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1 Introduction 

ZEBRA is a versatile zero-power fast reactor located at Winfrith Technology Centre. It is 
used predominantly to validate the calculational methods and cross-section data used for 
predictions for fast power reactors. 

ZEBRA 8 included a series of seven test zones of plate cells with k-infinity values close 
to unity and fast/intermediate neutron spectra. 

The experimental data obtained were originally used with the MURAL collision 
probability code”’ to derive the adjusted FGLS data set for fast reactor calculations’*.3’. The 
all-uranium test region, ZEBRA 8Hc4’, was also studied in French and West German 
reactors and led to an international standard for data tests(‘). The experiments have also 
been used for the validation and testing of the MONK Monte-Carlo Code@.“. 

Recently the Core 8 data has been placed into SNEDAX, the European Fast Reactor 

0 
Database, and calculations have been carried out using the European Cell Code (ECCO)“’ 
using the JEF2.2 Nuclear Data Library”“. This note describes the calculational results and 
makes comparisons with the experimental results and the earlier MURALKLS study. 

2 Assembly Design 

Each version of ZEBRA 8 comprised a test region about 600mm in diameter and 600mm 
high, enclosed axially and radially in a *%-fuelled driver 80mm thick which, in turn, was 
surrounded by a natural uranium reflector about 3OOmm thick. Each region consisted of 
plates 51mm square. ranging in thickness from 1.6mm to 76mm, (the thicker plates being 
confined to the reflector). The plates were stacked horizontally in close fitting 
stainless-steel square-sectioned sheaths about 3m long and with a 0.76mm wall thickness. 

There were 9 control rods in the driver region. The lower portions of the rods contained 
cells similar to those in the driver, so that when raised, they were effectively 
indistinguishable from normal driver elements. When lowered 8 of these rods introduced 

l boron into the driver. The ninth, in which aluminium replaced the boron, was used for fine 
control. 

The test region cells, which were repeated axially, are shown in Reference 10. The 37% 
enriched uranium metal, natural uranium metal, graphite and stainless steel plates were all 
nominally 3.175mm thick. The plutonium metal plates were also 3.175mm thick and had 
an inner copper can and an outer steel can. The mixed-oxide, natural-uranium oxide and 
sodium plates were all nominally 6.35mm thick and had stainless steel cans. 

Descriptions of all the plates in the cells and the fuel element sheath are given in Refemce 
10, in sufficient detail to allow the cells to be modelled in other codes if required. A more 
detailed layout of one of the cells showing the cans of the plates and the sheath is seen in 
Figure 1. For each test cell the constituents were adjusted to give a k-infinity close to 
unity. 

Figure 2 shows the assembly layout for the first test region cell. The number of driver 
elements varied for each test region, so that with all the control rods fully raised, the 



assembly was just super-critical. Particular care was taken in the design of the assemblies 
to minimise any tilts in flux distribution across the test regions. 

3 Measurement of k-infinity. 

The null reactivity technique to establish when k-infinity of a test region is unity was 
developed at Hanford for thermal lattices (“) It was subsequently used for intermediate 
spectra in the HECTOR reactor at Winfrith”” and the first measurements in a fast 
specUum were made in the DIMPLE reactor, also at Winfrith”“. 

The method as applied at ZEBRA consisted of measuring the reactivity controlled by a 
cell, including the corresponding length of fuel sheath, relative to void at the centre of the 
test region. A similar measurement was made of the reactivity controlled by the plutonium 
or, in the case of 8H, the 235Uin the cell. The two reactivities were then expressed as a 
ratio to avoid introducing the uncertainties associated with absolute reactivity calibrations 
into derivation of k-infinity. The reactivities were determined by compensating the 
movement of the calibrated fine control rod, the other eight control rods being fully raised. 

Because the removal of a cell exposed the edges of plates in adjacent elements and the 
surfaces of the plates above and below the void, it was necessary to make measurements 
with different numbers of cells and with different axial boundaries. This enabled 
exuapolations to be made to the reactivity contributions from the changes in exposed areas 
of materials with strongly-resonant cross-sections were negligibly small. 

