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FOREWORD 

The OECDINEA Nuclear Science Committee set up a Working Party on Physics of Plutonium 
Recycling in June 1992 to deal with the status and trends of physics issues related to plutonium 
recycling with respect to both the back end of the fuel cycle and the optimal utilisation of plutonium. 
For completeness, issues related to the use of the uranium coming from recycling are also addressed. 

The Working Party met three times and the results of the studies camed out have been consolidated 
in the series of reports "Physics of Plutonium Recycling". 

The series covers the following aspects: 

Volume I Issues and Perspectives; 

Volume II Plutonium Recycling in Pressurized- Water Reactors; 

Volume In Void Reactivity Effect in Pressurized- Water Reactors; 

Volume IV Fast Plutonium-Burner Reactors: Beginning of Life; 

Volume V Plutonium Recycling in Fast Reactors; and, 

Volume VI Multiple Recycling in Advanced Pressurized-Water Reactors. 

The present volume is the second in the series and describes the specific benchmark studies 
concerned with the calculation of physics parameters of a pressurized-water reactor fuelled with 
plutonium from different recycles. 

The opinions expressed in this report are those of the authors only and do not represent the position 
of any Member country or international organisation. This report is published on the responsibility of 
the Secretary-General of the OECD. 
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SUMMARY 

The report presents the main results of benchmark calculations performed for two different 
MOX pin cells of PWR type representing typical fuel for plutonium recycling. The benchmark was 
defined by the Nuclear Science Committee of the OECD Nuclear Energy Agency and 12 institutions 
from 9 different countries contributed 14 solutions for which different methods and basic nuclear data 
are used. One-group reaction rates, cross-sections and number densities of 17 actinides and 21 fission 
products and neutron spectra are compiled. Reaction rates and number densities are presented in tables 
and partially in plots to enable detailed analysis. 
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Introduction 

The recycling of plutonium in PWRs in the form of mixed oxide (MOX) uranium plutonium fuel 
assemblies is a technology which is now well established and many countries have many years' 
experience to draw on. Within the constraints of current fuel management schemes, discharge burnups 
and plutonium isotopic vectors, it is fair to say that physics methods are available which can be 
considered to be mature and fully proven. 

The validity of present methods cannot be assumed to extend outside the current constraints, 
however, and further validation will be required to demonstrate that both the basic nuclear data and the 
calculational methods remain adequate for the more challenging problems that are expected to arise 
within the next decade. The challenges to existing physics methods will come from high bumup fuel 
management schemes and feed plutonium with lower fractions of the fissile isotopes Pu-239 and 
Pu-241. The effect of both these changes will be to increase the total plutonium loading necessary in the 
MOX fuel. This will increase the thermal neutron absorption and drastically alter the thermal neutron 
spectrum. 

Unfomnately, experimental validation will not be forthcoming for this new situation for several 
years; yet it is important to have some indication of what level of development effort will be required to 
address the possible shortcomings of present physics methods. Faced with this situation, the WPPR 
committee. agreed that a set of benchmark exercises would be a valuable means of making progress in 
the interim period before any practical results become available from in-reactor irradiation experience. 
It was hoped that a comparison of the results would give valuable insights into the likely requirements 
as regards improving the nuclear data and methods. While accepting that such benchmarks could not 
possibly identify the 'true' answer, it was anticipated that a consensus view on the most probable 
answers would emerge which would be helpful in guiding future work 

Objectives of the benchmarks 

Two benchmarks were devised for MOX in PWRs. They are simple infinite array pin cell problems 
designed to allow intercomparison of infinite multiplication factors as a function of burnup. 

The first such pin cell problem, designated 'Benchmark A' comprises a pin cell with plutonium 
of a low isotopic quality (i.e., alow fraction of the thermally fissile isotopes Pu-239 and 
Pu-241). It is expected that such plutonium will become available for recycling at some fuhlre 
date when MOX fuel assemblies are themselves reprocessed. The quality of plutonium 
recovered from PWR spent fuel decreases during each recycle, the rate depending on the 
discharge bumup of the reactor fuel cycle and on the ratio in which MOX assemblies are 
blended with UOI assemblies in the reprocessing plant. The particular isotopic composition 
specified for Benchmark A represents a hypothetical case of the fifth recycle of plutonium for a 
scenario in which MOX assemblies are blended with UOz assemblies in a ratio which reflects 
that which will arise in a self-generation recycle mode in a PWR. The total plutonium content is 
12.5 w/o (6.0 w/o fissile) and the isotopic vector is as follows: 



The poor plutonium isotopic quality in Benchmark A demands a high concentration of total 
plutonium in order to compensate for neutron absorption in Pu-240 and Pu-242 isotopes. 
The high plutonium concentration poses a severe challenge to existing nuclear data libraries and 
lattice codes, which was the driving force behind the specification. 

The other pin cell problem, designated 'Benchmark B', specified a plutonium isotopic vector 
with a higher fissile fraction that is representative of commercial PWR MOX recycle at the 
present time. The total plutonium content is 4.0 wlo (2.8 wlo) fissile with the following isotopic 
vector: 

This problem was intended to act in the form of a 'control' to show whether the spread of 
results in the more challenging problem could be attributed to the poor plutonium vector or to 
underlying differences in the nuclear data and methods, which also apply to today's situation. 

The full specifications of Benchmarks A and B can be found in Appendix A. 

Participants, methods and data 

A total of 14 solutions were contributed for Benchmark A and 13 for Benchmark B, representing 
12 institutions from 9 countries. A full list of all the contributors is provided below. This list identifies 
the codes and nuclear data libraries used by the various contributors and where necessary makes 
pertinent remarks. The letters in parentheses give the abbreviations which will be used to identify each 
contributor throughout this report. Table 1 summarises the same information. 

I .  Argonne National Laboratory, (ANL), U.S.A. 
Participant: R. N .  Blomquist 
Code: VIM (continuous Monte Carlo) 
Data Library: ENDFIB-V 
Remarks: Participants can compare these results against their own by canying out one 

additional calculation at 300 K. For more information see Appendix B.l 



Belgonucliaire (BEN), Belgium 
Participant: 711. Maldague 
Code: LWRWIMS 
Data Library: 1986 WIMS 

British Nuclear Fuels (BNFL), U.K. 
Participant: G. Mangham 
Code: LWRWIMS 
Data Library: 1986 WIMS 
Remarks: Detailed information is available in Report FEDR 9312050 [I]  

Commissariat a I'Energie Atomique (CEA) and Framatome, France 
Participant: A. Puill and A. Kolmayer 
Code: APOLLO 2 
Data Library: JEF-2.2, CEA-93 
Remarks: Details are in Appendix B.2 

ECN Nuclear Energy (ECN), Netherlands 
Participant: V. A. Wichers and J. M. Li 
Code: SCALE 4 and WIMS-D 
Data Library: JEF-2.2 and SCALE 
Remarks: Details are in Appendix B.3 

Electricit6 de France (EDF), France 
Participant: P. Marimbeau (CEA), P. Barbrault, J. Vergnes 
Code: APOLLO 1 
Data Library: CEA-86 
Remarks: Details are in Appendix B.4 

Hitachi Ud (HIT), Japan 
Participant: K. lshii and H. Mmyama 
Code: VMONT 
Data Library: JENDL-2, ENDFIB-IV 
Remarks: Details are in Appendix B.5 

University of Stuttgart (IKE-I), Germany 
Participant: D. Lutz 
Code: CGM, RSYST 
Data Library: JEF-1 
Remarks: Details are in Appendix B.6 

University of Stuttgart (IKE-2), Germany 
Participant: W. Bernnat, M. Mattes, S. KSer 
Code: MCNP 4.2 
Data Library: JEF-2.2 
Remarks: Point data recalculated with NJOY 91.91 for the temperatures 300 K and 

600 K. Details are in Appendix B.7 



10. Japan Atomic Energy Research Institute (JAE), Japan 
Participant: H. Akie and H. Takano 
Code: SRAC 
Data Library: JENDL-3.1 
Remarks: Details are in Appendix B.8 

11. Paul Schemer Institut (PSI-I), Switzerland 
Participant: J .  M. Paratte 
Code: BOXER 
Data Library: JEF-1 
Remarks: Details are in Appendix B.9 

12. Paul Schemer Institut (PSI-2), Switzerland 
Participant: F. Holzgrewe 
Code: CASMO 3 
Data Library: ENDFIB-IV 
Remarks: Details are in Appendix B.10 

13. Siemens (SIE-I), Germany 
Participant: G. Schlosser, W .  Hetzelt 
Code: CASMO 3 
Data Library: 170 

14. Studsvik Core Analysis (STU), Sweden 
Participant: K .  Ekberg 
Code: CASMO 4 
Data Library: JEF-2.2 
Remarks: Details are in Appendix B. 11 

The two CASMO 3 solutions (12 and 13) were withdrawn. 

As can be seen most conveniently from Table 1, most of the contributors to Benchmarks A and B 
used deterministic lattice codes. These are the usual tools used for nuclear design applications such as 
calculating reactivities and irradiation depletion effects. Two conttibutors used Monte Carlo methods, 
which provide a useful cross-check on the methods, but which cannot carry out depletion calculations 
and are therefore restricted to the zero burnup step. The Monte Carlo codes are also restricted in that 
nuclear data tabulations are only usually available for a limited set of materials and temperatures. 
Table 1 highlights where the temperatures available did not coincide with the benchmark specifications. 

At this stage it is appropriate to draw attention to some of the special physics aspects that need to 
be accounted for in the MOX benchmark calculations and to highlight the aspects which participants 
took particular care to model rigorously: 

1. The relatively large thermal absorption cross-sections of plutonium considerably reduces the 
thermal neutron flux compared with uranium, while the flux at higher energies is less drastically 
affected. The result is that the neutron spectrum in a MOX assembly is much harder than that in 
a U02 assembly and the resolved resonances have a much higher impact on the calculation of 
group cross-sections. 



2. In addition, the unresolved resonances and the threshold reactions in the MeV range also require 
more careful attention. Some of the contributors used codes where resonance self-shielding in 
all plutonium isotopes is treated rigorously, and this has an impmant bearing on the results, as 
will be seen later. 

Table 2 provides information concerning the resonance treatments used by the various participants 
in Benchmarks A and B. Most applied f-factors (Bondarenko) to allow for resonance self-shielding, 
while some performed ultra fine cell calculations to account for both mutual shielding and local effects. 
Appendices B provide more detailed information. 

The energy per fission values to be used were defined in the benchmark specifications with five 
isotopes only contributing to energy release. Table 3 indicates that six of the participants used the 
specified values. While the EDF and CEA solutions omitted according to the specification the energy 
release from other isotopes applying a specifically prepared library, the other participants calculated the 
energy production according to their normal design methods, which account for all fissile contributions. 
The effect is that the EDF and CEA solutions have slightly stretched effective burnup scales compared 
with the other solutions. 

Most participants took account of (n,2n)-reactions by lowering the absorption cross-sections 
artificially. The effect increases the multiplication factor by about 0.2%. A rigorous treatment, however, 
involves modifying the actinide chains explicitly and shows consequently that artificially reducing the 
absorption cross-sections introduces a systematic error due to the higher levels of Np-237 which build 
up, for higher bumups. 

The influence of the fission spectrum being inappropriate to the actual fuel composition is of the 
same order of magnitude. 

Results 

Figures 1-A and 1-B show compilations of k-infinities for Benchmarks A and B respectively from 
the various participants. Tables 4-A and 4-B list the same data. 'Ihese are the principal results of the 
benchmarks. The spread of results at zero irradiation is 3.1% for Benchmark A and 1.3% for 
Benchmark B. There is also some spread in the slope of k-infinities versus burnup. This is more clearly 
seen in Table 5-A and 5-B, which show the reactivity changes versus burnup, which vary from 15% to 
18%. Tables 6-A and 6-B show the one-group fluxes as a function of burnup. 

For the discussion of k-infinity only the reaction rates and v values are necessary. An overview of 
spread of these functions is presented in Tables 7 to 9. 

Fission and absorption rates have been renormalised where necessary to total absorption rate in the 
cell equal to 1 for easy comparison. The deviation of those normalised rates from the best estimate 
values are a direct measure of the deviations of the corresponding multiplication factors. The applied 
normalisation procedure neglects the (n,2n)-effect. 

Detailed information about 17 actinides and 21 fission products are also presented. The selection 
has been made on the base of the absorption rates of the JAERI results for Benchmark A. 



Tables 11 to 16 ' show the absorption rates of actinides and fission products for Benchmark A, the 
fission rates and v values and the number densities of actinides and fission products, respectively. The 
corresponding functions for Benchmark B are presented in Tables 17 to 22 ' . Graphical presentation of 
absorption and fission rates of the actinides is provided in Appendix C. The pages are labelled with A-ar 
and B-ar for absorption and A-fr and B-fr for fission rates, respectively. 

The last type of results are the bumup-dependent spectra. They have been normalised (total energy 
integral = 1.0) to enable comparisons between different burnup states and also different contributions. 
For each contribution two figures are given, the spectrum per lethargy for fresh fuel in a logarithmic 
scale, and its modifications during the bumup in a linear scale. 

For better understanding of discrepancies it is helpful to compare also the cross-sections and 
number densities for sensitive nuclides. Therefore the corresponding tables and plots are provided, 
a part of it is included in this report. The complete information is available in computer readable form 
from the NEA Data Bank as postscript files with self explaining names. The abbreviations used are as 
follows: 

ar absorption rates, 
fr fission rates, 
nu number of neutrons per fission, 
td nuclide number densities, 
sa microscopic one group absorption cross section, 
sf microscopic one group fission cross section. 

The files start with the information relative to the actinides ordered according to the charge and the 
atomic weight number and continue with the data of fission product isotopes. 

Discussion 

Muliiplicalion factors 

Refemng to Figure 1-A, a disappointingly large spread of k-infinities for Benchmark A 
(approaching 3.1% at zero burnup) can be observed; it is encouraging though that there is a substantial 
agreement as to the slope of k-infinity with burnup. Some of this spread is, however, straightforward to 
account for. 

Not all current lattice codes are able to treat accurately resonance absorption in the higher 
plutonium isotopes. This is because historically the absolute concentrations of the higher plutonium 
isotopes in both UOI and MOX fuels have always been low enough that self-shielding in them could 
safely be neglected. As explained earlier, the purpose of Benchmark A was to test code predictions in a 
challenging situation where this no longer applies. Thus Benchmark A specifies 3 wlo absolute of 
Pu-242, for which self-shielding can by no means be neglected. In view of this, it is not surprising that 
some of the results are systematically in error. For the conditions of Benchmark A, the effect is 
estimated to be worth a systematic bias of about 2.5% in k-infinity, so that the code predictions in which 
higher isotope self-shielding is not applied, should be increased by this amount. The solutions pvided 
by BEN and BNFL (both LWRWIMS) fall into this category. From Figure 1-A, it is apparent that if 
these contributions are corrected upwards by 2.576, or if only those codes with rigorous higher isotope 

' Densities are given in 10"/cm3 in Tables 15, 16.21 and 22 



self-shielding are included, the spread of results is considerably narrowed to about 0.9 to IS%, 
depending on the burnup. 

Considering the solutions incorporating rigorous self-shielding, the 0.9% spread in k-infinities most 
probably arises from underlying differences in the nuclear data libraries or different methods applied for 
taking into account the resonance shielding effects (compare Table 2 and Appendix C). 

A special benchmark was established during the WPPR meeting in November 1994 in order to 
quantify the portion of these differences due to applied physics methods. For the fresh state only of the 
pin cell of Benchmark A and B in square geometry results are being computed applying the data bases 
JEF-2.2. JENDL-3.1 and JENDL-3.2. The results will be published and analysed separately. 

There is a clear tendency for solutions based on a common data library to be very close, e.g., PSI I 
and IKE 1 (both using JEF-1) as one sub-group, CEA, ECN, IKE 2 and STU (all using JEF-2.2) as a 
second sub-group and HIT and JAE (both using JENDL-3.1) as the third one. This suggests that 
differences in the lanice code methods are less important than the nuclear data evaluations. 

