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A b s t r a c t 

In this report the capability of the AARE modular code system and JEF-1 based nuclear 
data libraries to analyse LWHCR lattices is investigated by calculating the wet and dry cells 
of the PROTEUS-LWHCR Phase II experiment. The results are compared to those obtained 
using several cell codes, including WIMS-D, BOXER, MICROX-2, KARBUS, GRUCAH, and 
SPEKTRA. In particular, the main features of AARE, such as the self-shielding of resonance 
cross sections in the whole energy range of importance for structural materials and actinides 
(including the low energy resonances of heavy actinides), the shielding of oxygen resonances in 
the MeV range, the generation of adequate fission source spectra, the accurate calculation of 
migration areas, and the efficiency of the removal correction are investigated. 

It is shown that AARE can predict the koo void coefficient well with a 1% deviation from 
experiment, even if a coarse 70 neutron group library is used. KARBUS and the related 69 
group KEDAK-4 library give as well a reliable estimate, but lead to less accurate prediction of 
reaction rates. The other codes give larger deviations. The JEF-1 evaluation for 2 4 2Pu gives 
systematically about 25% too high capture rates in the fast energy range (above 1 keV). 

Z u s a m m e n f a s s u n g 

Der Nachweis der genauen Berechnung von FDWR-Gittern durch das modulare Rechensystem 
AARE wird anhand der Analyse der PROTEUS-Phase 11-Experimente erbracht. Die AARE-
Resultate werden mit den experimentellen Werten sowie den Rechenwerten verschiedener Zell
programme wie WIMS-D, BOXER, MICROX-2, KARBUS, GRUCAH, und SPEKTRA ver
glichen. Einige spezielle Eigenschaften von AARE werden näher dargelegt. Es sind dies die 
Resonanzabschirmung im ganzen Energiebereich (wichtig für Strukturmaterialien, Aktiniden 
und einige leichte Isotope), die Generierung geeigneter Spaltspektren, die genaue Berechnung 
der Wandelfläche, und der Einfluss der Korrektur des elastischen Ausstreuquerschnitts. Es 
wird insbesondere gezeigt, dass AARE, den Voidkoeffizienten von PROTEUS praktisch exakt 
wiedergeben kann (1% Abweichung vom Experiment), auch wenn eine Standard-70-Neutronen-
Gruppenstruktur verwendet wird. Obwohl bei KARBUS einzelne Reaktionsraten beträchtliche 
Abweichungen vom Experiment aufweisen, werden damit ähnlich gute Voraussagen des Voidkoef
fizienten gemacht. Die übrigen zum Vergleich herangezogenen Rechenprogramme geben grössere 
Differenzen zwischen dem gemessenen und dem berechneten Voidkoeffizienten. Es scheint, dass 
die JEF-1 Evaluation die Einfangsrate von 2 4 2Pu im schnelleren Energiebereich (über 1 keV) 
um 25% systematisch überschätzt. 
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1 INTRODUCTION 
Light water high converter reactors (LWHCR) are together with light water (LWR) and fast 
breeder reactors (FBR) an important component of modern reactor fuel management strategies. 

LWHCRs are based on a hexagonal fuel element lattice with moderator/fuel ratio between 
0.45 and 1.3, whereas standard LWRs utilize a rectangular lattice with moderator/fuel ratio of 
2 or more. 

Therefore the neutron spectrum in an operating LWHCR lies between the typical spectra 
associated with LWR and FBRs. The dominating energy region in a fully watered lattice lies 
in the upper eV range with large contributions from plutonium and uranium resonances to the 
reaction rates. The moderator voidage causes a shift of the maximum of the reaction rates 
upward from the lower over the middle to the high resonance range, approaching the keV range 
in the case of full voidage. Consequently in the voided case the neutron spectrum is rather 
similar to fast reactors. 

These features of LWHCRs increase the computational requirements drastically. Existing 
spectrum codes were mainly developed for design calculations of either LWRs or FBRs. There
fore many simplifications were considered. The resonance and fast energy ranges (in the case of 
LWR-codes), the lowest resonance and thermal ranges (in the case of FBR-codes), respectively, 
arc treated in a way, which is not always adequate for LWHCR calculations. This can lead to 
conflicting calculational results especially in the determination of eigenvalues, reaction rates and 
void coefficients. Therefore the development of suitable methods and the generation of adequate 
nuclear data libraries is a key issue in assessing the feasibility of a LWHCR core. 

