-packed natural UO_ lattice 

of the buffer. A similar effect occurs at the inner edge of the 

fast zone where the concentration of Pu 239 is such that those 

low energy neutrons which penetrate the buffer are rapidly ab

sorbed. In this case, however, the combination of the local peak 

with the otherwise positively curved flux simply produces a 

flattening of the radial distribution in the fast zone. 

Group 2 (820 keV to 9.12 keV) covers the broad maximum of the 

fast lattice spectrum (see Figure 4) and, in the whole of this 

energy region, there is a general positive radial curvature 
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through the fast and buffer zones and the inner part of the D O 

driver. Group 3 (9.12 keV to 1.125 eV) covers the resonance neu

tron range where the flux level in the fast lattice is low so 

that the curvature through the fast and buffer zone is negative. 

In the energy region of Group 4 (< 1.125 eV) this negative cur

vature is maintained but here the absorption cross-section in the 

fast zone is so high that neutron flux penetration is negligible. 

The equilibrium spectrum of the standard fast lattice is shown in 

Figure 5. 

The practical effect of the mismatch between the neutron spectrum 

at the centre of PROTEUS and the equilibrium neutron spectrum of 

the fast lattice is indicated in Table 2.2 in terms of the more 

important reaction rate ratios. The improved performance of the 

uranium metal buffer relative to the oxi.de buffer is clearly 

shown. It results because the higher density of U 238 atoms in 

the metal buffer reduces the excess of high energy neutrons by 

inelastic scattering. It also reduces the excess resonance neu

trons more effectively and this, in turn, reduces the fission 

neutron production at the outer boundary of the fast zone. As 

a result of the improved performance of the uranium metal buffer 

it was used in all subsequent measurements on GCFR-PROTEUS. 

Table 2.2 Buffer Performance 

Reaction 
Rate per 
Atom 

F9 

F8 

F5 

C8 

C9 

Deviation from Equilibrium 
Spectrum Value (%) 

U02 Buffer 

+ 2.3 

+ 5.2 

+ 2.6 

- 0.5 

+ 6.5 

U Metal Buffer 

+ 0.8 

- 1.2 

+ 0.7 

- 0.5 

+ 1.3 

http://oxi.de
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3. SUMMARY OF CORE CONFIGURATIONS 

The main features of the central fast zones of the various GCFR 

cores of PROTEUS are set out below. 

Core No. Description 

A typical GCFR lattice with 2000 cylindrical fuel 

rods in the test zone. 

Pu/(Pu+U) = 0.15 

Pu 240/Pu = 0.18 

Geometrical details have been given in Section 2. 

A lattice corresponding to that of core 1 but with 

one third of the fuel rods replaced by stainless 

steel rods. This allowed the neutron physics proper

ties of steel to be more sensitively measured. 

A lattice essentially the same as that in core 1 but 

with a uranium metal buffer zone in place of the U02 

buffer zone used in core 1. All subsequent cores also 

used the uranium metal buffer. Core 3 was used to 

check the consistency of the core 1 and core 3 measure

ments . 

This core was used for measurements on a series of 

items typical of a power reactor. These items were 

mounted successively at the centre of a fast zone 

containing the typical fast reactor lattice. The 

items concerned were: 

- A column of depleted UO, rods 

- The steel wall of a sub-assembly 

- A control absorber rod. 
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Description 

A core used mainly for measurements of the reactivity 

effect of steam entry. (Steam was simulated by means 

of plastic.) 

Core 5 was used for improvements in reaction rate 

ratio measurements using the typical fast zone spec

trum and was a repeat of core 3. 

The cores numbered 6 - 1 0 were used primarily 

for the determination of the capture cross-sections 

of reactor structural materials using null reactivity 

techniques. This involved increasing the fractional 

neutron absorption in respectively UO_ steel and 

iron. 

This core was used for shielding measurements carried 

out in iron and steel assemblies mounted above the 

fast-zone. 
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4. EXPERIMENTAL MEASUREMENTS IN THE FIRST AND THIRD 

CORES OF PROTEUS 

4.1 General 

The primary aim of the first core and third core measurements 

was to determine neutron reaction rate ratios and neutron spec

trum at the centre of the fast zone. These two cores were identi

cal with the exception that a natural uranium oxide buffer was 

used for core 1 and a natural uranium metal buffer for core 3. 

These repeat measurements were made as an additional check on 

experimental errors. In both core 1 and core 3 the geometry and 

composition of the fast zone was the same as that described in 

section 2.1. 

The methods of measurement are described briefly in the following 

sections and the results of the measurements are also given. 

4.2 Neutron Spectrum 

The shape of the neutron spectrum was measured by the proton re

coil technique /£/• A hydrogen-filled proportional counter was 

placed in a cavity in the lattice and the energy spectrum of 

the recoil protons was measured. This spectrum was then unfolded 

to give the neutron energy spectrum. The measurement had to be 

made with the reactor in a subcritical condition (typically with 

k-eff ^ 0.95) in order to avoid pulse pile-up effects arising 

from the high count rates caused by multiplication of the large 

source of spontaneous fission neutrons (emitted mainly by the 

Pu 240 in the fuel rods). 

In the first core the measurements were made using a series of 

counters filled with hydrogen to pressures of respectively 1/3 
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and 10 atmospheres. These measurements covered a neutron energy 

range from 50 keV to 1.2 MeV. In the later measurements the 

upper limit of the measured range was extended to 2.3 MeV and 

the lower limit to 20 keV in core 2 and 9 keV in core 3. 

The extension of the upper limit was achieved by using a counter 

with a filling of 5 atm argon plus 5 atm hydrogen. The greater 

stopping power of the argon reduced the range of the protons so 

that the measurements could be extended to a higher energy before 

the corrections due to collision of protons with the counter wall 

became unacceptably large /5_/, /37/. 

In the lower energy region the extension was achieved by using 

pulse shape discrimination to separate the rapidly rising proton 

recoil pulses from the slowly rising gamma ray background pulses. 

A PDP 11 on-line computer was used for this purpose. 

Typical results of the spectrum measurements for a standard PROTEUS 

core (core 3) and a high-steel core (core 10) are compared with 

the results of FGL5 calculations in Figures 10, 11 and 12. 

4.3 Fission Rate Ratios by Foil Activation 

A fission rate ratio was initially measured by irradiating foils 

of the nuclides (e.g. U 238 and Pu 239) in the fuel rods and sub

sequently determining the emission rate of fission product gamma 

rays from each foil. The measurement was calibrated by a separate 

experiment in which foils and thin deposits of the two nuclides 

were irradiated in a back-to-back fission chamber and the gamma 

ray emission rates from the foils were then linked to the fission 

rates in the deposits. Relative calibration of the fissile foils 

was carried out by irradiation in a thermal neutron flux. 
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In the measurements on Core 1 the "standard" version of this 

method was used in which the foil irradiation and the calibra

tion experiment were carried out at separate times. This approach 

was complicated by the fact that the gamma ray emission rate ratio 

from a given pair of fissile nuclides varies in a complex way as 

a function of time after irradiation. The calibration had there

fore to include an accurate determination of this time variation. 

This was time-consuming and also introduced one of the most signi

ficant errors in the measurement. 

In the Core 3 measurements the two stages were combined by irra

diating the lattice foils and the fission chamber (with foils 

and deposits) simultaneously in different parts of the fast 

lattice. This meant that, for any given nuclide, the gamma ray 

level from the lattice and fission chamber foils would show 

exactly the same variation with time after irradiation. No prior 

knowledge of this time variation was therefore required and a 

measurement of the gamma ray emission rates from the various 

foils gave an immediate calibration. 