In respect of the 1.5% residual spread, it has to be said that if this was representative of the 
uncertainty on the lattice calculations, it would be unacceptable for design and licensing applications. 
Current nuclear design methods typically claim uncertainties on reactivity of about 0.2% with 
occasional outliers of up to 0.5%. A concerted effort will clearly be necessary to resolve the outstanding 
differences and this will necessitate experimental validation. The situation is particularly unsatisfactory 
because the reactivity of MOX fuel tends to increase only very slightly as the plutonium content 
increases, an effect which is greatly exaggerated in the Benchmark A situation because of the low fissile 
fraction of plutonium. Thus, any attempt to increase reactivity by loading a higher fissile plutonium 
content is to a large extent opposed by the increased absorption from the even isotopes. This means that 
any uncertainty in the reactivity predictions will translate into a disproportionately large spread in the 
plutonium concentration needed to achieve the specified lifetime reactivity. 

The codes and libraries give a better agreement for the more conventional MOX fuel of 
Benchmark B and the results are closer (see Figure 1-B). The same grouping of solutions as in 
Benchmark A is also visible in Table 4-8. 

The problem of different models of energy release mentioned in the previous section affects the 
bumup scale because of the omission of the contributions of fissionable isotopes, mainly Pu-238 and 
Pu-240. The effect is nearly independent of burnup (see Table 9). The stretching factor of the burnup 
scale for the results of CEA and EDF is about 1.03 and 1.01 for Benchmark A and B, respectively. 
Sensitivity calculations of CEA (see Appendix D. I) gave correction values of -392 pcm and -196 pcm 
for Benchmark A and B respectively, to make the results of CEA and EDF comparable with the others 
at 50 MWdlkg. 

Reactivity change with burnup 

Referring to Tables 5-A and 5-B, the reactivity change with bumup in Benchmark A is moderately 
consistent between the various contributions with a spread of 2.5% Ak at the highest bumup step. When 
only the results from the codes which are more established in terms of commercial MOX experience are 
included, the spread reduces to about 1.5% Ak. There is a tendency for those contributions in which 
PI-242 self-shielding was not modelled to have the highest reactivity swings (e.g., BEN and BNFL). 
This may be attributable to the resulting higher levels of Am-243, since Am-243 has a higher absorption 
cross-section than Pu-242. Table 11 shows that both the BEN and BNFL solutions have the highest 
absorption rates in Am-243. 



For Benchmark B the 2.2% spread in bumup reactivity is only slightly smaller than that of 
Benchmark A. This implies that the bulk of the discrepancy arises from inherent differences in the 
depletion characteristics, probably deriving from nuclear library differences and the mutual shielding 
effect on higher actinide cross-sections. 

One-group fluxes 

The one-group fluxes also show discrepancies, i.e., spreads of approximately 7% and 4% applying 
to Benchmarks A and B respectively. This may stem in part from the fact that not all contributors were 
able to use the specified MeVIfission values, because such a facility is not normally provided in lattice 
codes. It is surprising that differences exist even for those contributions in which the specified 
MeV/fission values were used. 

Absorption rates 

The normalisation of the flux in the cell according to the usual condition "total absorption in the 
cell equal to unity" ensures that the error in the absorption rate is equivalent to the error in k-infinity, 
but with opposite sign. Consequently, the macroscopic absorption rates of individual isotopes in the fuel 
can be used to correlate the differences in k-infinity to individual isotopes. Table 7 lists the actinides 
with a significant spread in absorption rates (> 1%) between the various contributors at zero irradiation 
or at 50 MWdIkg. AR denotes the average absorption rate, taking account of all the contributors. dAr 
denotes the spread of absorption rates about the mean. The largest discrepancies are for Pu-242, 
consistent with inappropriate treatment of the 2.7 eV resonance in some of the solutions, in which the 
bulk of the Pu-242 absorptions occurs. Consequently, Benchmark A shows by far the largest 
discrepancy due to the high absolute concentration of Pu-242. 

Relatively large spreads are also noticeable for U-238 in both benchmarks. Since the U-238 cross- 
sections today can be regarded as well known, it is likely that the resonance absorption calculational 
methods are responsible for it. 

Table 8 shows the corresponding mean absorption rates and spreads for the principal fission 
products. The absorption rates are for the most part lower than 1%, but the spread of values is often 
nearly as large as the rates themselves. There is the potential for these spreads to contribute to an 
uncertainty of up to 1% in k-infinity, and this may arise from a combination of uncertainties in the 
nuclear cross-section, fission yields and depletion models. 

Fission rates and neutrons per fission (v) 

The variations in the nomalised fission rate (dFR) have to be multiplied by a factor of about 
3 (vk-infinity) to obtain the corresponding differences in k-infinity. Table 9 shows the fission rates of 
the actinides with the highest contribution and the most significant spreads between the various 
solutions. The largest differences are for Pu-239, Pu-241 and U-238. The reason for the differences 
seen in U-238 may be due to inadequate cross-section data and to the use of fission spectra, which are 
not appropriate for the actual fuel composition. 



For both benchmarks large variations of v for minor actinides and differences in the percent range 
are observed for the main actinides. The spreads on U-238, Pu-239 and Pu-241 are sufficient to cause 
uncertainties of the order of 0.1% Akin k-infinity. 

Number densities 

The discrepancies in numba densities are in most cases higher than those for reaction rates, as can 
be seen from Table 10 which shows percentage differences in number densities of actinides at 
50 MWdIkg for both benchmarks. This observation may be explained by the fact that for many 
isotopes, especially for fission products, a modification of the absorption cross-section causes deviations 
in the numba density of the nuclide with opposite sign yielding only moderate modifications of the 
absorption rate. The principal actinides fall within a spread of 10 %, except for Pu-242, for which it 
reaches 25%. The concentrations of An-243 and the Cm isotopes show similar deviations. The spread 
for Am-243 must partly be due to the self-shielding issue, as discussed earlier. The minor actinides also 
show large variations. Overall, the situation is not acceptable, especially for Benchmark A. 

Spectra 

Participants submined spectra for Benchmark A and B for five specified burnup steps. It was 
necessary to re-normalise them to make them comparable. The figures attached to the plots in 
Appendix C show the spectra both on a double logarithmic scale and on a linearllogarithmic scale. Thc 
latter actually show the deviations in flux at the four non-zero burnup steps From the flux calculated at 
the zero burnup step and clearly show the almost linear evolution of the fast and thermal fluxes with 
burnup. There are clear differences between the spectra calculated by the various participants. 
Providing meaningful comment is, however, difficult due to the different group structures used and 
because some were calculated for the whole cell, while others for thc fuel only. 

Monte Carlo calculations 

ANL and IKE submitted solutions for the fresh fuel state carried out with continuous-energy 
Monte Carlo codes. The ANL results are given for mom temperature only, while the IKE calculations 
are performed for room temperature and temperatures close to the ones specified in the benchmark 
(see Appendix B.l and B.7). The agreement between the solutions for room temperature is not fully 
satisfactory. 

Calculations with APOLLO-2 (see Appendix C.1) indicate, that the combined effect of the 
temperature discrepancies applied in the MCNP-4 calculations (fuel: -33.Z°C, clad: +20.6"C, 
moderator: -5.9'C) result in too high k-infinity values by 93 pcm and 85 pcm for Benchmark A and B 
respectively. 

Conclusion 

The resulting multiplication constants for pin cells of Benchmark A and B show large fluctuations 
of 3.1% and 1.3% in the fresh state rising to 4.9% and 2.9% at 50 MWdrkg respectively. The solutions 



with higher dispersion are calculated by commercially established codes, which are mainly applied and 
verified for uranium fuel. If these solutions are not included, the spread decreases to 0.9% at BOL and 
1.5% at 50 MWdIkg. Most participants of this latter group applied new data bases and refined 
resonance calculations for the generation of shielded resonance cross-sections. It is a similar situation to 
the one encountered for High Conversion LWR benchmark of OECDINEA also investigating the 
behaviow of water-moderated MOX fuel [2,3]. The main resulting recommendations made there are 
valid for the present benchmark also, and are as follows: 

The calculational methods have to take into account resonance shielding, and should include 
mutual shielding, over the whole energy region for the fuel and cladding nuclides and the 
major fission products; 

Sufficient quality of basic nuclear data is needed, in particular for U-238 and the Pu isotopes, 
but also for higher actinides and fission products. 

A part of spread in results of the present benchmark originates from differences of the applied data. 
Solutions where the new data bases JEF-2, JENDL-3 and ENDFIB-V are used, show characteristic 
discrepancies for instance in the specific reaction rates, which should be correlated not only to 
differences in cross-sections of specific isotopes but also to cross-sections in definite energy regions. 
The energy integrated reaction rates provided in this benchmark do not give sufficient information to 
allow a detailed evaluation in this respect. Energy-de~ndent reaction rates would provide guidance to 
improving the data evaluations and also to refining the methods for calculating weighting spectra and 
weighted cross-sections. 

The large uncertainty related to the minor actinide production is noticed as a by-product of this 
benchmark. It is caused by differences in the cross-section data bases, hut also by insufticient resonance 
shielding calculations (neglecting the mutual shielding effect). This is clearly shown by the differences 
of number densities of Pu-242 and its successors Am-243 and Cm-244. 
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Table 1 Summary of participants 

Table 2 Information about resonance treatment 

INSTmrrE 

ANL 
BEN 
BNFL 
CEA 
ECN 
EDF 
Hitachi 
IKE-1 
IKE-2 
JAERl 
PSI-1 
PSI-2 
Siemens 
Studsvik 

ANL: 

BEN: 

BNFL: 

CEA: 

ECN: 

EDF: 

COUNTRY 

USA 
Belgium 
England 
France 
Netherlands 
France 
Japan 
Germany 
Germany 
Japan 
Switzerland 
Switzerland 
Germany 
Sweden 

HIT: 

IKE 1: 

IKE 2: 

JAE: 

COOE 

VIM 
LWRWIMS 
LWRWIMS 
APOLLO 2 
WIMS-D 
APOUO 1 
VMONT 
CGMRSYST 
MCNP 4.2 
SRAC 
BOXER 
CASMO 3 
CASMO 3 
CASMO 4 

PSI 1: 

PSI 2: 

SIE 1 : 

STU : 

DATABASW~RARY 

ENDFIB-V 
1986 WIMS 
1986 WIMS 
JEF-2.2 CEA 93 
JEF-2.2 SCALE 
CEA 86 
JENDL-2/ENDF/B-IV 
JEF-1 
JEF-2.2 
JENDL-3.1 
JEF- 1 
ENDFIB-IV 
J70 
JEF 2.2 

Continuous energy Monte Carlo, shielding of unresolved resonances, 

Self-shielded cross-sections of Pu-239 and Pu-240 (1 eV resonance only), 

Self-shielded cross-sections of Pu-239 and Pu-240 (1 eV resonance only), 

Self- and mutual shielding for the main U, Pu and Zr isotopes, local and burnup effects 

included, 

All actinides, fission products and Zr are self shielded at every bumup step, 

Self-shielding and resonance overlapping effect for U-235, U-236, U-238, Pu-239, Pu-240, 

Pu-241, Pu-242 and Zr isotopes at each burnup step, 

Self-shielding for all actinides and fission products, 

Self- and mutual shielding for the main U and Pu isotopes, by performing, an ultrafine 

group cell calculation, burnup effects included, 

Continuous energy Monte Carlo, no special treatment of unresolved resonances, 

Self- and mutual shielding for all U, Pu, Am isotopes and many fission products by 

performing an ultrafine group cell calculation, 

Self- and mutual shielding for U and Pu isotopes by performing an ultrafine group 

calculation, 

All U isotopes and Pu-239 are self shielded, 

Self-shielding for the heavy isotopes from U-235 to Am-242m, 

Self-shielding for the heavy isotopes from U-235 to Am-242m. 

NO. OFGROUPS 

infinite 
69 
69 
172 
172 
99 
190 

224145 
infinite 

107 
70 
40 
70 
70 

REMARKS 

300 K. Zircaloy. no depletion 

300 W600 K. no depletion 

withdrawn 
withdrawn 



Table 3 Information about the applied fission yields, energylfission values and (n,tn)-treatment 



Table 4-A: k-infinity Benchmark A 

I Contributor 1 ANL*] BEN j BNFL I CEA ] ECN I EDF I HIT I IKEl I IKE2 I JAE I PSIl I STU I 
Burnup I 

* The original result of ANL for 300 K is 1.1591 i 0.001 1. It has been converted to required temperatures using the results 
of IKE2 for room temperature (1.2586 + 0.001 1) and for a set of near benchmark conditions (see Appendix 8.7) 

Table 4-8: k-infinity Benchmark B 

* The original result of ANL for 300 K is 1.21 17 * 00010. It has been converted to required temperatures using the 
results of IKE2 for room temperature (1.2182 * 0.001 1) and for a set ofnear benchmark conditions (see Appendix 8.7) 

Contributor 1 ANL*] BNFL I CEA ] ECN I EDF I HIT I IKEl I IKE2 I JAE I PSIl I STU I 
Burnup I I I 1 



Table 5-A: Burnup Reactivity Benchmark A 

ECN I EDF I HIT I IKEl I JAE I PSIl I STU 

u 
Contributor 

Burnup 
MWd/kg 

0.0 
10.0 
33.0 
42.0 
50.0 

Table 5-8: Burnup Reactivity Benchmark B 

BEN 

0.0000 
-0.0561 
-0.1313 
-0.1578 
-0.1805 

HIT Contributor 

Burnup 
MWd/kg 

0.0 
10.0 
33.0 
42.0 
50.0 

IKEl I JAE I PSIl I STU I 
I I I I 

BNFL 

0.0000 
-0.0562 
-0.1313 
-0.1577 
-0.1804 

CEA 

0.0000 
-0.0517 
-0.1203 
-0.1470 
-0.1707 

BNFL 

0.0000 
-0.0684 
-0.1637 
-0.2011 
-0.2336 

CEA 

0.0000 
-0.0723 
-0.1719 
-0.2125 
-0.2492 

ECN 

0.0000 
-0.0666 
-0.1599 
-0.1964 
-0.2291 

EDF 

0.0000 
-0.0724 
-0.1763 
-0.2162 
-0.2511 



Table 6-A: Absolute Fluxes in the Evolution Calculation, 10'4/cm2s 
Benchmark A 

1 Contributor 1 BEN I BNFL 1 CEA I ECN I EDF I HIT I IKEl I JAE I PSIl [ 
I Burnup I I I I I I I 1 

Table 6-0: Absolute Fluxes in the Evolution Calculation, 10'4/cm2s 
Benchmark B 

HIT 

2.8509 
3.0877 
3.4642 
3.6146 
3.7481 

EDF 

2.8185 
3.0662 
3.4577 
3.6147 
3.7557 

Contributor 

Burnup 
MWd/kg 

0.0 
10.0 
33.0 
42.0 
50.0 

IKEl 

2.7586 
2.9961 
3.3670 
3.5197 
3.6563 

CEA 

3.0155 
3.1971 
3.3901 
3.5646 
3.7209 

BNFL 

2.8468 
3.0226 
3.4068 
3.5410 
3.6899 

ECN 

2.8147 
3.0418 
3.3858 
3.5221 
3.6436 

JAE 

2.8466 
3.0828 
3.4383 
3.5822 
3.7119 

PSIl 

2.8949 
3.1410 
3.5162 
3.6637 
3.7937 



Table 7: Actinides with significant uncertainties of absorption rate 
(AR) in percent, for 0 and 50 MWdIkg 

I Benchmark I Benchmark 1 
I BOL I 5OMWdlkg I BOL 1 50 MWdIkg 1 



Table 8: Fission products with significant uncertainties 
of absorption rate (AR) in percent at 50 MWd/kg 

Benchmark A Benchmark B 

Isotope 



Table 9: Actinides with significant uncertainties of fission 
rate (FR) in percent for 0 and 50 MWdIkg 

I Benchmark A I Benchmark B I 
I 

BOL 

Isotope 

50 MWd/kg 

FR 

BOL 

dFR 

50 MWdIkg 

FR dFR FR dFR FR dFR 



Table 10: Uncertainties in the number densities of actinides in percent 
at a burnup of 50 MWd/kg 

/ Benchmark 

Isotope I A I  



- - .. .. .. .. .- 
PSI1 I 1.182E 4 2  1 1 . W E  42 I 1.025E 42 I 1.021E -02 1 1.026E 42 
STU 1 1. lRE -02 1 1.W2E -02 1 1.025E 42 I 1.025E 42 I 1.034E 42 

I Average I 1.169E -02 1 1.003E -02 1 1.W8E -02 1 9.997E 4 3  I 1 . M E  42 

Tab. 11: F m a .  Absorption Rates of Actinide. Benchmark A 

Nudide Contributa 
Bunup. MWd/b I 

0.0 I 10.0 1 33.0 1 42.0 1 50.0 1 



JAE 
PSI1 
ST U 
Areraw 

1.WE 41 
1.341E 41 
1.335E 41 
1.330E 41 

1.371E 41 
1.361E 41  
1.373E 41  
1.337E 4 1  

1.U9E 4 1  
1.UOE 4 1  
1.463E 4 1  
1.422E 4 1  

1.4WE 4 1  
1.U2E 4 1  
1.479E 4 1  
1.433E 4 1  

1.462E 4 1  
1.U8E 4 1  
1.4ME 4 1  
1.437E 4 1  



Tab. 11: Fract. Absorption Rates of Actinides. Benchmark A. (cont.) 
I I Bunurn. M W d h  I 

NucEdeIbntributo. 