In a finite-sized test zone, k-infinity for the test zone can be expressed as follows:- 

(k) testzone =l+Rm+e 
(k,,,)reactor 

R is the ratio of the worth of unit volume of the cell plus sheath relative to that of the fuel 
in the cell and m and E are calculated factors. m relating to km and E allowing for the 
finite size of the test zone. 

The method of extrapolation of the reactivity and the conversion of the extrapolated 
reactivity to km using measured plutonium wonhs and calculated values of m and E are 

described in detail in Reference 14. 

The resulting k-infinity values varied between 0.971 and 1.030 with uncertainties of 0.003 
to 0.007, (1 standard deviation). In most cases the contributions to these uncertainties from 
the reactivity measurements, the cell compositions and variations in the moisture content 
of graphite plates are small. The largest contributions were from the exuapolations and the 
calculations of m and E, although in some test regions there was also a significant 
contribution from flux asymmetries. The experimental results which appear in Table 2 are 
taken from References 4 and 15. In assessing the errors, a larger uncertainty in cell 
composition has been used than in Reference 15. This is in line with the later assessment 
in Reference 4. Details of the errors are given in Reference 16. 



4 Measurement of Reaction-Rate Ratios. 

Reaction-rate ratios were measured in the cells at the centre of the test region using foils. 
the methods used are described in Reference 16 and were in principle based on those used 
in thermal reactor spectra, where recent measurements are described in detail in Reference 
17. Thus fission ratios were measured by comparing fission-product y-activities above a 
threshold of 1.28 MeV and expressing those in terms of fission ratios from the different 
isotopes by comparison with calibrated fission chambers. The capture rate in 2’*U (C8) 
relative to fission in 239Pu (F9) or 235U (F5) was measured by comparing foil activities with 
those irradiated in the NESTOR thermal column. In this case the fission measurements 
were are described above, while C8 was measured by comparison of y-X ray coincidences 
from 239Np decay at about 105 KeV. Plutonium, mixed-oxide, UO, and uranium metal 
plates were modified to allow the insertion of vertical foils which sampled the reaction 
rates through the thickness of plutonium or uranium region, at the plate centres. 
Reaction-rates were only determined where the isotope was present. Thus F9 was 
measured in the plutonium and mixed-oxide plates, F8 and CX in the mixed-oxide, U02 
and uranium plates, and F5 in the uranium plates in 8H. 

Supporting measurements of F8/F5 fission rates were made using solid-state track 
recorders. Checks of capture-to-fission ratios were also carried out in which absolute z38U 
capture rate obtained via an 24’Am/z39Np source was related to an absolute fission rate via 
a calibrated fission chamber. These supplementary measurements and the good agreements 
found are described in Reference 16. 

Small corrections for the radial variations of reaction-rates through me plates were 
obtained from measurements. Calculated corrections derived in a similar way to those for 
k-infinity were applied to the reaction-rate ratios to allow for the finite size of the test 
zones - see Reference 14. 

The standard deviations in the measured reaction-rate ratios are about 2% u61. For the 
fission ratios, these arise mainly from the uncertainties in the fission chamber deposit 
masses and bias corrections, although there are also significant contributions from radial 
reaction-rate variations in the plates, foil mass calibration and counting statistics. For the 
capture-to-fission ratio, the contributions are from the foil masses, the measured fission 
ratio between the test zone and the thermal column, resonance shielding of foils, radial 
variations in the reaction rates in the plate, with the main contribution coming from the 
ratio of capture and fission cross-sections in the thermal column. 

The values for the fission-ratios and the associated uncertainties quoted here are from 
References 4 and 15. For the capture-to-fission ratio the thermal comparison results are 
from References 4 and 15 and the absolute method results are from Reference 16. Where 
the results from both methods are available (all except 8A and 8B) the mean of the two is 
quoted here. No attempt has been made to bring reaction-rate results in line with current 
nuclear data recommendations, eg half-lives and thermal cross-section ratios. The changes 
would be small and well within the experimental errors. 