The results of the foil activation measurements of the ratios 

of the integral fission cross-sections in cores 1 and 3 are 

given in Table 4.1. This Table also gives the total systematic 

(S) and random (R) errors of the measurements. The results of 

a fission rate ratio measurement made in the subsequent Core 2 

have been included in the Table for convenience of comparison. 

4.4 Ratio of U 238 Capture Rate to Pu 239 Fission Rate 

The ratio of U 238 capture rate to Pu 239 fission rate was 

initially determined relative to the corresponding ratio in a 

thermal neutron flux and the measured quantities could be con

sidered as the lattice-to-thermal ratios of the two reaction 

rates. In the later stages of the GCFR measurements absolute 

calibration based on low geometry alpha counting was also used. 
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In the case of U 238 capture, natural or depleted UO. foils were 

irradiated in the fast zone fuel rods and in the PROTEUS thermal 

column. The lattice-to-thermal ratio was then determined from 

the relative intensities of the Np 239 radiations emitted by the 

foils. Two methods of measurement were used in order to give 

a check on the experimental errors: 

1) Measurement, by means of Nal counters, of the rate of 

coincident emission of the 106 keV gamma-ray and the 

104 keV X-ray produced in the decay of Np 239. 

2) Measurement, by a germanium diode, of the rate of emission 

of the 278 keV Np 239 gamma-ray. 

The lattice-to-thermal ratio of Pu 239 fission was measured by 

irradiation of Pu 239 containing foils in the lattice and in 

the thermal column with subsequent measurement of fission pro

duct gamma-ray intensity and fission chamber calibration as 

described in section 4.3. 

The results of the measurements in cores 1 and 3 are shown in 

Table 3.3 together with the error values. 

4.5 Measurement of Fission Rate Ratios by Means of Solid 

State Track Recorders /6/ 

In the application of this technique thin deposits of the nuc

lides concerned were irradiated in the fuel rods adjacent to 

track recorders consisting of 0.06 mm foils of a polycarbonate 

resin (Makrofol KG). The number of fission fragment tracks pro

duced on each recorder was then proportional to the number of 

fissions in the adjacent deposits. The reconders were etched 

in KOH to enlarge the tracks and stained to improve the con

trast between each track and the adjacent area of the recorder. 
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The number of tracks on each recorder was then counted using a 

Quantimet 720 automatic image analyser. Relative calibration of 

the fissile deposits was made by irradiation in a thermal neu

tron flux. The results and the associated errors are shown in 

Table 4.2. 

Table 4.1 Fission Rate Ratios Measured by the Foil 

Activation Technique 

Ratio 

°f5 

°r7 

°f8 

°f9 

Core 1 

1.030 

+0.008 (R) 

+0.014 (S) 

0.03214 

+0.00017 (R) 

+0.00045 (S) 

Core 2 

1.069 

+0.008 (R) 

+0.014 (S) 

0.02297 

+0.00012 (R) 

+0.00031 (S) 

Core 3 

1.008 

+0.008 (R) 

+0.012 (S) 

0.03041 

+0.00016 (R) 

+0.00037 (S) 

Table 4.2 Fission Rate Ratios Measured by the Track 

Recorder Technique 

Ratio 

°£5 

°f9 

°f8 

°f9 

Core 1 

1.014 

+0.015 (R) 

+0.013 (S) 

0.03230 

+0.00054 (R) 

+0.00067 (S) 

Core 3 

1.017 

+0.015 (R) 

+0.013 (S) 

0.0296C 

+0.00049 (R) 

+0.00061 (S) 
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Table 4.3 Measured Values of the Ratio of U 238 

Capture Rate to Pu 239 Fission Rate. 

Ratio 

°c8 

°f9 

Core 1 

0.1316 

+0.0011 (R) 

+0.0020 (S) 

Core 2 

0.1450 

+0.0012 (R) 

+0.0022 (S) 

Core 3 

0.1318 

+0.0011 (R) 

+0.0018 (S) 



- 19 -

5. EXPERIMENTAL MEASUREMENTS IN THE SECOND CORE 

OF PROTEUS (HIGH STEEL LATTICE) 

5.1 General 

In the second core of PROTEUS the typical fast reactor lattice 

in the central zone was modified by replacing one third of the 

Pu0_/U02 fuel rods by rods of stainless steel. The resultant 

lay-out of the central zone is shown in Figure 6, which, in 

fact, illustrates the section of the lattice contained in the 

movable column at the centre of the fast zone. The fuel was 

identical to that used in core 1. The steel rods were made up 

using short lengths of 18/8 stainless steel with the same outer 

dimensions as the fuel capsules. The steel rods were also placed 

in steel tubes. The aim of increasing the steel content of the 

lattice was to obtain a more sensitive check of the steel cross-

sections. The same experimental techniques were used as in 

cores 1 and 3. 

5.2 Lattice Characteristics 

The physics characteristics of the high steel lattice are indi

cated in Table 5.1 and 5.2 in terms of median energy, neutron 

balance and material composition. 

These tables and some of the subsequent tables in section 5 also 

include the results of measurements on cores 1 and 3 in order 

to facilitate comparison. 

It should be noted that Tables 2.1, 5.1 and 5.2 are meant prima

rily to give a general indication of lattice properties and that 

small discrepancies are not important in this context. They arose 

largely from a re-analysis of the material of the steel cans. 
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Table 5.1 Composition of the Fast Reactor Lattices 

Material 

Fuel 

Aluminium 

Steel 

Air 

Volume Fraction (%) 

High Steel 
Lattice 

26.9 

2.0 

25.6 

45.5 

Typical GCFR 
Lattice 

40.4 

2.8 

11.3 

45.5 

Table 5.2 Nuclide Concentration in the Fast Reactor Lattices 

Nuclide 

Pu 239 

Pu 240 

Pu 241 

U 235 

U 238 

0 

H 

Al 

Fe 

Cr 

Mo 

Mn 

Ni 

Si 

Average Concentration 
(atoms cm~3xl0~22) 

High Steel 
Lattice 

0.0744 

0.0164 

0.0027 

0.0023 

0.5302 

1.2538 

0.0058 

0.1179 

1.5407 

0.4086 

0.0144 

0.0478 

0.2180 

0.0200 

Typical GCFR 
Lattice 

0.1116 

0.0246 

0.0041 

0.0035 

0.7953 

1.8807 

0.0087 

0.1660 

0.6549 

0.1739 

0.0121 

0.0247 

0.1005 

0.0095 
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Table 5.3 Neutron Physics Properties of the Fast 

Reactor Lattices 

a) MedianEnergies 

Neutron Spectrum 

Pu 239 Fission 

Pu 239 Capture 

U 238 Capture 

Median Energy (keV) 

Steel Lattice 

156 

121 

8 

38 

GCFR Lattice 

187 

170 

15 

54 

b) Neutron Balance 

Nuclide 

Pu 239 

Pu 240 

Pu 241 

U 235 

U 238 

Steel 

Oxygen 

Total 

Steel Lattice 

Capture 

0.095 

0.016 

0.002 

0.003 

0.352 

0.089 

0.002 

0.559 

Fission 

0.343 

0.017 

0.018 

0.012 

0.051 

0.441 

Production 

1.014 

0.051 

0.053 

0.029 

0.142 

1.289 

GCFR Lattice 

Capture 

0.083 

0.015 

0.002 

0.003 

0.356 

0.028 

0.004 

0.491 

Fission 

0.376 

0.022 

0.018 

0.012 

0.081 

0.509 

Production 

1.118 

0.066 

0.055 

0.030 

0.225 

1.494 
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6. CALCULATION METHODS AND DISCUSSION OF C/E 