. . . . . . . . . . . 
IKEl  I - 3.197E 4 / 5.297E -05 1 8.373E -05 1 1.130E 44 

I 

-, , ~- 
0.01 10.0 1 33.0 1 42.0 1 50.0 

JAE 
PSI1 
STU 
A-mp 

[ BEN 1 - 1 
~ I I I I 

I / FDF I .  i I I I I 

Tab. 11: Frad. Absorption Ratesof Actinides. Benchmark A, (cont.) 

. 

- 
- 
- 
- 

Nvdiie 

r 
3.611E -05 
3.102E-05 
3.477E -05 
3.475E -05 

Contributor 
Bunup. MWd/lq 

0.01 10.0 1 33.0 1 42.0 1 50.0 

I K t Z  
JAE 
PSI1 
STU 
Average 
BEN 

1.941E 44 
1.630E 44 
1.849E 4 4  
1.839E -M 

- 

- 
- 

2.4%E -M 
2.096E -04 
2.374E-M 
2 . l rdE44 

2.923E -M 
2.UOE 44 
2779E 4 4  
2752E 44 

4.052E 44 

4.022E 44 
3.%3E -04 

3.WE 4 3  

3.249E -03 
3.071E -03 

4.408E -03 

4.748E -03 
4.435E -03 

5.607E 4 3  

6.182E -03 
5.7WE -03 



Tab. 12: Absorption Ratesof Fission Products. Benchmark A 

Nvdde 

Average - 2.435E 44 l.ffl2E 4 3  I . M E  4 3  1.666E 4 3  

I 
- -  ~ 

I EOF 1 . 1  I I I i 

Tab. 12: Absorption Rater of Fision Products. Benchmark A. (cont.) 

BEN 
BNFL 
CEA 
ECN 
EDF 

bmributa Nvdide 

. I I 
STU I I I I 

I Amage I - 1 4.262E 44 I 1.370E 4 3  1 1 . m E  4 3  1 2039E 4 3  

Burnup. MWd/kg 
0.01 10.0 1 33.0 1 42.0 1 50.0 

. ..,. 
S 1 U  
Avenge 

BEN 
BNFL 

- 
- 
- 

Cantributa 

BEN 
BNFL 
CEA 
ECN 

- 
- 
- 6.55QE 44 

3.924E 44 
1.Om ZE 
8.728E 44 

Bunlp.  MWd/kg 
0.0 
- 
- 

2.214E 4 3  
1.6ME 4 3  

2.128E 44 2.062E -03 
1.867E 4 3  
3.077E 4 3  
2.572E 4 3  

10.0 

1.OSE 4 3  

1.7ME 4 3  

6.312E -03 
5.406E 4 3  
7.035E 44 2.587E 4 3  

2.329E 4 3  
3.702E 4 3  
3.153E 4 3  

3 . W E  4 3  
2.850E 4 3  ' 
4.376E 4 3  
3.639E 4 3  

1 

I 

33.0 

3.546E 4 3  

5 . W E  4 3  

7.689E 4 3  
6.659E 4 3  

8.972E 44 

8.832E -03 
7.707E 4 3  
1.071E 4 3  

42.0 

4.44OE 4 3  

7.254E 4 3  

50.0 
5.218E 4 3  

8.M8E 4 3  



Tab. 12: Absorption Rates of Fission Products. Benchmark A. (cont.) 
I I Burnun. MWd/kc I - 

7 .  , "  
0.01 10.0 1 33.0 1 42.0 I 50.0 1 

BEN I  - 1 3.425E 4 4  1 1.083E -03 1 1.357E -03 / 1.593E -03 
RMFI  1 . 1  I I I - 
CEA I  . I  3.192E 44 I 1.W5E 4 3  / 1.359E -03 / 1.62lE -03 
ECN 1 . 1  1 1 1 

Pb108 
EDF 
HIT 
lKEl 
J AE 
PC,' 

- 
- 
. 

3.613s 44 
3.279E 44 
4.W7E 44 

1.102E -03 
1.093E -03 
1.lWE -03 

1.382E -03 
1.396E -03 
1.h59E -03 

1.624E -03 
1.E49E -03 
l.ffl7E-03 



Tab. 12: Absorotion Rates of Firsion Products. Benchmark A. fcont.) 

BEN 1 - 1 5.493E 4 3  1 L316E -03 ( 6.3ME 4 3  )3 6.371E 4 3  
BNFL I - I 4.794E 4 3  / 6.233E 4 3  1 6.311E 4 3  1 6.353E 4 3  
CEA I - I 5.31OE -03 1 5.766E -03 1 5.787E -03 1 5.778E 4 3  
ECN I - I 4.626E 4 3  / 5.078E 4 3  1 5.1YE -03 1 5.210E 4 3  

EDF . , I - 
Pm.148m HIT 

I - 294% 4 4  I 7 W E  - M - - 7 8 2 5 E - a  8408E 4- 
lKEl I - ' 0 -M I 7 . 7 4  4 8670E 4 I 9318t dl 1 



Tab. 12: Absorption Ratesof Fission Products. Benchmark A. (cont.) 

Nudidt Gntributa 

BEN 
BNFL 
CEA 
ECN 
EDF 

Bunup. MWd/kg 
0.0 
- 
- 
- 
- 

10.0 

2679E -05 
9.142E 45 
6.800E -05 
4.205E 6 5  

33.0 

3.566E 44 
2.851E -M 
7.931E 44 
5.012E + 

42.0 

6.147E 44 
4.M5E -M 
1.266E 6 3  
8 . W E  4 4  

50.0 

9.127E 44 
7.866E 44 
1.746E -03 
1.123E 6 3  



PSI1 1 2.765E -02 1 2.747E 4 2  II-2.714E -02 1 2.7ME 4 2  1 2.697E -02 
STU I 3.176E -02 1 V E  -02 1 3.130E -02 I 3.11QE 62 

1 A w n p  I 2.779E -02 1 2.767E -02 1 22.738 -02 1 22.25E -02 1 2.714E -02 

Tab. 13: Fractional Fission Rate of Actinides. Benchmark A 

Nvddc Conriburn 
BY-. MWd/kg 

0.0 I 10.0 I 33.0 1 42.0 1 54.0 



Tab. 13: Fractional Fission Rate of Actinides. Benchmark A. (cont.) 

.. . -. . . - -. . . . 
J . 8 4 1..--=. -- . 

B t Y  I 3.261E 4 3  3.111E 4 3  
BNFL 1 3 . M E  4 3  1 3.123E 4 3 .  

1 3278E 4 3  I 3.235E 4 3  1 3.16% -03 1 3 I U E  4 3  1 3 1 X E  4 3  

Tab. 13: Fractional Fission Rate of Actinides. Benchmark A. (mnt . )  

N u c W  

LltN 
BNFL 5.314E 4 
CEA 1 . 2 E R  
ECN 1 . M E  4 

i EDF 1.YISE 4 

Nvrlid. 

I IKE2 I I I I 1 
JAE / 1.763E -04 )1 1.MlE 4 3  [ 1.345E -03 1 1 . M E  4 3  

Contributor C m t d M m  
Bunup. MWd/kg 

0.0 I 10.0 1 33.0 1 42.0 I S0.0 
Burnup. MWd/k  

0 0  1 1 0 0  1 3 . 0  1 4 2 0  1 YIO 



PSI1 I - I I I I 
STU I - I 3.089E 4 5  / 2.578E 44 I 3.799E 44 / 4.979E 44 

1 A m q e  I - I 2 . W E  4 5  1 2.382E 4 4  I 3.SWE -M )I 4.595E 44 
8 mc., 1 

Tab. 13: Fractional Fission Rate of Actinides. Benchmark A. (mnt.) 

I CEA I 
FCN 

...- I I I 
JAE / - 1 2.525E -05 1 2.072E 44 I 3.OSSE 44 I 4.WIE 44 

Bunup. MWd/b 
0.01 10.0 I 33.0 I 42.0 I 50.0 Nudide 

W Z "  I - I I I I 
BNFL - ~ -  

I I 

bntributor 

I I FOF I .  I I I I 1 



I I I I I 
JAE I ZMOE+M 1?.636€+m 1 2.641E+M I 2.642E+W I 2.643E+M 

Tab. 14: Neutrons per Fission. Benchmark A 

~ - ~~ -~ ~ ~ 

PSI1 I 2579E+W I 2.579E+W 12.585E+W I 2.587EM I2.Y18EM 
STU 1 2317E+M 1 2.317E+W 12.317E+W I 2.317EtW 12.317E+W 

I Average I 25WE+W I 2.599E+W [ 2.MUE+W I 2.6ME+M I 2.MISE+W 

W& 

BEN I I I I I 
C o n t r i h  

Burnup. MWd/b 
0.0 1 10.0 1 33.0 1 42.0 1 54.0 



PSI1 
STU 
A 
BEN 

. . . . . . , . . . . . . . - , . . . . . . . . , . . . . . . . - , . . . . . . . . , . . 
3.0%E+W I 3.@35E+W 1 I.WIE+W I I.O(UE+W I 3.083E+W 
2775E+W 1 2.775E+W 12.775E+W I 2.775E+W I 2.775E+M 
3.078E+W I 3.079E+M I 3.078E+W I 3.078E+m I 3.077E+W 
2.wE+m I 2.930E1M I 2.93E+W I 2.940E-eM I 2.939E+W I 

I 
' - - - 

I -~ ~- ~~ - ~~ 

BNFL 1 2 9 1 6 ~ + ~  i Z.WE+W i Z.PIOE+W i Z.PIOE+W i 2.93~~i-w 
CEA I M + M  I 2~940E+W I 2.940E+M I 2.940EIM I2.939E+M 

. 
s T u  i 3 . 2 1 0 ~ ~ ~  j I.ZIOE+W / 3z1ocTW/ ~ZIOE+W / 3.210~;m- 

I Average 1 3131EpW I 3081E7W I~.WIEIW 1 3.08LE+W I 3.081ErW 

/ 
I 

,,,I< 

A 
PSI1 
STU 

- - A m a g e  

BEN 
BNFL 

;l(l E I 3.212E+W I 3.212E+W I1.212E+W I 1.212E+W I 1.212E+W 

JAE 
lKE2 1 3.2nE+W 1 3.2nE+W 1 3.277EtW 1 3.277E+W 1 3.277E+W 
PZll I I I I I 

h.242m HIT I 

3 6 1 9 E ~ W  
3 3 3 0 E ~ W  
3556E1W 
2 7 M E t W  

C U  t 
I 

3 . 2 5 3 ~ ~ ~  E . . .  

. ,  
35OSE+W 
3.615ETW 
3.330EIW 

562E-W' 
2.702E-W 
2702E+W 

1IUE+W' 

3:&~;-W--'*,&.55ikW.f 3%€&6-- 
3.619E+W 3.618E~W 3616E+W 

3 2 1 2 E ~ M  ' 

3.3lOE+M . . . 
3 . 5 6 0 7 - 2  
2702E+W 
2.7ME+W 
3.212E~W 

3.330E1W 3.aOErW 

3.212E+m 

], s.3 .G;W.. 

12.702ErW 
2 7METW 

3 212E+W 

- 
I.Wt+W- 
2.702E+W 
2 m2EtW 





Tab. 15. Nudide Denrites of Actinides. Benchmark A 
B m p .  YWdjkg 

0.0 ] 10.0 I U.0 1 . . . . . . -. . . . . . . . . 42.0 I 50.0 I 
/ BEN I I I I I I 





Tab. 15: Nuclide Densities of Actinides. Benchmark A. (mnt.) 
I I B-. M W d h  1 

N d &  

BEN I I I 

Cmtributor 

Tab. 15: Nuclide Densities of Actinides. Benchmark A. (cont.) 

~ , ~- 
0.0 1 10.0 1 33.0 1 42.0 1 50.0 

Bunup. MWdI4  
0 . 0 )  0 I 33.0 I 42.0 1 50.0 Nu& 

BEN I A I I I I 
BNFL 

Contribvta 



Tab. 16: Nuclide Densities of Fis. Pmd.. Benchmark A 

I 1 1 Average 1 - / 1.353E -05 1 4.272E 4 5  j 5 . W E  4 5  1 6.232E 4 5  
BEN I - 1 1.367E 4 5  1 4.433E -05 / 5.601E 4 5  1 6.6P.E 4 5  
n n ,  1 . 1  I I I 

NwCde 

Avenge 

BEN 
BNFL 
CEA 
ECN 

STU 1 . 1  1 I I 

1 A I - I 1.379E 4 5  [ 4.446E -05 / 5.605E 4 5  1 6,614E 4 5  

Tab. 16: Nudide Densities of Fiss. Prod.. Benchmark A,(cont.) 
1 I I R..m.m UWAIk. I 

bnt.ihna 

. 
- 
- 
- 
- 

- -. ..-, ... . . -, 
0.01 10.0 1 33.0 1 42.0 1 50.0 

BEN I - 1 1 . W E  4 5  1 3.661E -05 )5 4,592E -05 1 5.367E -05 
RUFI 1 . 1  I  I I 

Burnup. MWdJkg 
0.01 10.0 1 33.0 1 42.0 1 50.0 

7.W6E -M 

1.376E 4 5  
1.376E -05 
1.396E 4 5  
1.173E 4.5 

EDF 
HIT 
lKE l  
JAE 
m, 

I 1 S I U  1 - 1  I I I 
1 A r c n p  [ - j 1.l93E 4 5  1 3.8ME -05 1 4.WSE -05 / 5.7%E 4 5  / 

BEN 1 . 1  I 1 I 
m w r ,  J 

. 
STU 
Average 

BEN 
BNFL 
CEA 
ECN 
EDF 

3 . m E  4 5  

4.349E -05 
4.Y9E 4 5  
4.424E 4 5  
3.657E 4 5  

- 
- 
- 

- 
- 
- 

- 

4.133E 4.5 
5.UlE -05 
5.UlE 4 6  
5.518E 4 5  
4.UI)E 4 5  

1.141E M 
l . l l 6E  -05 
1.136E -05 

4.934E 4.5 
6.3ME 4 5  
6.3ME 4 5  
6.4WE 4 5  
5.282E 4 5  

1.4QQE 4 5  
1.170E -05 
I.l7OE 4 5  

1.250E 4 5  

4 . M E  4 5  
3.945E 4 5  
4.021E 4 5  

4.456t -05 
4.M2E 4 5  

3.813E 4 5  

4.079E 4 5  

- 

5.012E 4 5  
4.891E 4 5  
4.W7E 4 5  

5.M)lE 4 5  
5.657E -05 
5.77lE 4 5  

5.437E 4 5  
5 .WE 4 5  
4.823E 4 5  

5.1SOE 4 5  

. FK 
5.793E 4 5  

5.710E 4 5  

6.WE 4 5  



, .. ~ .~ ...- .. .~ ~ 

I EDF 1 . 1  I  I I  

Tab. 16: Nuclide Densities of Firs. Pmd.. BenchrnarkA,(mnt.) 

N d d c  

I EDF 1 . 1  I  I I I 

Tab. 16: Nudide Densities of Firs. Prod.. Benchmark A.(cont.) 