5 The ECCO Models 

Each of the Core 8 cells were exported from SNEDAX using the standard EXECCO 
export module to produce a 3D ECCO slab model. The model used for these experiments 
is a stack of square slabs which may have different thicknesses but identical lateral 
dimensions. Each slab is split into an inner and outer region by a square boundary, coaxial 
with the outer boundary. The inner square can be of a different size in each slab. The 
export module exports the slab dimensions and the region definitions. Each different 
region has its own composition data. The outer region of each slab is set to the 
dimensions of the average pitch in ZEBRA, namely 5.42544cm. The material compositions 
in this region are smears containing air-gaps, sheath and any clad material. In the same 
way as in the MURAL 3D models. The 3D model for the 8F/2 cell is shown in Figure 3. 

Due to the large size of the code and nuclear data it was necessary to reduce the number 
of regions in each cell. This was achieved by combining like regions, eg the graphite 
plates in A/2, the natural uranium plates in B, C/2, D, E and H, and the sodium cans in D 
and E. In addition the two types of steel in C/Z were averaged and included as one region. 

a To further reduce the cell models they were converted to half-plan wherever possible. Due 
to the space limitations, for cell 8E it was necessary to leave out the isotopes of 
Phosphorus and Sulphur. These elements occur in very small quantities as impurities in 
the cladding. 

Each of the cases used the following ECCO reference route: 
0 Homogeneous cell 

172 groups 
All elements 

0 

ii) Heterogeneous cell 
172 groups 
All elements 

iii) Heterogeneous cell 
Fine groups 
Selected Elements 

iv) Homogeneous cell 
33 groups 

VI Homogeneous cell 
1 group 

The calculational inputs are provided in Reference 10. 

6 Results 

All the k-values from ECCO using JEF2.2 data are shown in Table 1. The Table ah 

gives the experimental k-values and those obtained from the MURAL collision-probability 
code calculations with FGL5 data, which are taken from References 18 and 19. 



Table 2 shows the percentage differences between the experimental and calculated 
km-values. The ECCO results show differences at or above two standard deviations in 
cells A/2, C/2, E and H. These values may be significant but are not entirely surprising 
since JEF2.2 is unadjusted data. 

Table 3 summarises the microscopic C8/F9 (or C8/F5 for cell 8H) ratios from ECCO, 
MURAL and measurement. The differences are noted in Table 4. The ECCO calculations 
show that all cases are within two standard deviations, except cell 8F/2 which is closer to 
three standard deviations. In all cases the value of C8/F9 is over-predicted. 

Table 5 similarly compares the calculated and measured fission ratios F8/F9 (or F8/F5 for 
8H). The differences between calculation and experiment are summarised in Table 6. The 
ECCO calculations show that all cases are within two standard deviations. In all cases the 
vahre of C8/F9 is over-predicted, except in cell 8F/2 which is under-predicted. 

For the MURAL calculations the km-values show good agreement with experiment, only 

0 in SF/2 is the difference between calculation and experiment greater than two standard 
deviations. The C8/F9 ratios from the MURAL models agree with experiment within the 
experimental errors, with the exception of 8F/2 where the difference is two standard 
deviations. The F8/F9 ratios from MURAL are also in agreement with measurement within 
the experimental uncertainties, except 8H where the difference is just greater than two 
standard deviations. 

When comparing the root mean square deviations in both ECCO and MURAL calculations 
the only significant difference to note is in the km-values. ECCO gives a root mean square 
deviation of l%, MURAL gives 0.52% compared to the experimental RMS uncertainty of 
0.46% for the seven experiments. 