VALUES FOR CORES 1, 2 AND 3 

6.1 Data Sources 

The results of the measurements on the first three PROTEUS cores 

were used, in the first instance, to check the predictions of 

the FGL 4 data set /TJ'• 

This was a set with 2176 neutron energy groups, based on data 

obtained primarily from the UK Nuclear Data Library or from 

GENEX tabulations of resonance cross-sections. It was used in 

conjunction with the code MURAL which calculated spectra in a 

multi-region lattice cell in the 2176 energy groups using colli

sion probability methods and then prepared broad group cross-

sections. In general 28 broad groups were used. The cross-sec

tions for the fast and buffer zones and the axial blankets were 

prepared in this way. For the case of Core 2, in which the fast 

lattice contained two types of rod, a modification was made to 

the MURAL collision probability sub-routine so that it could 

handle a mixed lattice /%/. For the thermal driver zones the 

absorption and fission cross-sections for the energy region below 

0.414 eV were obtained from cell calculations using THERMOS /£/. 

For the energy range above 0.414 eV FGL4 data were used. 

6.2 Calculation Methods 

Transport calculations of the reactor system were carried out 

primarily by means of the one-dimensional code EDSN which is 

based on the WDSN code /10/. 

The calculations were, in general, carried out using the S. appro

ximation and 28 neutron energy groups. The adequacy of this group 
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structure for the calculation of central reaction rates was 

investigated by repeating some of the calculations using only 

10 neutron energy groups. The results for cores 1 and 3 are 

shown in Table 6.1 in terms of the integral cross-sections for 

the main reaction rates. It can be seen that, for core 3, the 

differences between the 10-group and 28-group results for the 

measured reaction rates (i.e. not including Pu 239 capture) were 

not significant. The greater differences in the Core 1 case arose 

because a greater fraction of resonance neutrons penetrated from 

the driver to the fast zone through the UO_ buffer of this core 

than through the uranium metal buffer of core 3. The penetration 

of these resonance neutrons was incorrectly handled by the 10-

group calculation. This comparison indicated that, with the 

uranium metal buffer, both group sets were satisfactory but that, 

for the Core 1 configuration with a U0? buffer, the 10-group set 

was not adequate. 

The radial representation of the system was treated in some 

detail, each layer of structural material constituting a sepa

rate zone. The radial lay-out of zones and mesh regions for co

re 3 is given below. A check calculation made with a much simpler 

radial representation showed, however, that this complexity of 

treatment was not essential. In this calculation the region out

side the buffer was represented as a single DJD driver zone ex

tended to critical radius (81.3 cm). In the last column of Table 

6.2 b the central reaction rates calculated using the simple model 

were compared with those given by the detailed representation and 

it could be seen that there was no significant difference between 

the results of the two calculations. 

The axial leakage was taken into account by carrying out EDSN 

slab calculations for each zone of the system and feeding the 

derived axial bucklings into the radial EDSN calculation. Since 

the calculated axial bucklings showed only a small variation with 

neutron energy a constant value derived from the axial distribu

tion of total flux was used for all energy groups. 
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Radial Representation of the Reactor in the 

Neutron Transport Calculations for Core 3. 

Zone 
Outer 
Rad.(cm) 

24.475 

26.343 

36.311 

38.300 

38.800 

40.018 

57.022 

61.300 

61.800 

62.828 

68.759 

76.527 

161.800 

Material 

Fast Zone Lattice 

Steel and Air 

nat. U Metal Buffer 

Air 

Aluminium 

D_0 + Structural Material 

D20 Driver Lattice 

D O + Structural Material 

Aluminium 

Air 

Reduced Density Graphite 

Graphite Driver Lattice 

Graphite Reflector 

Number of 
Mesh Regions 

28 

2 

10 

1 

1 

1 

13 

3 

1 

1 

3 

6 

23 

Axial 
Buckling 
(10-4Cm-

2) 

6.02 

4.33 

4.33 

0 

0 

6.00 

6.00 

6.00 

0 

0 

4.73 

4.96 

4.73 
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Table 6.1 Dependence of Calculated Values of Central Integral 

Cross-Sections on Energy Group Structure 

Reaction 

°f9 

°f8 

°f5 

ac8 

°c9 

Integral Cross-Sections (barns) 
given by 28-Group Calculation io~a) 

Core 1 

1.8197 

0.05625 

1.8867 

0.2348 

0.4165 

Core 3 

1.7980 

0.05269 

1.8646 

0.2365 

0.4031 

<° lV °28) x 100 
°28 

Core 1 

+ 0.2 

- 0.4 

+ 1.0 

+ 1.5 

+ 2.5 

Core 3 

+ 0.1 

- 0.3 

+ 0.3 

+ 0.2 

+ 0.9 

a = (Total reaction rate) / (Total flux) 

Two-dimensional transport theory calculations were carried out 

using the general geometry TWOTRAN code /ll/ but these were 

restricted to one or two test cases because of the expense of 

the computation. The third column of Table 6.2 shows the diffe

rences between the central integral cross-sections given by TWO

TRAN and the one-dimensional EDSN for core 3. It can be seen 

that there is good agreement between the predictions of the ID 

and 2D transport calculations and this confirms the adequacy 

of the methods used to deal with the axial buckling in the EDSN 

calculations. 
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Table 6.2 Influence of Calculation Method on the Calculated 

Values of Central Integral Cross-Sections in Core 3, 

1 
Reaction 

°f9 

°f8 

°f5 

°c8 

°c9 

af8/0f9 

°f5/of9 

°c8/0f9 

°c9/0f9 

Results of 
ID Transport 
Calculation 
(28 groups) 

1.7980 b 

0.05269 b 

1.8646 b 

0.2365 b 

0.4031 b 

0.02930 

1.0370 

0.1315 

0.2242 

A (ID) 

Transport 
(10 groups) 

+ 0.18 

- 0.33 

+ 0.13 

+ 0.03 

+ 0.36 

- 0.51 

- 0.05 

- 0.15 

+ 0.19 

A (Diffusion) 

2D 
(10 groups) 

+ 0.54 

- 0.33 

+ 0.09 

+ 0.18 

+ 0.36 

- 0.87 

- 0.45 

- 0.36 

- 0.18 

ID 
(28 groups) 

- 0.06 

- 0.82 

+ 0.03 

+ 0.15 

+ 0.20 

- 0.76 

+ 0.09 

+ 0.21 

+ 0.26 

A (Radial) 

(28 groups) 

+ 0.12 

+ 0.16 

+ 0.23 

+ 0.14 

+ 0.59 

+ 0.04 

+ 0.11 

+ 0.02 

+ 0.47 

A(ID) = (Qlp -o2D) 

°2D 
x 100 

A(Diffusion) = (o„.,, -o_ ) 
Diff Trans x 100 

Trans 

A (Radial) = (op-1 . -o„ . 1 
Simple Complete ._. 

Complete 
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The two-dimensional diffusion theory calculations were generally 

carried out using a version of the diffusion theory code ADGAUGE 

/12_/. The fourth and fifth columns of Table 6.2 show the diffe

rences between the central integral cross-sections given by the 

two-dimensional diffusion theory calculations and those given 

by the corresponding transport theory calculations. For complet-

ness the same comparison was made for a one-dimensional case, in 

which the DIFF-lD module of RSYST was used for the diffusion 

theory calculation. The agreement between the diffusion theory 

and transport theory calculation was adequate in all cases. 