. ",. I  I  I  
STU - 1 2 Y9E 4 8  2425E -M 2359E -08 
Amage . I 26UE 44 )8 2.46ZE.a I.2.MBE -08 

BEN - ' ].WE 4 5  4 R7E 4 5  I 5 M S t  4 5  I L I M E  4 5  ' 
- I W E  4 5  I 4727t -05 5.MSE -05 6.7ME 4 5  
. I  I.533E -05 l.4.798E 45.1.5.mSrdi7 6.882E -05 I 

bntributw N v d i i  

I 
~- -- -~ -. ~~ ---- -- 

ECN I - 1 1.292E 45 I 4.W5E 4 5  / 4.941E 4 5  1 5.701E 45 
1 FnF I I I 

Burnup. MWd/b 
0.01 10.0 1 33.0 1 42.0 1 50.0 

BEN I - I 1.220E 4 5  1 3.865E -05 1 4.83SE -05 1 5.666E -05 
BNFL 1 . 1  1 I I 
CEA I - 1 1.205E 4 5  / 3.917E 4 5  1 4.9UE -06 1 5.839E 4 5  
ECN 1 . 1  I  1 I 

contrautw 
BEN 
BNFL 
CE A 
ECN 

B v n q .  MWd/kg 
0.0 
- 

10.0 

2.518E 4 8  

2895E 4 

33.0 

2.398E 4 

2.481E 4 

42.0 

2.331E 4 8  

2.336E 4 

50.0 

2.2ME 4 8  

2.213E 4 



Tab. 16: Nuclide Densities of Firs. Prod.. BenchmarkA.(cont.) 
I I I I 

EDF I - I I I 1 
- I $ . W E  4 5  )5 4.669E 4 5  1 5.895E 4 5  1 6 . M E  4 5  

I - I Q 5 Y E  M I 3188E 4 5  I 3.991E 4 5  1 4.6611E 4 5  

"... I 
BNFL - 7 . 2 6 8 E 4  2 279E 4 5  

I 
2.M2E 4 5  1 3.321E 4 5  

CEA . - 7.4%~ 46 - i . 3 3 2 ~  4 s  2 . ~ 7 ~  -05 3 3 9 6 ~  4 5 -  
ECW . 8 4 U t  4 2.WE 4 5  3 . 3 Y l r 4 5  -3.933~ 4 5  

I 
. . . ,  

EDF 1 . 1  I I 
Sm-I50 HIT I . I 2.645E -06 ' l.OS3t 4 5  I 1.3€5E -05 )5 1639E 4 5  

I K E I  I - I 2.565E.M ' 1.018E 4 5  I 1.314E M I 1.571E 4 5  

Tab. 16: Nudide Denities of Firr. Prod.. Benchmark A.(cont.) 

Nudide 

BEN 1 - 1 7.932E 4 7  1 8.205E 4 7  I 7.87lE 4 7  1 7.476E 4 7  
BNFL ( - 1 7.939E 4 7  1 8.214E 4 7  1 7.881E 4 7  1 7.488E 4 7  
CEA / - 1 5.472E 4 7  1 5.387E 4 7  1 5.1MLE 4 7  4.929E 4 7  
ECN / - I 4.727E 4 7  1 4.719E 4 7  ( 4.592E 4 7 i  4.444E 4 7  

Cmtributor 
Bumup. M W d / k  

0.01 10.0 1 33.0 1 42.0 1 50.0 



Tab. 16: Nuclide Densities of Fin. Prod.. Benchmark A.(cont.) 
I I I 

Tab. 16: Nudide Densities of Fin. Prod:. Benchmark A.(cont.) 

NU&& ~ o n t ~ a ~ t ~  
BEN 
BNFL 
CEA 
EC N 
FDF 

Bunup, MWd/k 
50.0 

3.5D3E 4 
3.504E 4 
3.123E 4 6  
1.99lE 46 

42.0 

2.433E 4 6  
2433E -06 
2.2ME 46 
1.U7E 4 

0.0 
- 
- - - 

10.0 

l.lS6E 4 7  
1.1SE -07 
1.242E 4 7  
7.654E 4 8  

33.0 

1 . M E  46 
1.45a 44 
1.UOE 4 6  
9.051E 4 7  



Tab. 17: Fractional Absorption Rates of Actinides. Benchmark B 

' JAE ] . W E  44 5.1E6E 44 I 5.989E 44 I 6.547E 44 
PSI1 1.830E 4 4  4.709E 44 I 5.474E 44 )I 6 . W E  44 
STU I I.7WE 4 4  4.BSSE 4 4  I 5 . M E  44 1 / * M E  M 
Avcrap I 1.742E 4 4  4.729E 44 1 5 . W E  M / 6.070E M 

Tab. 17: Fractional Absorption Rates of Actinides. Benchmark 8, 



Tab. 17: Fractional Absorption Ra* of Actinides. Benchmark B. Tab. 17: Fractional Absorption Rates of Actinides. Benchmark B. 

I I 

1 . W E  -04 6503E -04 7 M 7 E  M b M 2 E  M 
7 - 1.622E -& 

-. . . - . . - 6 710E 4 4  7784E 4 4 -  L245E -64 
EDF + l 7 6 7 t  44i~--04-%%G%i - -. I - I 



Tab. 17: Fractional Absorption Rates of Actinides. Benchmark B. 
(cont.) 

Bumup. MWd/k 

Tab. 17: Fractional Absorption Rates of Actinides. Benchmark B. 
Icont)  

. I I I 

STU I - I 1.6ME -04 1 1.475E -03 )3 2.2ME -03 / 3.085E -03 
I Average I - I 1.605E -04 1 1.455E -03 / 2.225E -03 I 3 .WE -03 

Nuclide 
I #,,,!=I 1 . 1  I I I I 

Contributor 

JAE 
mil 
5TU 
Avenge 

Bumup, MWd/kg 
0.01 10.0 1 23.0 1 42.0 1 50.0 

- 
- 
. 

1.979E -05 

1 .WE -05 
1.739E -05 

6.077E 4 4  

5.68SE 44 
5.332E 44 

1.163E -03 

1.090E -03 
1.019E -03 

1.824E -03 

1.7XlE -03 
1.6ME -03 



I I 

4 & l t  44 ' 2.140E -03 2678E 4 3  3.%5€ 
C E X -  
TCN - -  1052t 4 3  7 IO2E -03 3i97E 4 3  4 : % S  

Tab. 18: Fraa. Absorption Rates of F is .  Prod.. Benchmark B 

N d d c  

EDF . q .  

. . 
IKEl 
JAE I . 4.925E 44 I 1576E -03 I W I E  -03 2.3YE 4 3  
PSI1 I .  I 

A m a e  

BNFL 
CEA 
ECN 

- 

Contribute 

BNFL 
CEA 
ECN 

2 8 -  1 . 2.876E -03 1 9 IO8E 4 3  1 1 I M E  -02 I 1 2 Y t  4 2  
I I LING1 I . I I I I 

Tab. 18: Fraa. Absorption Rates of F is .  Prod.. Benchmark B.(cont.) 

- 

- 

Nvdde 
Burnup. MWd/lq 

0.0 10. YI.0 
- 
- 
- 

1.M7E 4 3  

5 . U E  44 

I 1 1  
Contribvta 

BNFL 
CEA 
EC N 

Bunup, MWd/kg 
0.01 10.0 1 33.0 1 42.0 1 50.0 

2.198E 4 4  
1.809E 4 4  
2.371E 44 

- 
5 3.2MIE -03 

1.7ME 4 3  3.116---1.550E-01 

1.090E -03 1 1.374E 4 3  
1.217E 4 3  / 1.628E -03 
1.246E 4 3  1 1.623E -03 

4.061E -03 

2.229E 4 3  

1.705E 4 3  
1 . W E  4 3  
1.947E 4 3  

4.727E 4 3  - 
2.635E -03 



- 

CEA / . I 3.198E 44 / 1.086E 4 3  1 1.395E 4 3  / 1.672E 4 3  
FCY I .  I I I I 

ab. 18: Fract. Absorption Rates of Fiss. Prod.. Benchmark B.(cont.) 
Burnup. MWd/kg 

O O /  10.0 1 33.0 1 42.0 1 50.0 Nuclide 

%L100 

BNFL I - I 1.06SE 4 3  1 4.576E 4 3  1 5 . W E  4 3  1 6.3%E 4 3  1 CE A 1 - 2.060E 4 3  1 5.017E 4 3  / 6.670E 4 3  1 7.638E 4 3  
ECN I - I 1.TI4E 4 3  1 4.700E 4 3  1 5.4P7E 4 3  1 6.WE 4 3  

I I I 

I BNFL I - I I I I I 
Contrihto 

Avenge 

BNFL 
CEA 
ECN 

-". 
HIT 
lKE l  
J AE 
PSI1 
Cfll 

Tab. 18: Frad. Absorption Rates of Fiss. Pmd., Benchmark B.(mnt.) 

N v d i i  

- 
- 
- 

- 
- 
- 
- 

1.167E 4 3  

2.710E 4 3  
3.723E 4 3  
2.171E 4 3  

3.642E 4 4  

6.MSE 44 
1.436E 4 3  
8.912E 44 

Contributor 

BNFL 
CEA 

3.811E 44 
-fJ(lE 44 

4.216E -01 

Bumup. MWd/kg 
0.01 10.0 1 33.0 1 42.0 1 50.0 

I I I I 
- 1 1.459E 4 2  )2 1.387E 4 2  1 1.366E 4 2  / 1.347E 4 2  

1.4lQE 4 3  

3.289E 4 3  
4.392E 4 3  
2.496E 4 3  

1.183E 4 3  
1.145E 4 3  
1.253E 4 3  

1.755E 4 3  
3.1190E 4 3 -  
4.915E 4 3  
2.133E 4 3  

1.495E 4 3  
1.478E 4 3  
1.547E 4 3  

1.76PE 4 3  
1.780E 4 3  
1.798E 4 3  



EDF 1 . 1  1 1 I 
I - / 1.367E 4 3  / 5.MlE 4 3  1 7.024E 4 3  )3 88.596 4 3  
I - I 1.000E 4 3  1 3.721E 4 3  I 4.861E 4 3  1 5.893E 4 3  

Tab. 18: Frad. Absorption Rates of Fin. Prod.. Benchmark B.(cont.) 

NucEde 

BNFL I - I 8.053E 4 I 2.147E 4 3  1 2.269E 4 3  1 2 . U E  4 3  
CE A / - I 2.103E 4 3  [ 4.227E 4 3  / 4.446E 4 3  )) 4.5WE 4 3  
ECN I - / 2.239E 4 3  1 4.481E 4 3  1 4.MI5E 4 3  1 4.978E 4 3  
FDE I I  

JAE 
PSI1 
STU 
Amage 

BNFL 
CEA 
ECN 

, L". I I I 
Pm-I47 HIT 1992t  4 3  3952E 4 3  I I M E 1  2.139E 4 3  '43CQE 4 3 '  
r iWi€W7.X.IE X' 4 1 6 E  4 3  ' 4.293~ 4 3  

Contr ibua 

BNFL 
CEA 
ECN 
-- - 

t STU / - 1 2.352E 4 3  1 4.481E 4 3  / 4.742E 4 3  I 4.834E 4 3  
I Average / - / 1.959E 4 3  1 3.M2E 4 3  1 4.1ME 4 3  1 4.315E 4 3  

- 
- 
- 
- 
- 
- 
- 

Bunrp.  MWd/kg 

BNFL I - / 1.383E -04 I 9.91SE 4 4  I 1.311E 4 3  1 1.687E 4 3  
CEA I - 1 3.179E -01 1 1.21)OE 4 3  1 1 . W E  -03 / 2.M7E 4 3  
m 
- - -  I - / 2.867E -04 / 1.136E 4 3  1 1.4ME 4 3  )3 1.821E 4 3  

Tab. 18: Frad. Absorption Rates of Fin. Prod.. Benchmark B.(mnt.) 

0.0 
- 
- 
- 

1.032E 4 3  
9.954E -04 
1.106E 4 3  
1.017E 4 3  
3.MUE -M 
5.763E -04 
6.611E -04 

EDF I - I I I I 1 

Sm-150 HIT I - 1 2653E -M I 1.MlE 4 3  / 1.WE -03 ] 1.646E 4 3  1 I I K E l  I - I 3.09SE -04 / 1.236E 4 3  / 1.632E -03 1 1.992E 4 3  
JAE I - 1 3.127E -04 I 1.1116E 4 3  1 1.54lE 43 I 1.M2E 4 3  

Nudide 10.0 
5.021E 4 4  
1.012E 4 3  
1.125E 4 3  

3.762E 4 3  
3.645E 4 3  
3.8MIE 4 3  
3.8WE 4 3  
1.456E 4 3  
1.832E 4 3  
2.154E 4 3  

Contributor 

BNFL 
CEA 
ECN 

33.0 
2.760E 4 3  
3.826E 4 3  
4.224E 4 3  

4.89OE 4 3  
4.740E 4 3  
5 . W E  4 3  
5.WlE 4 3  
1.826E 4 3  
2 . W E  4 3  
2.729E 4 3  

Bumup, M W d / b  

5 .WE 4 3  
5.728E 4 3  
6.123E 4 3  
6.214E 4 3  

2.252E 4 3  
2.717E 4 3  
3.234E 4 3  

42.0 

3.602E 4 3  
5.013E 4 3  
5.53SE 4 3  

0.0 
- 
- 
- 

50.0 

4.641E 4 3  
6.W2E 4 3  
6.728E 4 3  

10.0 

4.724E 4 4  
5.566E 4 4  
5.09OE -M 

33.0 
1 . m E  4 3  
1.277E 4 3  
1.222E 4 3  

42.0 

1.6YE 4 3  
1.372E 4 3  
IJm 43 

50.0 

1.731E 4 3  
l . 4 l l E  4 3  
1.469E 4 3  



Tab. 18: Frad. Absorption Rates of Fis. Prod.. Benchmark B.(wnt.) 

BNFL / . 1 2.1157E 4 4  / 2.140E 4 3  1 2.913E 4 3  I 3.823E 4 3  
CEA 1 - / 5 . E E 4 4  1 2.873E 4 3  / 3.MOE 4 3  / 4.653E 4 3  
ECN I - I 4.518E 44 I 2.1EdE 4 3  1 2.857E 4 3  1 3.431E 4 3  
cnc I I 

Nmlidc 

4.527E 4 3  I 5.W2E 4 3  
I EDF I I 

Tab. 18: Frad. Absorption Rater of Firs. Prod.. Benchmark B.(wnt. 
I I I Bun=. MWd/k= 

BNFL I - I 6.5WE 44 I 3.468E 4 3  / 4.202E 4 3  / 4.921E 4 3  
CEA I - I 1.5WE 4 3  1 4.562E 4 3  )3 5.252E 4 3  1 5.735E 4 3  
ECN / - I 1.277E 4 3  1 3.531E 4 3  1 4113E 4 3  1 4.354E 4 3  

Contributor 

IKE l  I - 1353E 4 3  I 4 I M E  4 3  1 4.018E 4 3  1 5.U7E 4 3  
Sm152 

Eu-153 

Burnup. MWdfk  
0.01 10.0 1 33.0 1 42.0 1 50.0 

HI1 ' I 1.YOE 4 3  1 3 M2E 

L.,, I - I I I 
HIT I - 5.7l3E 4U 2614 t  4 3  1 3483E 4 3  1 4.237E 4 3  
I K t l  5.421t 44 I 2SOE 4 3  3 4 W t  4 3  4278E 4 3  

Eu-1Y HIT - 1.204E 44 16ME 4 3  2.477E 4 3  3.310E 
IKE1 . ' k 4 5  i . lME 4 3  1.W3E 4 3  pm~ 

- I .  44 1.385E 4 3  2 1 W t  4 3  1 2.925E 4 3  
PSI1 . l W l E  44 1.327E 4 3  2.103E 4 3  1 2.850E 4 3  

Nvdide 

.~ ~- -~ --- -  ~- ~- 

I Avenge I - 1 9.6G9E 4 5  I ] . W E  4 3  1 1.%7E 4 3  1 2.71% 4 3  
1 l BNFL I - I 5174E dl I 1.192E 4 3  1 1.630E 4 3  1 2.329E 4 3  I 

JAE 5.3& 44 1 2391E 4 3  . 3.196E'43- - ~- ~~ - ~ -  

PSI1 I - 1 6.153E 44 1 2.WSE 4 3  / 3.819E 4 3  1 4.550E 4 3  
STU 1 - I 6.151E 4 4  / 2.919E 4 3  1 3.W6E 4 3  1 4.748E 4 3  

I Average I - I 5.261E 44 1 2.574E 4 3  1 3.439E 4 3  I 4.202E 4 3  

Contribvta 

BNFL 

ECN 
FnF 

3.8WE 4 3  

~~ -. ~~- , ~ -  
0.0 
- 

- - 

10.0 

I.948E 4 5  

8.12OE 4 5  

33.0 

L785E 44 
C E A ~ ~ ~ ~  

1.WIE 4 3  

42.0 

1.171E 4 3  

1.597E 4 3  

50.0 

1.911E 4 3  

2.172E 4 3  



Tab. 19: Fractional Fission Rate of Actinides. Benchmark 0.  (mnt.) 