7 CONCLUSIONS 

Calculations for the cells from the ZEBRA 8 Assembly with k-infinities close to unity 
have been run using ECCO and its associated JEF2.2 Nuclear Data. The models have been 

0 produced by exporting information stored in the European Fast Reactor Database 
SNEDAX. 

The agreement between the results for k-infinity from ECCO/JEF2.2 and measurement are 
reasonably good, differences varying between -0.016 and ~0.008. Although the 
MURAL/FGLS results are significantly better, this is perhaps expected since the FGL5 
Nuclear Data was adjusted to a data set which included these measurements. 
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Table 1 

k- 

1 GBiAT ECCOKEF2.2 1 MURAL 1 Experiment 
8 Cell 3D 

Al2 0.979 0.9924 0.992mm 

B 1.001 1.0047 1.001&0.003 

Cl2 0.972 0.9813 0.986Fo.004 

D 0.970 0.9763 0.97350.004 

E 0.990 1.0016 1.006d1O.007 

F/2 0.968 0.9804 0.971~0.004 

I ~~~ H -[ ~ 1.039 1~ 1.0250 ( 1.030?0.003 1 
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Table 2 

Comparisons of (y)% for km 

RMS 
Value 

l.O%iO.46% 0.52%*0.46% 
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Table 3 

0 

Comoarison.of CW9 Microscopic Reaction-Rate Ratios from ECCO. MURAL and 
Exoeriment 

Cell ECCO MURAL 
3D 3D 

Experiment 

8A/2 0.1279 0.1240 0.1241kO.0028 
I , 

8B ( 0.1262 1 0.1251 1 0.1257M.0026 

8Fl2 0.1553 0.1516 0.1504M.0020 

8H’ 0.1153 0.1178 0.1136FO.0017 

’ For 8H, the ratios are C8/F5. 
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Table 4 

Comparisons of (y)% for g Reaction-Rate Ratios 

Cell I ECCO 3D MURAL 3D 

1 @.I2 1 3.1f2.3 1 -0.1f2.3 1 

I 8E I 1.2+1.6 1 -0.2k1.6 1 

8Fl2 3.3k1.3 0.8k1.3 

8H’ 

RMS 
Value 

1.5+1.5 3.7+1.5 

2.O%k1.73% 1.5%f1.73% 

* For 8H, the ratios are C8/F5. 
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Table 5 

0 

Comuarison of F8/F9 Microscopic Reaction-Rate Ratios from ECCO, MURAL and 
Experiment 

Cell ECCO MURAL Experiment 
3D 3D 

8A/2 0.01662 0.01626 0.01632kO.005 1 

8B 0.02124 0.02087 0.02124kO.0059 

] 8C/2 ) 0.01137 ) 0.01137 1 0.01137~0.0036 1 

1 8D 1 0.01788 1 0.01851 1 0.01788kO.0063 ( 

* For 8H, the ratios are F8/FS. 

e 



Table 6 

Comparisons of (y)% for $ Reaction-Rate Ratios 

8Cl2 3.Ok3.2 O.Ok3.2 

8D 4.5k3.5 3.5k3.5 

8E 3.5k4.3 2.9k4.3 

8F/2 -5.9k3.3 -6.6zk3.3 

1 8H’ 1 2.9k2.0 1 2.212.0 1 

RIMS 
Value 

3.6%k3.2% 3.2%+3.2’S 

* For 8H, the ratios are F8iF5. 
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FIGURE 1. CUT-AWAY DIAGRAM OF CELL aF/2 



FINE CONTROL ROD 

FIGURE 2. CORE 8A/2 



Graphite PU/U 02 Can 

ml Natural U02 m Pu/U O2 Can and Sheath 

Natural UO2 Can and Sheath m pu/U O2 Core 

~ Natural U02 Core ISB Sheath 

a 

Notes. -- 

1) The model is split into 2 radial regions. 

2) The air gaps are smeared into the Sheath/Sheath and Can compositions 

FIGURE 3. 3-D MURAL MODEL OF HALF CELL 8F/2 
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