6.3 Discussion of Results 

6.3.1 Comgarison_of_Core_l_and_Core_3_Measurements 

The repetition of neutron spectrum and reaction rate measurements 

in core 3 gave a combined check on the first core results and 

also on the ability to calculate the effect of the outer zones 

of the system since different buffer zones were used in the two 

cores. The results of this check are given in Table 6.3 whj -:h 

shows the reaction rate ratios as actually measured in coras 1 

and 3, and also as corrected to correspond to the values in a 

single-zone fast reactor with the composition of the PROTEUS 

fast zone. The corrected values can be directly compared and it 

can be seen that the core 1 and core 3 values are in agreement 

within the quoted random errors. The Table also shows the values 

given by calculations based on FGL4 data and the final C/E values 

based in each case on a mean of the corrected measured values 

from the two cores. 
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The values given in Table 6.3 and 6.4 under the heading 

"PROTEUS" are the measured results at the centre of the reac

tor. (The fission rate ratios are weighted means of the foil 

activation and track recorder values given in Tables 3.1 and 

3.2 respectively.) The values under the heading "Single Fast 

Zone" give the corresponding results after the application of 

a calculated correction (FGL4) for the effect of the outer 

zones i.e. the results expected in a single-zone fast reactor. 

The quoted calculated value is also the single zone fast reac

tor value. 

6.3.2 Use_of_the^Combined_Core_l_and_Core_3_Measuremen 

l2£_£heck^ng_p^ta_se^_P^e^ictigns 

Following the initial check on the FGL4 data set the measurements 

made in a typical GCFR lattice were used to check the predictions 

of several other data sets. This was made possible by the colla

boration of a number of organizations in other countries. In order 

to simplify this exercise each individual organization carried 

out only a fundamental mode or single-zone reactor calculation 

for the PROTEUS fast lattice. The measured lattice quantities 

were then corrected to the single-zone values on the basis of 

the FGL4 - based whole reactor calculations carried out at EIR. 

An initial check of 5 data sets was made using the core 1 measure

ments /13/« An extended check including additional sets and based 

on the combined core 1 and core 3 data was subsequently carried 

out /14/. The C/E values for the reaction rate ratios are shown 

in Table 6.5. 

The results of this comparison were considered in terms of U.S. 

target accuracies for design calculations on commercial fast 

breeder reactors /15/. 
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Table 6.3 Comparison of Reaction Rate Ratio Values 

Measured in Core 1 and Core 3 

Ratio 

Oc8/Of9 

°f8/of9 

°f5/0f9 

Measured Value 

PROTEUS 

Core 1 

0.1316 

+0.001KR) 

+0.0020(S) 

0.03216 

+0.00030(R) 

+0.00035(S) 

1.025 

+0.010(R) 

+0.01KS) 

Core 3 

0.1318 

+0.001KR) 

+0.0018(S) 

0.03034 

+0.00033(R] 

+0.00033(S] 

1.010 

+0.008(R) 

+0.01KS) 

Single Fast Zone 

Core 1 

0.1352 

0.03125 

1.021 

Core 3 

0.1329 

0.03110 

1.006 

Mean(E) 

0.1341 

0.03118 

1.014 

Calcu
lated 
Value 
(C) 

0.1326 

0.03004 

1.033 

C/E 

0.989 

0.963 

1.019 

Table 6.4 Reaction Rate Ratio Measured in the High Steel 

Lattice (Core 2) 

Ratio 

0c8/0f9 

af8/0f9 

Jf5/0f9 

Measured Value 

PROTEUS 

0.1450 

+0.0012 (R) 

+0.0022 (S) 

0.02297 

+0.00012 (R) 

+0.00031 (S) 

1.069 

+0.008 (R) 

+0.014 (S) 

Single Fast Zone (E) 

0.1491 

0.02251 

1.088 

Calculated 

(C) 

0.1439 

0.02094 

1.096 

C/E 

0.965 

0.930 

1.007 
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From the neutron physics point of view the most important re

quirement was for an accuracy of + 0.5 % in the prediction of 

k ,, and this was equivalent to + 1.4 % in the prediction of 

the important ratio of U 238 capture to Pu 239 fission (o a/afg). 

It can be seen from Table 6.5 that this target was generally not 

achieved. Some improvement in experimental accuracy would have 

been useful in order to obtain a more precise indication of the 

performance of the more accurate sets such as Cadarache III and 

FGL5. Perhaps the most interesting point illustrated in Table 6.5 

is that the widely used ENDF/B-3 set predicted o 8/ofg with an 

error of 6 - 8 %. This implied an underprediction of k „ by 2 -

3 % and an overprediction of breeding ratio by 0.06 - 0.08. A 

further point of interest was the relatively large difference 

(2.5 %) in the values of a Q/o-a calculated from ENDF/B-3 data 
co r y 

via the processing codes GGC5 and SPENG respectively. Similar 

discrepancies between cross-sections produced by different pro

cessing routes were also noted by other authors /16/. 

The shape of the neutron spectrum was, in general, adequately 

predicted. Although most data sets (including FGL4) gave errors 

of 5 - 10 % in individual energy group fluxes the effect of 

these was largely self-cancelling in the predictions of a Q/oca. 
CO 17 

6.3.3 Hi2h_Steel_Lattice_Results_of_Core_2 

The results of the reaction rate ratio measurements in the high 

steel core are given in Table 6.4. The C/E values given by the 

three data sets initially tested are included in Table 6.5. For the 

ratios aco/°f9
 a^d Ofc./Ofq fche C/E values for the high steel and 

the GCFR lattices showed no significant differences relative to 

the experimental random errors. For the ratio o,fl/o,5, however, 

the sets FGL4 and FGL5 gave significantly lower C/E values for 

the steel lattice. This suggested that the inelastic scattering 

data for iron were too high in these data sets leading to a low 

value of the calculated neutron flux above about 1 MeV. 
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Table 6.5 Comparison of Calculated and Experimental Values (C/E) 

of Reaction Rate Ratios in the High Steel and Typical 

GCFR Lattices. 

Data Set 

ENDF/B-3(GGC5) 

ENDF/B-3(SPENG) 

KFKINR 

ABBN 

JAERI 

FLG4 

FGL5 

CADARACHE III 

Experimental 
Errors 

C/E 

°c8/af9 

Steel 

1.038 

0.965 

0.978 

+1.7% 

GCFR 

1.057 

1.082 

1.030 

1.050 

1.082 

0.989 

0.976 

0.975 

+1.6% 

°f8/of9 

Steel 

0.982 

0.930 

1.045 

+1.4% 

GCFR 

0.995 

0.969 

1.005 

1.111 

0.970 

0.963 

1.078 

1.023 

+1.3% 

af5/of9 

Steel 

0.990 

1.007 

0.964 

+1.5% 

GCFR 

1.018 

1.030 

1.009 

1.105 

1.010 

1.019 

0.977 

1.004 

+1.4% 
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The measured neutron spectrum for the high steel lattice of 

Core 10 is included in Figure 11 and is compared with the spec

trum calculated using FGL4 data. As in the case of the typical 

GCFR lattice the effect of errors in the calculated spectrum on 

the calculated value of o o/o,q was small because of cancellation 

of the individual group errors. The error in the calculated spec

trum above about 1 MeV was consistent with the underprediction of 

the ratio °f8/°f9* 

6.3.4 Conclusions 

The measurements of central neutron spectrum and reaction rate 

ratios carried out in a GCFR benchmark lattice in Cores 1 and 3 

indicated that the performance of some data sets in the calcula

tion of reaction rate ratios fell short of target accuracies for 

power reactor design calculations. The ratio o g/ofq, which is the 

most important factor in the breeding ratio, could be in error by 

as much as about 8 %. Errors in the calculated spectrum had little 

effect on this ratio and the main discrepancy therefore resulted 

from deficiencies in the fission and capture cross-section data. 