Nudidt Cantributo 
&mup. M W d j b  

0.0 1 10.0 1 33.0 1 12.0 1 50.0 



JAE / 2.133E 4 3  1 22.77E 4 3  1 2.M7E 4 3  1 1.932E 4 3  
PSI1 I 2156E 4 3  1 2.220E 4 3  1 2.138E 4 3  1 2M3E 4 3  
STU I 24WE 4 3  / 2.541E 4 3  / 2.3WE 4 3  1 2251E 4 3  
Avenge I 2.1UE 4 3  / 2.196E 4 3  I 2.106E 4 3  I 2W1E 4 3  

JAE I 1 4.612E 4 5  1.101E -04 1.193E M 1.210E 44 
PSI1 1 1.43SE 4 5  1.M3E -01 1. lME 4 4  1.150E -M 
STU I 1 5.248E 4 5  I.232E -M 1.32SE -M 1.330E -M 
Arn.8~ I - 14.3B6E 4 5  1.IMIIE-M 1 . l M E - M  1.2WE-M 

1.013E 4 3  
1.938E 4 3  
2.102E 4 3  
1.885E 4 3  

JAE 

8 

. . -. . - -- 
7.390C-02 
7 4 1 9 r 4 2 '  
7.UIE 4 2  
7396E -Ul 

a l 7 7 E  4 2  
8.168E 4 2  
8392E 42-7 
8.195E 43' 

O.W7E 4 2  / L .mE 4 1  
9.727E 4 2  9.99% 4 2  

TbSF-01  
9 m21E 4-01 

1031E 4 1  
1 MPE 4 1  
1.062E 4 1  
1 ONE 4 1  

1 



Tab. 19: Fractional Fission Rate of Actinides, Benchmark B. (cont.) 
I I I R.m.n  YWdh. I 

I I BNFL I I I 1 

Tab. 19: Fractional Fission Rate of Actinides. Benchmark B. (mnt.) 

I I I I I 
HIT I - I 1.18SE -05 I 3.794E 4 4  1 7.125E 44 1 1.114E -03 

Gn-215 lKEl 1 . I 1.510E -05 1 4.525E 44 I 8.714E 44 / 1.375E -03 

Nvdidc Contributor 

BNFL 
CEA 
F t N  

IKEZ 

Bump.  MWd/hg 
0.01 10.0 1 33.0 1 42.0 1 50.0 

I I - 1 1.1ME -05 1 1.060E 4 4  I 1 1.625E 44 I I 22WE 44 
I I I I 

JAE 
PSI1 
STU 
Arerage 

- 
- 
- 

1.715E -05 

1.632E -05 
1.51OE -05 

5.263E 44 

4.919E 44 
4.625E 44 

1.W7E -03 

9.428E 44 
8.83SE 4 4  

1.578E -03 

1.497E -03 
1.391E43 



JAE 
PSI1 . 2.569ETm 2574E+W 2.575EtW-1:57SE 

. . $3i7ETW 2317E~DO 2.317EsW Oi317ETM) 2317t 
A m a F  2567EvW I 2575ErW 2578E;M' 2.cf9E r M  2579E 

Tab. 20: Neutrons per Fission, Benchmark B. (cont.) 
I I 



Tab. 20: Neutrons per Fission. Benchmark B, (cant.) 
Burnup, MWd/k 

Mud& Cmuibvta 

Tab. 20: Neutrons per Fisian. Benchmark B. (cont.) 

N d &  
Bunup. YWd/k 

C ~ n n b u t ~ l  0.0 1 10.0 I U.0 1 . . . . . . . 42.0 1 50.0 





Tab. 21: Nvdide Densities of Actinides. Benchmark B 

m. 
W 

Tab. 21: Nuclide Densities of Actinides. Benchmark B. (cant.) 
I I I I 



. ".. , , , 
STU 1 5.493E 4 I 1.912E 4 7  I 2.OUE 4 7  1 2ZWDE 4 7  

I a I 



Tab. 21: Nudide Densities of Actinides. Benchmark B. (cont.) 
0 

N v d i i  bntrihnor 0.0 10.0 - 33.0 42.0 50.0 
7--- - 

ECN 
EDF 





Tab. 22: Nuclide Densities of Fioo. Pmd.. Benchmark B.(contJ 
Burnup. MWd/kg 

NvECdc Contributor 0.01 10.0 I 3 . 0  1 42.0 1 50.0 
I I BNFL 1 . 1  I I I I 

I STU I I I 
I 

Tab. 22: Nudide Densities of Fis .  Prod.. Benchmark B.(cont.) 
B m l p .  MWd/lq 

Nvdie  C~nt.autor 0.01 10.0 1 33.0 1 42.0 1 50.0 

I I BNFL 1 . 1  I I I I 

P d l W  - 
- 
- 

HIT 
lKEl 
JAE 
PSI1 

5.153E -06 
5.136E 46 
5.lWE 46 

1.735E 4 5  
1.746E -05 
1.721E 4 6  

2.223E 4 5  
2.24SE 4 5  
2.2WE 4 5  

- 
2.659E 4 5 -  
2.693E -05 
2.6UE-05' 





Tab. 22: Nuclide Densities of Firs. Prod.. Benchmark B.(cont.) 

Nucrde 

Tab. 22: Nudide Densities of Firs. Prod.. Benchmark B.(cont.) 

N v d i i  

Cont.ibutw 
BNFL 
CEA 
ECN 
FDF 

b n t r i b ~ w  

BNFL 
CE A 
ECN 

Bump. MWd/k  

Bumup. M W d / k  

0.0 
- 
- 
- 

0.0 
- 
- 
- 

42.0 

2.035E 46 
1 . l S E  -06 
9.274E -07 

50.0 

2.026E -06 
1.151E 4 
9.322E -07 

10.0 

1.225E 46 
8.9UE -07 
7.371E 4 7  

10.0 

1.217E -07 
1.3WE 4 7  
9.%7E +8 

33.0 

2.WlE -06 
1.153E 46 
9.MllE -07 

33.0 

1.609E -06 
1.SS7E -06 
1.170E 46 

42.0 

2.628E 46 
2.421E 46 
l.8lOE 46 

50.0 

3.660E +6 
3.223E -06 
2.396E 4 6  
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Appendix A 

Benchmark specification for plutonium recycling in PWRs 

Benchmark A: Poor-quality plutonium 
J. Vergnes @DF) 

Benchmark B: Better plutonium vector 
H. W. Wiese (KfK) and G. Schlosser (Siemens-KWU) 

Co-ordinator 
H. Kiisters, KfK 

Benchmark A - poor-isotopic-quality plutonium 

The goal of this comparison is to explain the reasons for unexplained differences between results 
on MOX-PWR cell calculations using degraded plutonium (fifth-stage recycle). 

The most important difference is related to the inlinite medium multiplication constant k-infinity. 
We suggest a geometry as simple as possible. We shall describe the proposed options: 

Number of atoms and cell geometry 

Differences could appear for these calculations. So we propose that a number of atoms will be 
stated for the benchmark 

For this preliminary calculation, we have taken the geometry of Figure A-1 and the following 
isotopic balance of plutonium. The plutonium isotopic composition is near the composition at 
the fifth stage recycle with an average burnup of 50 MWdIkg. 



The uranium isotopic composition is the following 

The total plutonium concentration proposed is 12.5% (6% of fissile plutonium). 

The cladding is only made out of natural zirconium. 

In evolution, samarium and xenon concentrations will be self-estimated by each code with a 
nominal power of 38.3 Wlg of initial heavy metal. 

Options of the cell calculation 

To ease the comparisons, it is suggested to calculate the cell without any neutron leakage 
(BZ = 0). 

Temperatures will be as follows: 

- Fuel 660°C 
- Cladding 306.3"C 
- Water 306.3"C 

Boron concentration is worth 500 ppm. Boron composition is as follows: 



Table A-1 Number of atoms per cm3a! irradiah'on step zero 

Options of the evolution calculation 

We propose an evolution calculation from 0 to 50 W d k g  including the following time steps 
(0.0.15.0.5. 1,2,4,6, 10, 15.20, 22,26,30, 33, 38.42.47 and 50 MWdflrg) 

We take into consideration the following fission products: 

Zr-95, Mo-95, Pd-106, Ce-144, Pm-147, Pm-148, Pm-148111, Sm-149, Sm-150, Sm-151, 
Sm-152, Eu-153, Eu-154, Eu-155, Gd-155, Gd-156, Gd-157, Tc-99, Ag-109, Cd-113, In-115, 
1-129, Xe-131, Cs-131,Cs-137, Nd-143, Nd-145, Nd-148 
and four pseudo fission producb in which all the other fission products are grouped 



The energy releases from fission are: 

plus 8 MeV for the n-gamma captures of the other non-fissioning (v-1) neutrons. 

Results 

Results should be provided both on paper and computer-processable medium. A short report 
should be provided describing: 

- The computer program(s) used and their precise version, 
- The data libraries used and evaluated data file from which they were derived, 
- The list of isotopes for which resonance self-shielding was applied and the method used, 
- How the buildup of Xenon was treated, 
- How the (n,2n)-reaction was taken into account for the k-infinity calculation. 

The following data should be provided in tabular form for the following burnups: 
0, 10.33.42 and 50 MWdIkg. 

1. Number densities for all nuclides considered: 

burnup 1 burnup 2 ................ burnup-n 

isotope 1 
isotope 2 

isotope -N 

2. k as a function of burnup, 

3. One energy group cross-section (absorption, fission, nu-bar) as a function of isotope and 
burnup (see 1 .), 

4. Reaction rates (absorption, fission) as a function of isotope and bumup (see I.), 

5. Applied absolute fluxes used in the evolution calculation (and their normalisation factor), 



6. Neutron energy spectrum per unit lethargy as a function of burnup (and its normalisation 
factor and group structure). 

Benchmark B - better plutonium vector 

As a second fuel M2, in agreement both with Dr. G. Schlosser, KWU and Dr. J. Vergnes, EDF, 
aMOX fuel with first-generation-plutonium as used in [I] with the following specifications is 
suggested: 

4.0 wt% U-235 in uranium tailings (0.25 wt% U-235), 

Composition of plutonium (wt%): 

Pu-238 1.8 
Pu-239 59.0 
Pu-240 23.0 
Pu-241 12.2 
Pu-242 4.0 

Composition of uranium (wt%): 

With the heavy material number density normalised to 2.115 x lon atoms /cm3, the following 
nuclide number densities are determined: 

All other specifications shall be the same as in the first benchmark - case A. 



Reference 

111 H. W. Wiese, "Investigation of the Nuclear Inventories of High-Exposure PWR Mixed Oxide 
Fuels with Multiple Recycling of Self-Generating Plutonium", Nuclear Technology, Vol. 102, 
April 1993, p. 68. 



Moderator 

Cladding 

tf Fuel 

Figure A-1 Cell geomehy a! 20°C 





Appendix B. 1 

VIM Monte Carlo calculations 

R. N. Blomquist (ANL) 

General 

Generally, the continuous-energy cross-section data used was based on ENDFIS-V data. Zircaloy, 
however, was based on ENDF/B-IV. Specular reflection was applied at all boundary surfaces. 
The uncertainties shown in Ulese results are one standard deviation of the mean. The flux and fission 
rate data submitted is normalised to per fission source neutron, and volume-integrated over each cell. 
Isotopic multigroup cross-sections and reaction rates are available on request. 

Plutonium recycling in PWR benchmark 

Both calculations consisted of 0.5 million histories each in generations of 10 000, with tally data 
written for each generation. Two initial generations were discarded to allow the flat fission source guess 
to decay. Computation time averaged 5 SPARC-2 CPU hours. 
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Recycling of plutonium in a PWR 

A. Puill (CEA) and A. Kolmayer (Framatome) 

The evolution of the infinite multiplication factor and the isotopic concentrations are carried out 
with the APOLLO-2 code [I ]  to [4]. 

APOLLO-2 is a modular code which solves the multigroup transport equation, either by the 
method of collision probabilities (integral equation), or by S, methods with finite differences or nodal 
techniques (integro-differential equation). 

It can process I-D or 2-D geometries (a multicell approximation is available for 2-D geometries). 
APOLLO-2 is a portable code written in FORTRAN 77. 

The neutronic data appear in one or several external libraries which have a format designed for the 
code. There are two types of data: isotopic data and self-shielding data. The laner are used by the self- 
shielding module, which calculates self-shielded cross-sections in order to make complete the isotopic 
data in the resonance domain. 

A series of tests enabled us to select the best calculation options taking into account the accuracy 
of the result as well as the computation time. The PIJ option (collision probabilities) is used in 
rectangular multicell geometry (flat flux approximation in each of the regions) and the UP1 
approximation is used to represent the incoming and outgoing angular fluxes (Uniform in space and PI 
- 3 terms - in angle). The quadrature formulae used in the calculation of the transmission of 
probabilities, are of Gauss-Legendre type. 

The self-shielding module calculates the self-shielded multigmup cross-sections for all the resonant 
isotopes located in the multicell geometry. The calculation takes into account the resonant interaction 
effects in space and energy between the various isotopic mixtures . 

A test has been carried out with an exact 2-D-PIJ method for the calculation of fluxes and self- 
shielded cross-sections. With regard to the adopted options, the k-infinity deviation does not exceed 
0.05% for a computation time 65 times larger. 

In order to take into account the high flux gradient in the fuel, it is divided into 6 rings with 
decreasing thicknesses from the centre to the periphery. 

The CEA 93 library uses an energy mesh with 172 groups ranging from 0 to 20 MeV. Most of the 
isotopes are coming from the JEF-2.2 evaluated data library. The quadrature formulae used for the self- 



shielding calculation are supplied for 7 heavy isotopes: U-235, U-238, Pu-238, Pu-239, Pu-240, Pu- 
241, Pu-242 and for the natural zirconium. The self-shielded sections are recalculated every 10 
Mwdkg. 

The xenon is saturated at the first depletion step. The contribution of the (n, 2n)-reactions is taken 
into account in the calculation of k-infinity (in APOLLO-2, for a cell without leakage, we have 
k-infinity = k-effective). Moreover these multigroup cross-sections are weighted by a flux calculated 
with 172 groups. 

Acknowledgements 
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Appendix B.3 

Results of OECD/WPPR benchmark on plutonium recycling in PWRs 

V. A. Wichers and J. M. Li (ECN) 

General 

Computer programs 

The calculations were done with the following program sequence: 

BONAMI Calculates resonance self-shielding in the unresolved region based on the 
Bondarenko method: 

NITAWL Calculates resonance self-shielding in the resolved region based on the Nordheim 
method: 

WIMS-D (version 4). Produce spectrally and spatially weighted (collapsed) cross-sections 
for the point-depletion computations, and k-infinity and the flux for the single 
cell; 

COUPLE Produces an ORIGEN-S nuclear data library, using the cross-section library and 
spectra produced by WIMS-D. 
Modifies the ORIGEN-S spectral parameters (THERM, RES and FAST); 

ORIGEN-S Calculates fuel composition as a function of burnup from a point-depletion 
computation. 

SAS6 Absorption in nuclides not specified in the benchmark was approximately 
accounted for in the flux calculations. These nuclides were treated as 
llv-absorbers. Appropriate concentrations of these "pseudo fission-products" 
were computed for three energy intervals: 1.OE-5 eV - 0.5 eV; 0.5 eV - 1 MeV; 
and 1 MeV - 20 MeV. 

All codes were from the SCALE version 4.1 package, except for WIMS-D. 