Corresponding measurements in a lattice with a high steel content 

(and a significantly softer spectrum) gave similar errors for 

o o/Ofq a n d indicated that the error was not specifically related 

to the hard spectrum of the GCFR lattice. This was consistent with 

observations by other authors that similar errors occured in the 

case of lattices of the LMFBR type /lj/. 

The steel lattice measurements also indicated some deficiencies 

in the iron inelastic scattering data. 
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7. POWER-REACTOR FEATURES STUDIED IN THE FOURTH CORE 

OF PROTEUS 

The fourth core of PROTEUS was used to carry out measurements in 

the vicinity of a series of features characteristic of a GCFR 

power reactor. Each of these features was mounted at the centre 

of the fast zone which (apart from the feature under study) con

tained the standard lattice already described. 

For the first set of experiments in this series a hexagonal column 

of depleted UO fuel rods, 140 cm high and 13 cm across sides, was 

inserted on the central axis of the fast reactor lattice. This, on 

the one hand, represented an internal breeder zone and, on the 

other hand, simulated (In exaggerated form) the situation in which 

adjacent sub-assemblies in a power reactor contained fuel rods of 

different compositions /IB/. 

Measurements were made of the relative values of a Q, a.a and a,n 
c8' f8 f9 

at the centre of the column and also of the radial variation of 

these reaction rates through the column. 

The results of the measurements were compared with the predictions 

of calculations based on the FGL4 data set which had 2176 neutron 

energy groups. This was condensed to 28 groups for the lattice cells 

in question using the collision theory code MURAL. The cell-averaged 

cross-sections were used with a one-dimensional transport theory 

code to carry out whole reactor calculations in the S4 approxima

tion. 

The measured values of the reaction rate ratios are given in Table 7.1. 

together with the ratio of calculated to experimental values (C/E). 

The corresponding data for the fast lattice are also presented. The 
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radial reaction rate distributions are shown in Figure 7f the 

measured and calculated values being normalized, in each case, 

at 15 cm radius. 

It can be seen that, in spite of the large change in lattice 

composition, the values of o g and a . varied only slightly 

across the column and the central value of a ./of„ remained 

close to that in the fast lattice. In addition the C/E values 

for the two cases were almost identical. The value of ofB» on 

the other hand, fell rapidly in the column because of the re

duced source of fission neutrons. The discrepancy between the 

calculated and measured values of off./of(i at the centre of the 

column was significantly greater than in the fast lattice and 

this was consistent with the known performance of this set in 

lattices with a high U 238 fraction /19/. This could imply in

adequacy of the U 238 inelastic scattering data. 

Table 7.1 Comparison of Measured and Calculated Integral Cross-

Section Ratios in a UO? Column Inserted on the Axis 

of the PROTEUS GCFR Lattice. 

Ratio 

0c8/°f9 

0f8/of9 

af5/0f9 

U02 Column 

Experimental 
Value 

0.1356 
+0.0025 

0.02075 
+0.00025 

1.0430 
+0.O013 

C/E 

0.990 

0.894 

1.025 

GCFR Lattice 

Experimental 
Value 

0.1320 
+0.0022 

0.0322 
+0.0005 

1.022 
+0.015 

C/E 

0.975 

0.965 

1.015 
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In the second set of measurements in the fourth core of PROTEUS 

experiments were carried out to investigate the effects of a sub

assembly steel wall and of a control absorber rod on the reaction 

rate distributions in the typical GCFR lattice with the aim of 

checking the calculations of these effects /20/. 

The reaction rates considered were of U 238 capture, U 238 fission 

and Pu 239 fission near the absorber rod and of U 238 fission near 

the steel wall. Their variations were measured using foil activa

tion techniques. The theoretical predictions were based on cross-

sections derived from the British FGL4 data-set and the use of 

1-D transport theory (with 28 groups) or 2-D transport theory 

(with 10 groups) in the S approximation. 

For the first part of the measurements a hexagonal steel wall of 

thickness 8 mm representing the total thickness of adjoining sub

assembly walls was mounted around a central column (11.2 cm across 

sides) of fuel rods. The most important effect of the increased in

elastic scattering in the steel wall was to depress the radial U 238 

fission distribution in its neighbourhood. The U 238 capture and 

Pu 239 fission distributions, which determined the breeding were 

expected to remain essentially unchanged. Figure 8 shows the per

turbation in the U 238 fission distribution. The calculated and 

experimental values, which were normalized to unity at the centre 

for the unperturbed case, showed very satisfactory agreement over 

the complete range of perturbation. 

In the second phase of these experiments, a B.C central absorber 

rod of 5.4 cm diameter was inserted at the centre of the fast zone 

lattice. The prediction of reaction rate traverses with fully in

serted control absorber appeared quite reliable (Figure 9). 
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8. INVESTIGATIONS OF STEAM ENTRY CARRIED OUT IN 

THE FOURTH CORE OF PROTEUS 

8.1 Requirement for Assessment of the Effect of Steam Entry 

The fourth core of PROTEUS was also used for investigations of the 

reactivity effect of steam entry into a GCFR lattice. The need for 

such investigations arose because the steam pressures in the secon

dary coolant circuit of a GCFR are higher than the helium coolant 

pressures so that a heat exchanger tube rupture could lead to the 

ingress of steam to the reactor core. The safety implications of 

such an accident had therefore to be assessed. Calculation of the 

effect on reactor reactivity was made difficult by the fact that 

the net result was the sum of contributions of different signs 

arising from different physical processes. 

There was therefore an incentive to back up calculations by ex

periments as far as possible. Accordingly an extensive series of 

steam entry investigations was carried out in PROTEUS /21/, /22/. 

The analysis and assessment of the results were based on UK data 

and methods. These methods had also been used to predict reactivi

ty changes on steam entry into a power reactor and the results 

differed markedly from those predicted by US data and methods. 

8.2 Experimental Programme 

The simulation of steam entry was achieved by filling the void 

space of a central test zone of the critical assembly with ex

panded polystyrene beads giving an equivalent coolant channel 
3 

steam density of 0.046 g/cm . As the lattice had hexagonal rodded 

geometry, the final configuration modeled the power reactor case 

well. 
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The hexagonal central test zone was surrounded successively 

by 3 different fast lattice environments. These were 

a) a typical fast lattice ("clean dry case") 

b) a typical fast lattice throughout which steam simulant was 

distributed to give the same smeared density as that in 

the test column ("clean steam case") 

c) a typical fast lattice with steam simulant and with distri

buted boron rods to check the influence of a Vv absorber on 

the steam entry incident ("poisoned steam case"). 

Measurements were made of central neutron spectrum and reaction 

rate ratios and of the reactivity worth of hydrogen in a central 

region of the lattice. The availability of varied experimental 

results in a range of configurations gave a broader basis on 

which to assess the adequacy of the calculational methods and 

data. 

The neutron spectrum measurements, which covered the energy range 

from 9 keV to 2.2 MeV, were performed only in the "poisoned steam" 

lattice. The spectrum changes produced by steam entry were accu

rately predicted by calculations based on the UK FGL4 data set. 

Good agreement between calculated and experimental values was also 

obtained for central reaction rate ratios by the use of FGL4 data 

in one-dimensional transport theory calculations. In particular, 

changes in the important ratio of U 238 capture to Pu 239 fission, 

which covered about 70 % of the total reactions in the lattice, 

were well predicted. 

The reactivity measurements indicated that the addition of hydrogen 

gave a positive reactivity change for both the clean dry and the 

clean steam cases, and a negative change for the poisoned case. In

terpretation of these results presented problems because the final va

lues represented the small differences between relatively large effects 
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on neutron leakage, production, absorption and moderation. Fine-

group cell calculations for the various configurations produced 

broad-group cross-sections which were then employed in two-dimen

sional diffusion theory calculations to obtain direct and adjoint 

fluxes for use in exact perturbation theory calculations. These 

FGL4-based analyses yielded steam worth values which agreed in 

sign and in relative magnitude with the experimental results 

although the calculations tended to be more positive. As a check 

on the system normalization integral, experiments and calculations 

were also carried out to determine the worth of distributed boron 

absorber in the test region. Some consideration was given to the 

sensitivity of the theoretical results to details of the mathe

matical modelling of the system. 

The conclusion that hydrogen at the centre of a clean fast reactor 

lattice had a positive reactivity worth was in agreement with the 

results of experiments in other critical assemblies /23/. It was 

in the extension of the results to more realistic representations 

of the power reactor case that large differences appeared between 

the UK and US data predictions. 

8.3 Assessment of Steam Entry Effects in a Power Reactor 

Steam worth in a power reactor is strongly dependent upon factors 

such as fuel enrichment and isotopic composition, fission-product 

content and lattice temperature. Thus the reactivity change caused 

by steam entry into the operating power reactor could differ con

siderably from that produced in a given critical assembly and might 

even be different in sign. Accordingly we also carried out simpli

fied calculations of steam worths for the composition of the Gene

ral Atomic Company's 300 MWe demonstration plant /24/. These cal

culations (which were performed with FGL4 and also with the more 

recent FGL5 data) investigated the dependence of reactivity on 
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steam density for cold and for operating temperature systems 

and for a composition in which was included a fission product 

density corresponding to the end-of-cycle demonstration 

plant case. These results were compared with published results 

based on ENDF/B-3 and -4 data /23/f /25/. 

For operating conditions the initial reactivity change on steam 

entry was normally negative and became positive with increasing 

steam density. In GCFR safety analysis the upper limit of the 

steam density was pessimistically given the high value of around 

0.05 g/cm . The UK data predicted a turnover to positive steam 

worths at steam densities within this range. The FGL reactivity 

change predictions could lie several dollars above the ENDF/B 

values although both sets yielded similar k values for the dry 

lattice. 

8.4 Conclusions 

The main conclusion of this study was that the magnitude, and even 

sign, of the reactivity change on steam entry to an operating GCFR 

remained an open question. The prime source of uncertainty in the 

calculation was the nuclear data used. 

Calculation with the UK FGL data sets (which performed better than 

ENDF/B in other areas such as reaction rate and spectrum predic

tion) indicated that the steam entry effect could be positive at 

the steam densities then considered. Because of the discrepancies 

between the various predictions of steam entry effects it was re

commended that further checks should be made against the results 

of integral measurements. For the steam densities considered, how

ever, the final uncertainties were likely to remain significant 

compared to the crucial safety level of one dollar. Hence it 

appeared prudent to accept the possibility of a positive reac-
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tivity change and to base the safety assessment on more detailed 

considerations of the maximum amount of steam which could pene

trate into the lattice and the maximum rate of penetration. It 

was felt that this might enable a useful assessment of the safety 

issue to be made independently of the performance of any particular 

set of nuclear data. 
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9. EXPERIMENTAL MEASUREMENTS IN THE FIFTH CORE OF PROTEUS 

The fifth core of PROTEUS was used primarily for improvement in 

experimental techniques. The most important of these was the 

implementation of an absolute method of measuring the ratio of 

U 238 capture to Pu 239 fission. Since the thermal comparison 

method of measuring this ratio was already in use on PROTEUS. 

This development allowed the ratio to be measured by two indepen

dent techniques so that systematic errors could easily be detec

ted. 

Details of this method, and of the other experimental techniques 

used on PROTEUS will be published separately. 
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10. MEASUREMENTS OF THE INTEGRAL CROSS-SECTIONS OF 

REACTOR STRUCTURAL MATERIALS (CORE 6-10) 

Following the completion of the techniques developments in core 5 

a series of measurements was carried out variously in cores 

6 - 1 0 . These were aimed primarily at the checking of integral 

data of steel and iron in fast reactor lattices /26/. The PROTEUS 

fast reactor lattice was successively modified by replacing the 

Pu02/UO_ fuel rods by steel-18/8 or steel-37 (iron) rods. The 

fractional absorption of about 2 % in steel in the normal GCFR 

lattice was increased to about 15 % in the high-steel lattice. 

The fractional absorption in iron in the corresponding high-iron 

lattice amounted to about 13 %. The neutron spectra of the modi

fied lattices in fact had median energies close to that of a 

typical LMFBR lattice. 

The replacement of fuel by the structural material of interest 

was such that in each case, the value of k^ was reduced to near-

unity. This allowed the measurement of the lattice k^ by the null-

reactivity technique /27/, /28/. In addition the principal reac

tion rates (namely U 238 capture and fission relative to Pu 239 

fission) were measured using foil-activation techniques. Also in

cluded for the high-iron lattice core 10 were the measurements of 

the integral capture in manganese and of the neutron spectrum 

using proton-recoil proportional counters. These directly mea

sured integral data (Table 10.1), which are sensitive to the steel 

cross-sections, could be used for the checking and systematic ad

justment of data sets. The results of the proton recoil measure

ments and also the calculated spectra are shown in Figures 10, 

11 and 12. 

The results could also be analysed so as to derive specific values 

for the integral capture cross-sections of steel and iron. Neutron 

balance equations were set-up for each of the lattices using the 
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measured k^ and reaction rates. Values of the non-measured para

meters were derived from either the British FGL5 data or the US. 

ENDF/B-IV data depending upon which was to be checked. This in

cluded a calculated lattice value for the Pu 239 capture-to-

fission ratio, ex.. The value of a. was checked in an independent 

k ^ 1 lattice (with increased U0_ fractional content) but only 
CD 2 

to within a total uncertainty of about + 15 %. The integral cap

ture cross-sections of steel and iron inferred from the neutron 

balance in the high-steel and high-iron lattices are given in 

Table 10.2. The quoted errors are those due to the directly mea

sured parameters. Sensitivity to other data uncertainties are ta

bulated separately in Table 10.3. 

The experimental results were used to check calculations based on 

the FGL5 and ENDF/B-IV data. Predictions of the 2240-group data-

set FGL5 were obtained using a modified version of the collision 

probability code MURALB /29/ to calculate the heterogenous cell 

and the coupling between different cell-types. Correspondingly 

the ENDF/B-IV data were processed using the SUPERTOG-GGC4 route 

/30/. The resulting C/E discrepancies, for both the directly 

measured and the inferred parameters are shown in Tables 10.1 

and 10.2. The tables also show the results for the normal GCFR 

and high-UO_ lattices for comparison. 