Data libraries 

With respect to cross-section computation, nuclides specified in the benchmark and nuclides not 
specified were treated differently. 

For nuclides specified in the benchmark, the cross-section data library was an AMPX master 
library with the 172 groups XMAS structure. This library was based on the JEF-2.2 evaluated data file 
for all nuclides, with the exception of 0-16, Gd-155 and the Ilv-absorbers, for which the JEF-1.1 
evaluated data file was used. The master library was generated with the processing code MAX of the 
SCALE system, version 4.1. 

For nuclides not specified in the benchmark, the ORIGEN-S cross-section data library was used. 

Self-shielding 

Resonance self-shielding was in principle applied to all nuclides explicitly specified in the 
benchma& and to the following nuclides: 

Pd-105 was not included because of problems with the nuclear data. 

Resonance self-shielding was not applied to other nuclides. 

Build-up of xenon 

The xenon concentrations were self estimated. There was no special treatment of the build-up of 
xenon. 

Treatment of (n.2n)-reactions in the k-injinity calculations 

In WIMS-D, (n,xn)-reactions were taken into account as negative absorption reactions, by using 
appropriately modified absorption cross sections. 

Cell geometry 

The cell geometry was as given in Figure A-1 of the benchmark specification (see Appendix A). 

The length of the cell was lo7 cm, in order to have effectively no neutron leakage i.e., 

D B ~  = 0. 



Boron concentrotions 

The boron concentration was constant during the computations. 

Fission energies 

In the benchmark, energy releases from fission were specified for five nuclides: 

U-235, U-238, Pu-239, Pu-241, and Am-242m. 

For the remaining fissioning nuclides, we used the fission energies included in the ORIGEN-S 
code. 

A fixed energy release of 8 MeV was specified for the n-gamma captures for the other, (v-1), non- 
fissioning neutrons. We interpreted this as: the energy releases from capture reactions of the (v-I) non- 
fissioning neutrons sum to 8 MeV. Thus, all fission energies were incremented by 8 MeV, and all 
capture energies in ORIGEN-S were set to zero. 

The adopted energies released per fission are listed in Table B.3- 1. 

Table B.3-I Adopted total energies generated per fission and relevant atomic masses of actinides. 

89 

NUCLIDE 

711-230 
Th-232 
711.233 
Pa-231 
Pa-233 
U-232 
U-233 
U-234 
U-235 
U-236 
U-238 
Np-237 
PI-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Pu-243 
Am-241 
Am-242m 
Am-243 
Cm-244 
Cm-245 

ATOMIC MASS (g/mol) 

234.114 
235.04401 

238.05099 

238.21344 
239.13 
240.054 
241.05685 
242.05847 

ENERGY (MeV) 

198.0 
197.21 
198.0 
198.0 
197.1 
208.0 
199.29 
198.30 
201.70 
200.80 
205.00 
203.10 
205.8 
210.0 
207.79 
212.4 
208.62 
208.0 
210.3 
215.0 
210.1 
208.0 
208.0 



The ORIGEN-S depletion computations were normalised to the power generated in the fuel pin. 
This power was defined by the benchmark specification through the power density, being 38.3 Wlg of 
initial heavy metal. The power corresponding to this 38.3 Wlg of initial heavy metal was obtained from 
the specified initial atom densities, the dimensions of the pin and atomic masses (see Table B.3-1). 

For part A (poor-quality plutonium case) the power was 1830.5 MW, the mass density was 
9.0722 g/cm3, and the volume was 5.2681.10~ cm3 (length of 10' cm, fuel radius of 0.4095 cm). 

For part B (better plutonium case) the power was 1719.4 MW, the mass density was 8.5215 g/cm3, 
and the volume was again 5.2681.10~ cm3. 

The flux F' used by ORIGEN was converted to the total flux F by: 

Pseudo fission products 

ORIGEN updates densities for all nuclides. 

For nuclides specified in the benchmark, microscopic cross-sections corrected for resonance self- 
shielding were computed by BONAMI and NITAWL, using the updated densities from ORIGEN and 
microscopic cross-sections from the master library. These updated microscopic cross-sections were used 
in the subsequent flux computations with WIMS-D. 

Nuclides not specified in the benchmark were approximately and partially taken into account in the 
flux computations as llv absorbers. Appropriate densities were computed for Wee energy regions. 

Nwnber densities 

An initial density of lo6 atomslcm3 was used as effective density = 0 atoms/cm3. 

One energy group cross-sections 

All cross-sections are in units of barns. Cross-sections S' computed by COUPLE, were converted 
to one-energy-group cross-sections, S, by: 



Appendix B.4 

Plutonium Recycling in PWRs 

P. Marimbeau (CEA) and P. Barbrault and J. Vergnes (EDF) 

The calculations are performed with the code APOLLO-I [I] [2]. 

This code solves the multigroup transport equation with the method of collision probabilities (PIJ). 
It is portable and written in FORTRAN 77. 

The CEA 86.1 [3] library is used with 99 energy-groups ranging from 0 to 10 MeV. 

The self-shielded cross-sections are recalculated at each step of burnup for the heavy isotopes: 

U-235, U-236, U-238, Pu-239, Pu-240, Pu-241, Pu-242, and natural zirconium. 

The xenon is not saturated at the first step of irradiation (0 MWdIkg). The equilibrium is obtained 
at 0.15 MWdIkg. 

The contribution of the (n,2n)-reactions is not taken into account in the calculation of k-infinity. 
It is taken into account in the k-effective. 

The fission rates are normalised in such a way that the total absorption rate is 1. plus the 
(n,2n)-contribution. Moreover, the total production rate equals k-effective, which is k-infinity plus the 
(n.211)-contribution. 

The neutron energy spectrum (99 groups) is an average over the whole calculation cell. 
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Appendix B.5 

Benchmark calculation of a fuel assembly analysis code VMONT 
for PWR-MOX lattice 

K. Ishii and H. Maruyama (Hitachi Ltd) 

Introduction 

This report describes the PWR-MOX benchmark results by using a fuel assembly analysis code 
VMONT [ l ]  [2], in which a multigroup Monte Carlo neutron Iransport calculation is combined with a 
burnup calculation. The algorithm of this Monte Carlo calculation was developed for effective use of 
the vector processing function of supercomputers such as Hitachi S-820. 

Calculational model 

Multigroup cross-section library 

The total number of energy groups used in the spectrum calculation of the VMONT code is 190, 
the structure of which is shown in Table B.5-1. Infinite dilute cross-sections and self-shielding factors 
are stored in a multigroup cross-section library, and the self-shielding factors are tabulated as a function 
of background cross-sections and temperatures. 

The multigroup cross-section library is prepared mainly on the basis of the JENDL-2 and the 
ENDFIB-IV nuclear data files. Table B.5-2 shows the data base of the principal nuclides. The fast and 
epithemal group cross-sections are processed with the MINX code [31 and the thermal group cross- 
sections are provided with the FLANGE-IV code [4]. 

Neutron spectrum calculation 

The VMONT code calculates the neutron spectra using the vectorized Monte Carlo neutron 
transport method. The basic features of the Monte Carlo method used in this code are: 

1. a multi-particle tracking algorithm suited to the vector processing ability of Hitachi 
supercomputers; 

2. a pseudoscattering scheme [5] used in the flight analysis, and; 

3. a "zone sampling" method [21 used in the zone identification of collision sites. 



Owing to these features, the VMONT code can realise speeds more than 20 times faster than those 
of a scalar Monte Carlo code. 

The VMONT code considers the (n,2n)-reaction as the negative absorption in the k-intinily 
calculation. 

The VMONT code treats 138 nuclides, including 32 actinides and 84 fission products as shown in 
Table B.5-3. The actinide and fission product chains used in the bumup calculation are shown 
Figures B.5-1 and B.5-2. Total fission yield of the all fission products treated explicitly in the code 
is 0.9 to 1.1 depending on the fissile nuclides. Other fission products are collapsed into one lumped 
fission product. 

The effective few-group cross sections used in the burnup calculation are generated in each bumup 
step through condensation of the 190-group cross sections where the self-shielding effects are taken into 
account for the important fission products as well as the actinides. 

Results 

The statistical uncertainties of the VMONT code are as follows: 

k-infinity = 0.05% 

Flux, microscopic cross section, and reaction rate = 0.2% 

Relative fission rate distribution = 1 % 

The fluxes and reaction rates are normalised to total production. 
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Table B.5-1 Energy group sbucture of the VMONT code 

Croups 

132 

(Equi-Lethargy) 

5 8  

Energy Range 

Table B.5-2 Content of principal nuclides in the VMONT library 

Fast and 

Epi thermal 

Thermal 

10.OMeV to 

0.683eV 

0.683eV to 

0. OeV 

ENDF/B-N 
2 9  S u  2 0 8 "  

zsPPu. "OPu, 

Z4'Pu. 2 4 2 P u  

"%uu, 'OSRh, 

"'Pr, '48'Pm. 

"'Pm. "'Pm, 

1 5 6 E ~  

Zr. Fe, 

l6O, "B 

Material 

Fue 1 

Fission 

Product 

Structure 

Control 

Moderator 

Table B.5-3 Number of nuclides treated in the VMONT code 

JENDL-2 
ZZsTh,ZSlU 1I.U 116U, 2$1Np, 299Np, 

2 3 s P ~ ,  2 3 s P ~ , " ' A m , 2 4 z A m , 2 ' ' A m , Z 4 2 C m m  

"'Cm. "'Cm 

"Kr, "Zr, O5M0, "Mo, "Mo, "Tc, 

'"'Ru.'oSRh,'05Pd,'o'Pd,'08Pd,'oBAg, 

"'Cd. "'1, "'Xe, I3'Xe. '35Xe, '"Cs, 

"'Cs, "'La, "'Pr, "'Nd, "'Nd. "'Nd. 

"'Nd, "'Pm, "'Sm, "'Sm, "'Sm, '50Sm, 

"'Sm, ' "Sm, '"Sm, '"Eu, "'Eu, IS5Eu, 

Is'Gd, 15'Gd. 15'Gd, lS'Gd, 15'Gd 

Al, ' V ,  ' O B ,  'H 

Material 

Fuel 

Fission Product 

Structure. Control. 

Moderator 

Number of Nuclides 

3 2 

8 3  + 1 Lumped Fission Product 

2 2  
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Appendix B.6 

OECDINEA benchmark on plutonium recycling in PWRs 

The cross-section base is the JEF-I data file [I], which is processed [2] with the NJOY program 
system [3] into multigroup data. Three libraries are available in following energy ranges: 

Fast and epithermal range, 100 groups, 

The resolved resonance region, 8500 groups, 

The thermal range, 15 1 groups. 

In these energy ranges the o d e  CGM [4] performs one-dimensional cell-calculations with usually 
5 zones (2 in the fuel, clad, 2 in the moderator) to get spectra for group collapsing to 45 (10 fast, 
35 thermal) groups. The generated data sets are dependent of the cell definition in CGM, mainly in the 
groups containing resonances. They include the effects of self and mutual shielding and resonance 
overlapping for the U- and Pu-isotopes. This method of group cross-section generation has been used at 
IKE in principle for 20 years [5] with only few modifications to the number of groups and the size of 
the resonance region. 

In standard calculations only 1 set of cross sections is produced for the whole life of the fuel, but in 
this case the cross sections have been recalculated 4 times during the irradiation. 

The cell burnup calculations are carried out in RSYST 3 [6] for a cylindrical cell using a c01lision 
probability code. For 20 Actinides and 84 fission product isotopes the burnup equations are solved. 

The fission yields are from JEF-1 

The fission spectrum has been recalculated after each burnup step using the actual fission rates of 
the U- and Pu-isotopes. The (n.211)-reaction of U-238 and Pu-239 has been included in the actinide 
chain. 
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Appendix B. 7 

Plutonium recycling in PWRs 

Monte Carlo calculations for the unburnt state 

M. Mattes, W. Bernnat and S. KSer (IKE) 

Monte Carlo calculations have been performed for the fresh fuel using the continuous energy code 
MCNP-4.2. The cross section library based on JEF-2.2 was generated by NJOY-91.91 and contains 
data sets for the temperatures of 293.6 K, 600 K and 900 K. For hydrogen bound in H20 a data set for 
a temperature of 573.6 K is available. 

The calculations are done for 

Tr = 900 K, 
T, = 600 K, and 
Tm = 573.6 K, 

each for 995 000 histories. 

The influence of the discrepancy in fuel temperature (33 K) on k-infinity could be in the range 
of 0.001. 

For both cases calculations have been carried out also for a temperature of 293.6 K (3350001 
325000 histories) to be able to compare results using JEF-2.2 with results based on ENDFIB-V sent by 
ANL and performed by VIM using cross-sections at 300 K. 



1 Benchmark A - Degraded plutonium - BOL -HOT 

k,,, = 1.13192 f 0.07 % * 

Table B.7-l .I Microscopic one-group cross-sections 

- 
0 
0 

Table B.7-1.2 Isotopic reaction rates 

' 
claddin; 

Zr 11 5.54363.03 1 0.32 % /I I 
Moderator 

E 11 9.35163-03 1 0.14 % 11 I 

Nuclide 11 Absorption I uncertainty 11 Fission I uncertainty 
Fuel 

Table B.7-1.3 Flux spectrum by region (Em, = 20 MeV) 

'%U 
'"U 
'=Pu 
239P~ 
"OPu 
2"Pu 
2'2Pu 
160 

Totals 

.-.. 
Group I Elowcr (cV) I F l u  1 uncertainty 

2.60163.02 
2.07503-01 
1.18233-02 
3.65933.01 
1.8406E-01 
1.33143-01 
4.55083-02 
2.64923-03 

Moderator 
Group I Elower (eV) I Flux 1 uncertainty 

1 1 8.21000Et05 1 6.3642Et00 1 0.12 % 

1 
2 

1 I I 5.53OOOEtO3 1 &413OE+OO 1 0.07 % 1 
6.250003-01 6.1371Et00 0.07 % 
1.00000E05 8.30953-01 0.17 % 

Totals 2.1745EtOl 0.04 % 

0.11 % 
0.14 % 
0.18 % 
0.13 % 
0.19 % 
0.18 % 
0.39 % 
0.43 % 

* The MCNP output offers several slightly different 
eigenvalues resulting from different averaging 
methods. The eigenvalues listed in this Appendix 
are "simple average" values, the ones included in 
Tab.4A and 4B are "combined average" values being 
recommended in the User's Manual. 

8.21000Et05 
5.53000E+03 

1.9387E02 
2.71333-02 
2.40633-03 
2.3409E01 
6.01853-03 
1.01513-01 
3.23003-03 

3.52293+00 
4.5156E+00 

0.11 % 
0.16 % 
0.11 % 
0.13 % 
0.09 % 
0.10 % 
0.10 % 

0.12 % 
0.07 % 



2 Benchmark B - Better plutonium - BOL - HOT 

.. 
T~hlr. B.7-2 I hlirrnsmpic one-grc~up rrorr-sectinns 

Nudide 11 Absorption I uncertainty 11 Firsion I uoccnaioty I Nu-bar 
he1 

I6O 11 4.99193-03 1 0.42 % 11 
Cladding 

Zr \( 3.4171E02 ( 0.34 % (1 I 1 
Moderator 

H 11 1.34343.02 1 0.17 % 11 1 I 

Table B.7-2.2 Isotopic reaction rates 
Nuclide 11 Absorption I uncertainty 11 Firsion 1 uncertainty 

Fuel 

Table B.7-2.3 Flux spectrum by region (Em, = 20 MeV) 
I n..~ 1 

Cladding 
Zr 11 6.15003-03 1 0.29 % 1) I 

Moderator 

- --- 
Group 1 Elower (cV) I Flux 1 uncertainty 

1 1 8.21000Et05 1 3.6049E+00 1 0.12 % 

235U 

'"U 
'=Pu 
239Pu 
"OPu 
'"Pu 
242Pu 
"0 

H 
"0 

Totals 

uncertainty 

5.8675E-05 
1,44393-02 
2.3441E01 
3.6891E-03 
4.60913-01 
1.3772E01 
9.7977E-02 
1.26233-02 
2.5774E-03 

0.10 % 
0.11 % 
0.16 % 
0.10 % 
0.12 % 
0.09 % 
0.12 % 
0.10 % 

0.59 % 
0.11 % 
0.13 % 
0.16 % 
0.18 % 
0.22 % 
0.12 % 
0.60 % 
0.43 % 

1.4881E02 
2.5958E-03 

* The MCNP output offers several slightly different 
eigenvalues resulting from different averaging 
methods. The eigenvalues listed in this Appendix 
are "simple average" values, the ones included in 
Tab.4A and 4B are "combined average" values being 
recommended in the User's Manual. 