The observed FGL5 overprediction of k^ values was generally in 

contrast to comparisons made on the ZEBRA lattices /31/ although 

it was not inconsistent with the deviation observed for the Zebra 

8F lattice containing oxide fuel. This could have implied a syste

matic difference in calculating lattices with oxide and metal fuel 

or in calculating pin and plate fuel elements. The discrepancies 

on the reaction rate ratios followed expected trends except on the 

U 238 fission ratio which the data-set was known to overpre-

dict considerably for the harder spectrum of a normal GCFR lattice. 

It was seen that the FGL5 predictions of the integral capture cross-
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sections of steel and iron were well within the experimental un

certainties as well as within the standard deviations quoted on 

the capture data for iron. 

Analysis using the ENDF/B-IV data showed striking discrepancies 

in k^. The well established over-prediction of U 238 captures 

observed both on PROTEUS (Table 1) and elsewhere /32/ could 

largely account for the underprediction of k in the case of the 

high-UO_ lattice. The additionally large discrepancies on kOT seen 

on the high-steel and high-iron lattices then imply the over-pre

diction of the integral captures in steel and iron given in Table 

10.2. This overprediction could be a result of inadequacies both in 

the neutron capture cross-section data as well as in the neutron 

spectrum calculated with ENDF/B-IV. Thus the observed spectrum 

discrepancy around the 30 keV iron scattering resonance would cause 

the iron capture to be overpredicted by about 18 %. 

The ENDF/B-IV underprediction of the high-energy part of the neu

tron spectrum in the high-iron lattice indicated inadequacies in 

the inelastic scattering data for iron. This was consistent with 

the large discrepancies seen on the U 238 fission ratio in the 

lattices with large amounts of structural materials. 

Also of interest was the large discrepancy seen on the integral 

capture in manganese which, as a common constituent of steel, con

tributes significantly to the neutron absorption in steel. 
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Table 10.1 Comparison of the Experimental and Calculated Values 

of the Directly Measured Parameters 

Parameter 

k * 
00 

o (U238) 

of(Pu239) 

of(U238) 

of(Pu239) 

oc (Mn) 

Of(Pu239) 

PROTEUS benchmark 

Lattice 

Core 6 (High-U0_) 

Core 7 (High-Steel) 

Core 10 (High-Iron) 

Core 3 (Normal GCFR) 

Core 6 (High-UO ) 

Core 7 (High-Steel) 

Core 10 (High-Iron) 

Core 3 (Normal GCFR) 

Core 6 (High-UO ) 

Core 7 (High-Steel) 

Core 10 (High-Iron) 

Core 10 (High-Iron) 

Experimental 

Value 

0.948 + 0.31% 

1.023 + 0.35% 

0.989 + 0.58% 

0.1341 + 1.6% 

0.1541 + 1.5% 

0.1637 + 1.5% 

0.1665 + 1.6% 

0.0312 + 1.3% 

0.0212 + 1.9% 

0.0141 + 2.3% 

0.0117 + 2.9% 

0.0382 + 1.9% 

C/E 

FGL5 

1.018 

1.003 

1.012 

0.979 

0.979 

0.987 

0.987 

1.072 

0.979 

0.952 

0.995 

1.21 

ENDF/B-IV 

0.965 

0.919 

0.915 

1.050 

1.045 

1.030 

1.075 

0.981 

0.956 

0.884 

0.908 

0.51 

* For the Normal GCFR lattice, calculated k 
0 

k (ENDF/B-IV) = 1.427 

(FGL5) = 1.497 and 
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Table 10.2 Comparison of the Experimental and Calculated Values of the 

Derived Integral Capture-Cross-sections of Steel and Iron 

Parameter 

oc(SS)* 

of(Pu239) 

oc(Fe) 

of(Pu239) 

PROTEUS Benchmark 

Lattice 

Core 7 (High-Steel) 

Core 10 (High-Iron) 

Experimental 

Value 

0.0066 + 4.0% 

0.0051 + 6.0% 

C/E 

FGL5 

1.00 

0.95 

ENDF/B-IV 

1.46 

1.45 

* stainless-steel composition ^ 70 % Fe, 18 % Cr, 10 % Ni, 2 % Mn. 

Table 10.3 Sensitivity of the Derived Capture Cross-

sections to Uncertainties on Non-measured 

Nuclear Data 

Uncertainty 

+ 1 % on v_ 

+ 10 % on a_ 
— y 
+ 10 % on o 's 

+ 10 % on a 's 
— c 

Sensitivity 

a (SS)/o.(Pu 239) 

+ 5.0 % 

+ 6.5 % 

+ 2.3 % 

+ 1.7 % 

a Fe)/o,(Pu 239) 
C £ 

+ 6.1 % 

+ 7.9 % 

+ 2.4 % 

+ 2.5 % 
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11. SHIELDING STUDIES CARRIED OUT IN CONNECTION 

WITH THE 9TH CORE OF PROTEUS 

The use of integral experimental data to assess and, directly 

or indirectly, to modify nuclear data libraries has had a long 

history in core reactor physics. The concept of applying the 

same approach to shielding data library improvement came later, 

since shielding problems were long governed by inaccuracies in cal

culation method and modelling /33/. In more recent years, however, 

an extensive series of shielding benchmark experiments was per

formed throughout the world /3_4/. The iron shield measurements 

/35/ carried out in the PROTEUS zero-energy critical assembly 

were extended in this connection, to include stainless steel. 

The important point which distinguished our assembly from other 

shielding sources was that neutrons impinging on the axial shield 

originated primarily in a mixed Pu02/UO- fuelled pin lattice 

closely modelling that in a power reactor: in particular a GCFR. 

Figure 13 gives a diagrammatic layout of the reactor plus shield 

system. By extending the central fuel zone up to the shield boun

dary we minimized problems of extraneous sources from the outer 

reactor thermal zones and also obtained a simple benchmark confi

guration. 

The massive shield itself is shown in more detail in Figure 14. 

The iron shield B, which was 120 cm in diameter and 60 cm thick, 

was situated directly above the reactor core C. The central part 

of the iron shield could be replaced by a stainless steel plug A. 

Not illustrated is the iron slab normally mounted on top of the 

shield to bring the total thickness to 84 cm. The central block 

was designed to give measurement positions at depths of 10, 20, 

35 and 50 cm. 
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Measurements were made of fission-sources in the core zones, in

tegral activation rates in threshold detectors through the shield, 

and differential neutron spectrum measurements at the above-men

tioned 4 depths in the shield. The neutron spectrum range from 

9 keV to 2.3 MeV was convered by spherical gas-filled SP2 proton 

recoil counters. The activation detectors chosen were Rh(n,n')# 

In(n,n'), and S(n,p) which had progressively higher thres

hold energies. Both types of measurement were carried out in the 

single material iron shield and in the central insert of 18/8 

stainless-steel. 

The analysis was based primarily on ID SN calculations using the 

100-group shielding library EURLIB3 which was based on ENDF/B-4. 

The modelling of the system source by a simple slab-geometry GCFR 

with critical buckling appeared a reasonable first approximation. 

The simple model had in any case been valuable for investigating 

sensitivity to composition, scattering order, SN order, mesh spa

cing etc. The planned extension of the analysis to evaluate cross-

section sensitivity profiles also required ID modelling for com

patibility with the SWANLAKE /3J7/ sensitivity code. 

Figure 15 is a plot of the measured activation rates through the 

shield for the iron and steel. Included also are the results cal

culated using the above methods. The normalization was chosen to 

give best agreement at the shield entrance. The tendency appeared 

to be for increasing underprediction of the higher energy thres

hold detectors. This was borne out by the iron proton-recoil spec

tra plotted in Figure 16. At each position calculated and measured 

fluxes were normalized to yield the same total flux over the measu

red range. The underprediction is less than was found earlier with 

ENDF/B-3 based iron data, this improvement being in line with the 

findings of other groups /37/. 
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12. INVESTIGATION OF THORIUM-BEARING SYSTEMS IN THE 

LAST SIX CORES OF GCFR-PROTEUS 

These last six cores were concerned primarily with the evaluation 

of thorium-bearing reactor systems. This work has been described 

in detail in a separate report /38/ but a brief resume is given 

here for the sake of completeness. 

The largescale utilization of thorium is usually linked to its 

introduction in fast breeder reactors or advanced converters. 

While the basic nuclear data used in physics calculations for 

239 238 

fast reactors operating on the Pu- U-cycle have been re

peatedly checked and improved over the years relatively large 

uncertainties have continued to exist for the cross-section data 

necessary for analyzing Th-containing fast reactor systems. This 

has been mainly due to the lack of clean, integral experiments 

with thorium. It was this deficiency, which the measurements 

carried out in Cores 11 - 16 sought to remedy. 

The first test lattice (Core 11) corresponded to a normal GCFR 

core and enabled checks to be made of infinite-dilution reaction 
232 233 

rates for Th and U in a standard fast reactor spectrum. The 

second test lattice (Core 12) had one third of the PuO_/U02 fuel 

rods of Core 11 replaced by Th02 rods, simulating a relatively 

homogeneous introduction of thorium into a fast reactor core. 

Core 13 was a heterogeneous configuration with a central Th02 

blanket zone surrounded by an annular PuO_/00 zone. The fourth 

test lattice was again a heterogeneous configuration but with an 

axial Th0_ blanket. Cores 15 and 16 (the last two test zones) were 

similar to Cores 13 and 14, respectively, but with Th-metal repla

cing Th0_. 

For each experimental configuration measurements were made of the 

principal reaction rate ratios at the centre as well as of reac

tion rate distributions across the test zone. Wherever possible 
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both absolute and thermal comparison techniques were applied for 

reaction rate ratio measurements thereby providing some check 

on the possible presence of systematic errors. Neutron spectrum 

measurements using spherical proton-recoil counters were 

carried out in Cores 12, 14 and 16. The measured neutron energy 

range was 9 keV - 2.3 MeV. 

Calculations for the various test lattices were carried out using 

two different data libraries and processing codes. These were: 

(i) the U.K. adjusted data set FGL5 and its associated cell code 

MURALB and (ii) the U.S. code GGC-4, with a data library based 

on ENDF/B-4 cross-sections. Transport-theory analyses for the ex

perimental configurations of Cores 11, 12, 13 and 15 were carried 

out using a 1-D, cylindrical-geometry model for the PROTEUS reac

tor. For analysis of the axial-blanket experiments (Cores 14 and 

16) a 2-D diffusion-theory model was employed for the whole re

actor. Separate calculations were carried out for evaluating the 

neutron spectrum measurements: the axial-blanket experiments being 

analysed in collaboration with ORNL using a 2-D transport-theory 

model. 

In Cores 11 and 12 physics parameters at the centre were mainly 

determined by the test lattice itself and only marginally influ

enced by the outer reactor zones. These experimental configurations 

could thus be regarded as benchmarks for the basic nuclear data. 

In both lattices the agreement between experiment and ENDF/B-4 

based calculations was better than ^ 2 % for the important reac

tion rate ratio o (Th232)/a (Pu239). This was surprising in view 
C 232 

of the 10 - 20 % uncertainties previously assumed for the Th 

capture cross-section and at first seemed to contradict the results 

of differential measurements which suggested that the ENDF/B-4 data 

was too high. Certain revisions of the latter measurements have how-
232 ever now been published: the originally reported results for Th 

capture being increased on average by ^ 11 %, i.e. brought back to 

values reasonably consistent with ENDF/B-4. 
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The performance of the MURALB/FGL5 calculationai route for pre

dicting 0 (Th232)/of(Pu239) was similar to that of the GGC-4 
C 232 

(ENDF/B-4) route for Core 11. In Core 13 however where the Th 

cross-sections were no longer infinitely dilute the GGC-4 calcu

lation of resonance self-shielding effects seemed to perform sig

nificantly better. Both calculationai routes yielded o (Th232)/ 

of (Pu239) values ^ 12 % lower than measurements in Cores 11 and 12 
232 suggesting that the Th fission cross-sections in current use 

are too low. This should however have relatively minor effects on 
232 neutron balances for Th-containing fast reactors. Calculational 

results for a.(U233)/o_(Pu239) agreed within ^ 1 % with experi-
233 

ment, indicating the adequacy of infinite-dilution U fission 

cross-sections. Results for other measured reaction rate ratios, 
238 239 

e.g. U capture and fission relative to Pu fission showed 
the same trends as for PROTEUS-GCFR cores. 

In the internal ThO and Th-metal blanket configurations of Cores 

13 and 15 there was a strong coupling between the blanket and the 

outer Pu02/UO_ zone. Calculational procedures had to be carefully 

checked for the effects of the approximations applied. These two 

configurations may be regarded as providing benchmark tests for 

data and methods in the analysis of heterogeneous Th-containing 

fast reactors. Central reaction rate ratio results in Cores 13 and 

15 confirmed the earlier observation that the GGC-4 calculation of 

232 

resonance self-shielding effects for Th capture appears signi

ficantly better than that of the MURALB/FGL5 route. As in Cores 11 

and 12 o,(Th232)/o.(Pu239) was underpredicted. The underprediction 

in Core 15 however was much less than in the outer lattices sugges

ting that the neutron flux in the MeV region was being overpredic-

ted in the Th-metal blanket - a conclusion reinforced by results 

for of(U238)/a (Pu239). 

Radial distributions of reaction rates through the internal blan

kets and into the surrounding Pu02/UC" lattice provided further ex

perimental checks in Cores 13 and 15. Two different transport-theory 
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models were used for the whole-reactor calculations. Comparison 
232 of calculation and experiment for the traverses for Th capture 

232 
and Th fissxon led to conclusions consistent with those drawn 

from the central reaction rate ratio measurements. Overall, the 

results for Cores 13 and 15 indicated that the breeding characte

ristics of heterogeneous Th-containing fast reactor cores appear 

to be predictable tc 

containing systems. 

238 
to be predictable to accuracies comparable to those for U-

Analysis of the axial Th-blanket configurations of Cores 14 and 

16 was very much more sensitive to the influence of the PROTEUS 

thermal driver regions than was the case for the internal blanket 

experiments of Cores 13 and 15. This was due to the larger size 

of the fertile zone combined with the fact that core neutrons 

were incident on the blanket from one side only. Comparisons of 

measurement and calculation for blanket-centre reaction rate ra

tios as well as for axial reaction rate traverses were rather 

unsatisfactory. The shortcomings were shown to bt; related mainly 

to the inadequate number of neutron energy groups that could be 

used at the level of the 2-D whole-reactor calculation. 

Neutron spectrum measurements in the axial Th-blankets of Cores 

14 and 16 provided a somewhat more comprehensive test of the 

data and methods than did the integral reaction rates. The ORNL 

analysis of these experiments permitted an evaluation of 

ENDF/B-5 cross-sections, and it was demonstrated that the new 
232 

(n, n') data for Th improved the agreement between measured 

and calculated spectra above 500 keV but worsened it below 200 

keV. The neutron spectrum results however could provide little 
232 evidence regarding the Th capture and fission data per se 

and were clearly complementary to the reaction rate measure

ments . 
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