2 
3 
4 

Totals 

Group 
1 
2 
3 
4 

Totals 

1.67043-06 
1.11693-02 
2.82723-02 
5.19323-04 
2.9630E-01 
2.18823-03 
7.40963-02 
2.85293-04 

0.13 % 
0.44 % 

5.53000Et03 
6.25000E01 
1.00000E05 

Elower (eV) 
8.21000E+05 
5.530003+03 
6.250003-01 
1.00000E05 

1.5568Et00 
1.1836E+OO 
22111EO1 
4.1619EtOO 

Moderator 
Flux 

6.5047Et00 
8.5456E+00 
6.75163+00 
1.4125E+00 
2.3214E+Ol 

0.07 % 
0.06 % 
0.16 % 
0.05 % 

uncertainty 
0.12 % 
0.07 % 
0.05 % 
0.15 % 
0.04 % 



3 Benchmark A -Degraded plutonium - BOL - 293.6 K 

k., = 1.15862 f 0.11 % 

Table 8.7-3.1 Microscopic one-group cross-sections 

Table B.7-3.2 Isotopic r e  :tion rates 

Table B.7-3.3 Flux spectrum by region (Em, = 20 MeV) 



4 Benchmark B - Better plutonium - BOL - 293.6 K 

b, = 1.21816 i 0.11 % 

l 'al>lc B 7-4 1 hlicr-pic one-group cross-sections 1 
Nuclide 11 Absorption I uocertdnty 11 Fission I uncertainty I Nu-bar 

Fuel 

1.64323+01 0.38 % 
1 3 * P ~  5.3738E+Ol 0.29 % 
"OPu 4.16893+01 0.46 % 
'"Pu 5.81693+01 0.29 % 
'''Pu 2.07203+01 1.23 % 

4.98473-03 0.84 % 
Cls 

Zr 3.45483-02 0.62 % 
Moc 

1.54633-02 0.32 % 
l60 4.69643-03 0.85 % - 1°B 1.78923+02 0.32 % 

0 
W " B  3.02503-04 0.60 % 

Table B.7-4.2 Isotopic reaction rates 
Nuclide 11 Absorption I uncertainty 11 Fission I uncertainty 

Wcl  

.able B.7-4.3 Flux spectrum by region (Em, = 20 MeV) 
I n.-, I 

l80 1) 2.59323-03 1 0.76 % 11 
Cladding 

Zr 11 6.23073-03 1 0.54 % 11 I 
Moderator 

A "=. 
Group I Elower (cV) I Flux ] uncertainty 

1 I 8.210003+05 I 3.6192E+00 1 0.21 96 

El 
I6O 

Cladding 
Group 1 Elowcr (eV) I F l u  1 uncertainty 

1.71713-02 
2.60813-03 

1 
2 

0.24 % 
0.17 % 

8.210003+05 
5.530003+03 

1.2040Ef00 
1.55913+00 

0.22 % 
0.13 % 



Results of the benchmark for plutonium recycling in PWRs 

H.Akie and H. Takano (JAERI) 

Both benchmarks with degraded and better plutonium vectors were performed with the SRAC 
system. 

The linear heat ratings of 183 Wlcm for the degraded plutonium case and 172 Wlcm for better 
Pu case were used in the SRAC burnup calculations, which were calculated from the power density of 
30.3 Wlg of initial heavy metal. 

The following fission energies were used: 

U-235 193.7 + 8 = 201.7 MeV (= 3.232E-11 J in SRAC) 
U-238 197.0 + 8 = 205.0 MeV (= 3.284E-11 J) 
Pu-239 202.0 + 8 = 210.0 MeV (= 3.365E-11 J) 
Pu-241 204.4 + 8 = 212.4 MeV (= 3.403E-11 I) 
Am-242m 207.0 + 8 = 215.0 MeV (= 3.445E-11 1) 

The requested description of the SRAC calculation. 

Computerprogram and version: modification version of SRAC [I]. 

Data libraries and original evaluated data file: SRACLIB-JENDL3 processed from 
JENDL-3.1 [2] data file. 

List of isotopes for resonance shielding calculation and method used: The self-shielding factor 
table (f-table) interpolation method can be applied in the whole energy region. In the resolved 
resonance region (E < 961 eV in the SRAC system), PEACO [3] can treat both the self- 
shielding and the mutual resonance overlapping effects by the ultra-fine group method, which 
calculates the spectrum with the energy structure of lethargy width Au = 2.5E-4 between 
961 eV and 130 eV, and Au = 5.OE-4 between 130 eV and 2.38 eV (2.38 eV is the thermal cut 
off energy in the calculations here). 

The resonance shielding was not considered for Ru-105, 1-135, Pm-151 and pseudo FP (and of 
course for H-1). 



The PEACO method was used for 

U-233, U-234, U-235, U-236, U-238, Np-237, Np-239, Pu-238, Pu-239, Pu-240, Pu-241, 
Pu-242, Am-241, Am-242m, Anl-242, Cm-244 and Ag-109. 

The self-shielding effect in the thermal range (E<2.38 eV) was considered with f-table method for 

Th-230, U-233, U-235, Np-237, Pu-238, Pu-239, Pu-240, Pu-242, Am-241, Am-242111, 
Cm-243, Cm-245, Pm-148, Eu-153, Eu-155 and Eu-156. 

For the other nuclides, the f-table method was used in the fast energy range. 

Treatment of Xe build-up: The build-up of Xe is treated accurately by the build-up and decay 
chain scheme as shown in Figure B.8-1. 

(n,2n)-reaction treatment for the k-infinity calculation: The (n,2n)-reaction rate is treated by 
subeacting from the total absorption rate. 

Figure B.8-I Burnup chain scheme of FP nuclides in the SRAC system 
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Energy range to evaluate (n,Zn)-cross-sections and the effect on isotope production 

In the SRAC system, the upper limit energy to consider all the reactions is 10 MeV, while a part of 
(n,2n)-reaction is included in the upper range of 10 MeV. It means that SRAC underestimates the 
(n,Zn)-reaction and therefore the production of minor isotopes such as Np-237, which is mainly 
produced through the (n.211)-reaction of U-238. For this reason, the effect of the energy range to treat 
(n,2n)-reaction was studied. Table B.8-1 shows the (n,2n)-cross-sections of U-238 in the degraded 
plutonium case cell evaluated for different energy ranges with the continuous-energy Monte Carlo 
code MVP. For 50 MWdlkg the Monte Carlo calculation was made with the simulated fuel composition 
assumed from the SRAC result. It can be seen that about 15% of the (n,2n)-reaction takes place over 
10 MeV in this cell. Taking into account the difference, the SRAC cell burnup calculations were made 
for the degraded plutonium cell. Figure B.8-2 compares the number densities of Np-237. The Np-237 
density becomes larger by about 9% at 50 MWdkg when the contribution of the (n,2n)-reaction is taken 
into account up to 20 MeV. 

Fuel Energy o 
Temp. Range 

( ) : ratios of +20MeV/slOMeV cases 

Table B.8-1 
U-238 (q2n)-cross-sectians calculated with M W  code for diffrenl energy ranges (degraded Plr cell) 

Figure 8.8-2 
Density of Np-237 calculated with U-238 o(n,2n)~ evaluated for differen! upper limit energy(Etop) 

(degraded plutonium cell) 
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Appendix B.9 

MOX-PWR benchmark: 

PSI Results from BOXER 

J. M. Paratte (PSI) 

Computer codes 

The results given below were oblained using the ETOBOX and BOXER codes of the ELCOS light 
water neutronics code package [ l ]  [2]. For some of the nuclides which are not included in the library for 
BOXER the densities were calculated with the code SELECT. All these codes were developed at PSI. 

ETOBOX processes cross section data in ENDFIB format and produces a cross-section library for 
BOXER. BOXER performs cell, two-dimensional transport, and depletion calculations. SELECT is a 
depletion code based on one-group cross-sections which can handle a large number of nuclides. 

The cross-section library produced by ETOBOX contains microscopic neutron cross-sections 
collapsed to 70 groups. The group structure is the 69 group WIMS structure with an extra group 
between 10 and I5 MeV. However, the upper boundary of the thermal energy range is 1.3 eV instead of 
4 eV. PO and P1 scattering matrices (P2 transport corrected) are given for most nuclides. Tbe weighting 
spectrum is a spectrum calculated in many microgroups for a typical LWR-cell in the fast range, 
a 1/E spectrum at intermediate energies, and a modified Maxwellian spectrum in the thermal range. 
In the fast range (E > 907 eV) the resonance cross-sections (both resolved and unresolved resonances) 
are Doppler-broadened and collapsed to groups for three temperatures and 4 values of the dilution 
cross-section. In the resonance range between 1.3 eV and 907 eV (important low-energy resonances of 
plutonium isotopes are included) pointwise lists of Doppler-broadened cross-sections are produced for 
three to seven temperatures (depending on the nuclide). For the unresolved resonances these lists are 
produced for four dilutions. The spacing of the points depends on the variation of the cross-sections 
with lethargy, so that the cross-section values between the points can be accurately reconstructed by 
interpolation. The minimum spacing of the points is 1.0E-5 lethargy units. Typical numbers of energy 
points for actinides are 7000 to 8000 between 1.3 and 907 eV. The thermal scattering matrices for most 
nuclides are calculated using the free gas model. For the moderator nuclides and especially for hydrogen 
in water the S(a, p) matrices given in the basic cross-section files are used. 

In BOXER the resonance cross sections are self-shielded by a two region collision probability 
calculation in about 8000 lethargy points between 1.3 and 907 eV. 

The fluxes in fine groups and in each wne are calculated by means of an integral transport method 
in cylindrical geometry. The fission source is assumed to be flat over all zones containing fissile 



nuclides. The scattering source in each zone can be flat or represented by a polynomial of the radius. 
In the epithermal range (above 1.3 eV) P1 corrected isotropic scattering is used. In the thermal range P1 
anisotropy can be taken into account. The cells are calculated with white boundary conditions or with 
the outgoing partial current from a previously calculated cell as a fixed source at the periphery. The 
fundamental mode spectrum (i.e., for k-effective = 1) is determined by a B1 leakage calculation for the 
homogenised cell in 70 groups with an iterative search for the critical buckling '. Depletion calculations 
are performed using reaction rates collapsed to one group by weighting with the multigroup fluxes from 
the cell calculations (in the case one cell only is depleted). The time dependence of the nuclide densities 
is described by Taylor series with a given number of terms. The densities of nuclides with high 
destruction rates are calculated analytically with an exponential approach to their asymptotic densities. 
An iterative correction adjusts the flux within the time step in order to keep the power constant. 
The effect of the changing spectrum on the reaction rates is taken into account by a predictor-corrector 
method and by density-dependent one-group cross-sections within the time step for Pu-239 and Pu-240 
(approximated by a rational function). A time step can he divided into several micro-steps without 
recalculating the reaction rates in order to improve the numerical accuracy of the depletion calculation. 

Data library 

The BOXLIB cross-section library for BOXER used in the present calculations contains cross- 
sections for 29 actinide nuclides (from U-234 through Cm-248), 55 fission products considered 
explicitly, and two pseudo fission products. The 55 fission products were chosen based on their 
contribution to the total fission product neutron absorption in LWR configurations; in addition six 
gadolinium isotopes are included for burnable poison calculations. For some fission products which 
contribute little to the absorption the resonance cross-sections are given for infinite dilution only. 

The source of cross-section data for all nuclides is JEF-1, except for Gd-155, whose cross-sections 
are taken from JENDL-2. The fission product yields are taken from JEF-2 for thermal fission. The half 
lives for the radioactive nuclides were taken from 131 and [4]. 

The fission energies from JEF-I were increased to take into account the capture energy of the 
excess neutrons. The increment varies between 8 and 15 MeV depending on the fissile nuclide 
considered. 

The methods used in the cross-section processing are described above. 

Results 

The results for the two fuel cells of the benchmark were provided separately for each cell according 
to the definition of the benchmark for the beginning of life (burnup = 0) and 4 burnup points. The 
infinite multiplication factors k-infinity were given for each point of the burnup calculation 
(total 26 points). Most of the results were calculated with BOXER with the following exceptions: 

The nuclides Zr-95, Ru-106, Pd-106, Cd-113, In-115 and Cs-137, are not on the BOXLIB 
library, so their cross-sections cannot be correctly calculated through a spectrum calculation of 
the cell. The cross-sections used in SELECT have then to be considered as fairly rough 

' This option can be dropped giving a value 0 to the input cell buckling as in the present calculations of the MOX cells. 
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approximations. Therefore the SELECT results provided are affected by a certain unknown 
inaccuracy. It is believed that the densities for Zr-95, Ru-106, Pd-106 and Cs-137 are realistic 
because the self-shielding of their cross-sections is not very important. On the other hand the 
densities for Cd-113 and In-1 15 may be in error by as much as a factor of 10, so the SELECT 
results are not provided. 

For Mo-95 the BOXER results are not correct because the precursors Zr-95 and Nb-95 were 
not taken into account. For this reason the Mo-95 density calculated by BOXER was replaced 
by the SELECT one. In this case the cross-section of Mo-95 used in SELECT is taken from the 
BOXER results. 
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Appendix B.10 

PSI results generated by CASMO 

Frank Holzgrewe (PSI) 

Computer code 

The results given here were generated using the CASMO Code Version 4.7 [I ]  [2]. PSI acquired a 
licence for the executable of this program from Studsvik Of America, the CASMO source program is 
not available. 

CASMO is a multigroup two-dimensional transport code for burnup calculations on BWR and 
PWR assemblies or simple pin cells. The code handles a geometry consisting of cylindrical fuel rods of 
varying compositions, in a square pitch array. 

The resonance region is defined to lie between 4 eV and 91 18 eV. Resonance absorption above 
91 18 eV is regarded as being unshielded. The 1-eV resonance in Pu-240 and the 0.3-eV resonance in 
Pu-239 are considered to be adequately covered by the concentration of thermal groups around these 
resonances and are consequently excluded from the special resonance treatment. Four nuclides, U-235, 
U-236, U-238 and Pu-239 are treated as resonance absorbers. 

The effective absorption and fission cross-sections in the resonance energy-region for important 
resonance absorbers are calculated using an equivalence theorem. Tbis theorem relates tabulated 
effective resonance integrals for each resonance absorber in each resonance group to the particular 
heterogeneous problem. The effective resonance integrals are obtained by interpolation from tables of 
homogeneous resonance integrals in the data library. The homogeneous resonance integrals are 
tabulated with potential cross-section op and temperature T as parameters and the interpolation is based 
on a & and f i  dependence. A first order correction for the interaction associated with the presence 
of several nuclides in the same material is included. The basic principles for the resonance treatment are 
similar to those in the code WIMS [3]. The calculation of the fuel-to-fuel collision probability in an 
infinite uniform lattice partly follows a description given by [4]. 

The isotopic depletion as a function of irradiation is calculated for each fuel pin and for each 
region containing a burnable absorber. The burnup chains, with the isotopes linked through absorption 
and decay, are linearized and 24 separate fission products, 2 pseudo fission products and 17 heavy 
nuclides are treated. A predictor-corrector approach is used for the bumup calculation. For each burnup 
step the depletion is calculated twice, first usmg the spectra at the start of the step and then, after a new 
spectrum calculation, using the spectra at the end of the step. Average number densities from these two 
calculations are used as start values for the next burnup step. 



CASMO has an option to estimate the equilibrium xenon number density at zero burnup. This 
option was not used for the benchmark calculations. The xenon-concentration was put equal to zero for 
the first burnup step (0 MWd/kg). Xenon is thereafter built in through the I-Xe chain. 

Data library 

The neutron data library is based on data from ENDFIB-IV. It contains-cross sections for 
93 materials, most of which are individual nuclides. A few materials are either elements of natural 
composition or mixtures of elements. 

Microscopic cross-sections are tabulated in 40 energy groups, covering the energy range from 
0-10 MeV. This group structure, shown in the tables for the normalised neutron spectrum, is a 
condensation from the 69-group WIMS structure with an additional boundary at 1.855 eV. 

The library contains absorption, fssion, vefission, transport and PO scattering cross-sections 
(PI scattering cross sections are also included for hydrogen, deuterium and oxygen). Data are tabulated 
as function of temperature. For U-235, U-236. U-238 and Pu-239 shielded resonance integrals versus 
potential background cross-sections and temperature are tabulated. (n,2n)-cross-sections are not listed 
in the library but (n,2n)-reactions are taken into account by reducing the absorption cross section so 
that: 

lib o,,, = o c ,  + Of& '0(".2",., 

Nuclides are identified by an ID number, which in general is chosen so that the first digits are equal 
to the atomic number of the nuclide and the last three digits show the isotope number. Fission products 
which are not separately treated are lumped together into two pseudo nuclides, one non-saturating 
(ID = 401) and one slowly saturating (ID = 402) 

Results 

The results for the two fuel cells of the benchmark were given for each cell according to the 
benchmark specifications. The burnup calculation was made for a total of 26 steps. All results are given 
for the 5S bumup points, 0, 10, 33, 42 and 50 MWdkg and only the infimte multiplication factor is 
given for all 26 steps. All nuclides are identified by an ID number as described above, the ID number 
61248 stands for Pm-148m. 

CASMO does not treat all the fission products listed in the benchmark specifications. Those which 
were not considered are: 

CASMO takes only two pseudo fission products into consideration instead of the required four, one 
for non-saturating (ID = 401) and one for slowly saturating (ID = 402) nuclides. The neutron cross- 



section library for CASMO contains only data for Zr-2 and Zr-4 and therefore the cladding could not be 
specified as natural Zirconium. 
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Appendix B. I I 

NEA MOX pincell benchmark 

Kim Ekberg (Studsvik) 

Computer code used: CASMO-4. 

Method used: CASMO-4 is a multigmup transport code for cross-section production for LWR. The 
production is co-ordinated with the requirements of the reactor analysis code SIMULATE-3, but the 
cross-sections can also be used in other codes. CASMO-4 and its predecessor CASMO-3 can handle all 
known LWR fuel designs from the commercial fuel vendors. The calculation was done with the 
CASMO-4 default burnup steps, with the addition of the specified steps. 

Library used: In addition to the standard library for CASMO-4 several libraries under development do 
exist. In this study a 70-group library has been used, based on JEF 2.2. At present this library 
represents 30 fission products separately. The remaining fission products are represented by two pseudo 
fission products: one non-saturating and one slowly saturating. Some of the fission products listed in the 
benchmark specification are at present represented by the pseudo fission products. 

Resonance treatment: An equivalence theorem is used to relate the heterogeneous problem to an 
equivalent homogeneous problem. The effective resonance integrals are obtained by interpolation from 
tables of homogeneous resonance integrals in the data library. The homogeneous resonance integrals are 
tabulated with potential cross-section and temperature as parameters and the interpolation is based on a 
& and f i  dependence. A first order correction for the interaction associated with the presence of 
several nuclides in the same material is included. 

The following nuclides are treated as resonance absorbers: 

Results: Tables were given for the two fuel cells of the benchmark for the following parameters: 
Number densities, k-infinity, absorption reaction rates, vefission reaction rates, and v values (total). 
Absorption and vefission rates are normalised to one fission neutron per second. Results are given for 
exposure values 0,0.15, 10, 33,42 and 50 MWdIkg. In addition is given the CASMO-4 summary table 
showing k-infinity, M ~ ,  and wt % of U-235, fissile Pu and total PI for the depletion steps used in the 
calculation. 



Reference 

M. Edenius, K Ekberg, B. H. Forssen, D. Knott, "CASMO-4, A Fuel Assembly Burnup Program", 
User's Manual. STUDSVIWSOA-9311 (Restricted Distribution). 





Appendix C 

Plots of absorption rates, fission rates and spectra 
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Benchmark A: Absorption Rate (Total normalized to 1) 
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Benchmark B: Absorption Rate (Total normalized to 1 )  
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Appendix D. 1 

Sensitivity calculations for benchmark problem A and B 

A. Puill and S. Cathalau (CEA) 

A number of calculations were performed with APOLLO-2 in order to assess reactivity worths 
linked to the differences in data andlor models used by the participants. The corresponding results are 
given hereafter. 

Temperature correction for IKE-2 solution 

Two AF'OLLO-2 calculations were performed at IKE-2 temperatures; the results are the following: 

Those corrections have been added to the original IKE-2 results. 

Zirconium correction 

This correction was calculated only for fresh fuel conditions. A simplified self-shielding model was 
used (no spatial discretisation of the fuel pin). The difference between natural Zr and Zr-91 is very large 
because Zr-91 is the most absorbing isotope of zirconium, but has an isotopic abundance of only 12%. 



Correction linked with the number of isotopes contributing to energy release 

The isotopes specified as contributing to energy release are: U-235, U-238, Pu-239, Pu-241, 
Am-242. In the standard depletion chain of APOLLO-2, the following 18 isotopes are taken into 
account: U-234 to U-236, U-238, Np-237 to Np-239, PI-238 to PI-242, Am-241 to Am-243, Cm-242 
to Cm-244. The number of fission products is 77. The difference in reactivity resulting from using more 
isotopes than specified is the following: 

The effects shown in the above table do not compensate for the differences obse~ed  in the 
reactivity loss during irradiation, even when solutions derived from the same evaluated data file are 
considered: for example, the reactivity loss derived from JEF-2.2 ranges from 15500 to 17100 pcm 
(in M k )  for benchmark problem A, and from 22900 to 24900 pcm for benchmark problem B. 
Differences between fission yields used could explain the remaining spreads. 

Self-shielding model corrections 

Two corrections were assessed: the first one is connected with the fuel pin spatial discretisation 
which allows to take into account the variation of the shielding factors within the pin; the second one 
deals with the variation of those factors during irradiation. 'hose corrections apply only to deterministic 
codes. 

Spatial discrefiwon effect 



Burnup effect 

In the APOLLO-2 solution, shielded cross-sections were calculated at six bumup values: 0, 10, 22, 
33, 42 and 50 MWdkg in order to take into account the changes in the nuclide concentrations during 
irradiation. The effect of calculating shielded cross-sections only once is small, as shown in the table 
below. 



Appendix 0.2 

Comparison of the results 
calculated with several Monte Carlo codes and nuclear data 

for plutonium recycling and void coefficient benchmark in PWRs 

H. Takano, T. Mori and H. Akie (JAERI) 

Comparison of the results calculated with the deterministic code SRAC, and continuous-energy 
Monte Carlo code MVP for the poor-quality plutonium cell model 

Results calculated for a temperature of 300 K and 600 K are in very good agreement with each 
other. 

The difference in the case of T = 900 K is due to the Doppler effect for plutonium isotopes. 

Znfvrite multiplication factors calculated for poor-quality plutonium cell 
with different fuel temperalures by using JENDC3.1 nuclear data 

T= 900 K for U-235 and U-238, 
600 K for Pu-239 - Pu-242, and 
300 K for Pu-238. 

T= 600 K for U-235, U-238 and PI-239 - PI-242, and 
300 K for Pu-238. 



Appendix 0 . 3  

Benchmark calculations for plutonium recycling in PWRs 

E. Sajii (Toden Software Ltd.) 

Calculation code CASMO-4 

Nuclear data library JEF-2.2 and ENDF/B-IV 

Benchmark A Poor-quality plutonium 

Benchmark B Better-quality plutonium 
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Tekefux: (16) 67.58.27.36 

GERMANY - ALLEMAGNE 
OECD Publtcvt~ons and Information Centre 
Augusl~BebclLAllee 6 
D~53175 Bonn Tel. (0228) 959120 

Telefar: (0228) 959,1217 

ITALY - ITALIE 
Libretia Commissionaria Sanhoni 

. . 
Editrice e Libreria Herder 
piazza Montecitorio 120 
00186 Romn Tel. 67946.28 

Telefax: 678.47.51 

Librerla Hmpli 
via Hocpli 5 
20121 Milano Tel. (021 86.54.46 

Telefax: (02) 805.28.86 

Libreria Scirntifica 
Dot, Luck de Biario 'Aeiou' 
Via Coronelli, 6 
20146 Milano Tel. (02) 48.95.45.52 

Teleiax: (02) 4895,4548 

GREECE - GRECE JAPAN - JAPON 
DENMARK - DANEMARK Libiairie Kauffmann OECD Publications and Information Centre 
Munk~gaard Bwk  and Subscription Service Muvrokordatou 9 Landic Akrsrkr Building 
35. N0rrc S0gade. P.O. Box 2148 106 78 Alhenr   el. (01) 32,55321 2-3-4 Akasuka. Minalo-ku 
DK-1016 Ksbenhuvn K Tcl. (331 1285.70 Telefar: (01) 3230.320 Tokyo 107 Tel. (81.3) 3586.2016 

Telchx: 03 )  1293.87 Telefax: (81.3) 3584.7929 
HONG-KONG 

E G Y n  - EGYPTE Swindon Bwk  Co. Ltd. KOREA - COR$E 
Middle Eart Obrrvcr Asloria Bldg 3F K y o h  Book Ccnlre Co. Ltd. 
41 Sherif Streel 34 Ashley Road. Tsimshalsui PO. Box 1658, Kwsng Hwu M w n  
Cairo Tcl. 392.6919 Kowloon. Hong Kong Tel. 2376.2062 Seoul Tel. 73078.91 

Telefax: 360-6804 Telefax: 2376.ffi85 Telefar: 735.W.30 



MALAYSIA - MALAISIE 
University o i  Malaya Bookshop 
Unlvenity of Malays 
P.O. Bar 1127. Jalan Panlai Bnru 
59700 Kuala Lumpur 
Malaysia Tcl. 75650001756,5425 

Teleiax: 756,3246 

MEXICO - MEXIQUE 
Revistas y Periodicus lnternvcionalei S.A. de C.V. 
Flarencia 57 - 1004 
Mexico, D r .  06600 Tcl. 20781.00 

Trlclax: 20839.79 

NETHERLANDS - PAYS-BAS 
sou uitgevetij Plantijnuraa, 
Exerne Fondsen 
Postbus 20014 
2500 EA's-Gravmhrgr Tel. (070) 37,89880 
V w r  bestellingen: Teleiar: (070) 3475.778 

NEW ZEALANP 
NOUVELLE-ZELANDE 
GPLepirlalion Scrviccs 
PO. BOX 12418 
Thorndon. Wellingron Tel. (04) 496.5655 

Telehx: (04) 496.5698 

NORWAY - NORVEGE 
sarvesen Info Cenler - SIC 
Benrsnd Narvesens v i ~  2 
PO. Box 6125 Etterstad 
OM12 Oslo 6 'Tcl (022) 57.33.W 

Teleiax: (022) 6819.01 

PAKISTAN 
Mina  Book Agcncy 
65 Shrhrah Quaid-E~A~arn 
Lahore 54000 Tcl. (42) 353.601 

Teiefdx: (42) 231.730 

PHILIPPINE - PHILIPPINES 
International Book Center 
5 ~ h    lo or. rilipinva c ire ~ l d g .  
Ayala Avenue 
~ e t r o  Manila Tcl. 8196.76 

Telex 23312 RHP PH 

PORTUGAL 
Livrvtia Ponugal 
Rua do Carmo 70-74 
Apan. 2681 
12W Lisbaa Tel. 101) 34749.8215 

Telcfai: (01) 347.02.W 

SINGAPORE - SINGAPOUR 
Gowcr Asia Pacific Prc Lfd. 
Golden Wheel Bullding 
41. Knllung Pudding Road, No. 04-03 
S inea~rc  1334 Tel 741 5166 

SPAIN - ESPAGNE 
Mundi-Prenrr Libms S.A. 
Caste116 37, Aprnsdo 1223 
Madrid 28001 Tel. (91) 43133.99 

Trlcfdx: (91) 575,3998 

Libreria lnlcrnnc~onrl AEDOS 
Conxjo de Cienlo 391 
08009 - Barcelona Tel. (93) 488.30.09 

Telelax: (93) 487.76.59 

Liibreria de la Geneialitsr 
Pal*" Maja 
Ramhla deli Enud~r. 118 
08002 Barcelona 

ISuhraipc~una) Tcl. (93) 31880.12 
(Publicac~ona) Tel. (931 30267.23 

Teleiai: (93) 41218.54 

SRI LANKA 
Centre for Policy Rerearch 
clu Colombo Agencies Ltd. 
No. 3Nl-304, Gallc Road 
Colonlbo 3 Tcl. (1) 574240. 573551~2 

Tclciax- (1) 575394, 51071 1 

SWEDEN -SUEDE 
Frltles custnmer Serv,cc 
S-106 47 Stofkholm Tcl. (OX) 690.9090 

Tclefai: (08) 20 50.21 

Subrcript~on AgencylAgence d'ahonnimenta : 
Wcnncrgrcn~William~ Iniu AB 
P.O. Box 1305 
171 25 Solna I c l .  (08) 705.97.50 

Teiel8x: (08) 27.00.71 

SWITZERLAND - SUISSE 
Maditcc S.A. (Book9 and Pcrmdicals - Livres 
el phdiquea) 
Chcmin des Paleilea 4 
Caac pastale 266 
1020 Rcncnr VD I Tcl. (021) 63508.65 

Teiefax: (021) 63507.80 

Libmirie Un~livrcs 
6, rue dr Crndolle 
1205 Genivc Tel. (022) 32026.23 

Teleiux: (022) 32973.18 

Subscription AgcncyIAgencr d'rhun81ementi : 
Dynvpreise Mnrkcthng S.A. 
38 avenue V ~ k r r  
1227 Camuge Tcl. (022) 308.07.89 

Teiefax: (022) 308.07.99 

See alru - Volr aursi : 
OECD Publicvr~nni m d  Information Ccnfrr 
Aurust-BeklLAllee 6 
~ ~ f 3 1 7 5  Bonn (Germany) Tcl. (0228) 959120 

Teleiur: (0228) 95912.17 

THAILAND - THAILANDE 
suksit slam ro IL,~. 
113, 115 Fumg Nakhon Rd. 
Opp. Wui Rqibupiih 
Bangkok 102w Tel. (662) 225.953112 

Telefax: (662) 222.5188 

TURKEY - TURQUIE 
Kullur Yayinlvri 15-Turk L L ~ .  St>. 
Alaiurk Bulvari No. l9l lKal I3 
KavaklidcrelAnksru Tri. 428.1 1.40 Ext. 2458 
Dulmabvhce Cxl. Nu. 29 
Brrlktaiilstanhul Tel. (312) 260 7188 

Tclcx: (312) 418 29 46 

UNITED KINGDOM - ROYAUME-UNI 
HMSO 
Gen. enqulrlcs Tel. (171) 873 8496 
Postal orders only: 
PO. Box 276. London SW8 5DT 
Perrunrl Callerr HMSO Buvkrhop 
49 Hlgh Holburn. London WClV 6HB 

Telelar: (171) 873 8416 
Branches at: Belfast, Blnningham, Brinol. 
Edinburgh. Mancheafcr 

UNITED STATES - ETATS-UNIS 
OECD Puhlxcll~ons and Information Center 
2Nll L strra N.W.. suie 650 
Washington, D C. 2INl36-4910 Tcl. (202) 785.6323 

Telefax (202) 785.0350 

VENEZUELA 

Subscription cu OECD per!odicalr may also be 
placed through main subscription agincica. 

Les abonnemcnts aux publications ptriodiquci de 
I'OCDE pcuvcnr erre aouscrits auprea dcs 
principales agrnces d'ahonnmlml. 

Ordcis and inquiries from countries where D~srribu- 
lora havc nal yet k e n  rppolnted should k rcnt to: 
OECD Publ8cntiona Servlcc. 2 rue ~ndre~Pascn1. 
75775 Pans Cedex 16, Francc. 

Les commandca pmrenant de pays 00 I'OCDE n'a 
pns encore dta~gne de diriribuleui pcuvent ecm 
rdrcrsecs i : OCDE. Service den Pubiications. 
2. me Andr&Pascsl, 75775 Paris Ceder 16. France. 
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