One important step in this direction is a suitable integral reactor experiment to investigate 
the reliability of calculational procedures and nuclear data libraries by comparing numerical 
to experimental results. To this end several voidage simulations have been completed at the 
PROTEUS reactor facility at the Paul Scherrer Institute PSI (formerly EIR) using a P u 0 2 / U 0 2 

LWHCR test lattice [1]. The experiments have been analysed at PSI with the AARE (Advanced 
Analysis for Reactor Engineering) system and with the reactor cell-spectrum codes WIMS-D [2], 
MICROX-2 [3] and BOXER [4], at KfK (Kernforschungszentrum Karlsruhe) with KARBUS [5] 
and GRUCAH [l], and finally at TUBS (Technische Universität Braunschweig) with the cell 
code SPEKTRA [6]. These analyses were done in the frame of a cooperative program. Some of 
the results from this combined effort have been published recently (see ref. [1,7,8]) and will be 
reported in the technical discussion (Section 6 of this paper). 

Originally, WIMS-D was the main code used at PSI for LWHCR calculations. However, 
the available data libraries were rather old (see Ref. [9]) or not well developed for LWHCR 
applications (see Refs. [10,11]). Therefore a new library was generated based on the most recent 
European evaluation (JEF-1, see Ref. [12]) to improve WIMS-D for the analysis of LWHCRs. 
JEF-1 is a computer-readable repository of (mainly) new neutron and photon data in the energy 
range up to 20 MeV. Together with the recently evaluated fusion file EFF-1 (see Rcf. [13]) it is 
rapidly becoming the standard european data source for thermal reactor, fast reactor, shielding 
as well as fusion-blanket analysis. Section 6 will include the WIMS-D results pertaining to the 
PROTEUS experiments obtained using the new JEF-1 library and the existing libraries. 

A second step to ameliorate the calculational methods of LWHCRs consists in the detailed 
testing of the various procedures used in WIMS-D, such as the intermediate resonance absorp
tion shielding method of resolved resonances (IR method) (see e.g. Ref. [2]). The IR method 
cannot be improved in WIMS-D, since in its data library only predefined Goldstein-Cohen A fac-
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tors are available. In this framework the new general purpose code system AARE was created. 
AARE, a PSI update of the DANDE (applied nuclear DAta, core Neutronics and DEpletion) [14] 
system from Los Alamos, is a flexible code package which allows applications to a broad class 
of reactors. Additionally to DANDE it includes general purpose burn-up and sensitivity mod
ules. Within AARE the coupling and reformatting programme TRAMIX [15], a PSI update of 
TRANSX-CTR [16], and the one-dimensional discrete-ordinates transport code ONEDANT [17] 
are available. In contrast to WIMS-D, TRAMIX is able to shield resonance data in the whole 
energy range using the IR method by calculating isotope dependent A factors and energy depen
dent Dancoff corrections, to compute accurately fission spectra from fission matrices, to correct 
clastic scattering matrices for differences between actual flux and library weighting flux, to se
lect an arbitrary order of neutron scattering, to use a flexible group structure, and to produce 
a variety of library formats which can be used in most transport and diffusion codes. In Sec
tion 6 of this paper particular features of AARE, such as the self-shielding of resonance cross 
sections in the whole energy range important for structural materials and actinides (including 
the low energy resonances of heavy actinides such as the capture resonance of 2 4 2Pu at 2.7 eV), 
the shielding of oxygen resonances in the MeV range, the generation of adequate fission source 
spectra, the accurate calculation of migration areas using the inflow formula, the choice of dif
ferent group structures, and the elastic removal correction are investigated. The IR method is 
also tested by making a comparison with an accurate pointwise slowing down calculation in the 
resolved resonance range using the cell codes MICROX-2 and BOXER. 

An important condition for performing compatible calculations lies in the development of 
code dependent data libraries basing on the same processing scheme and evaluation. Therefore, 
the cross section generation system NJOY (see Ref. [18]) was employed to produce new point-
wise and groupwise JEF-1 based cross-section libraries. NJOY consists of a large number of 
independent working modules. These can reconstruct pointwise neutron cross sections at 0°K, 
broaden them onto a given temperature, add cross sections in the unresolved resonance range, 
generate heat, damage and thermal cross sections according to the free gas model or to the spe
cial available scattering laws, process multigroup cross sections, fission matrices for determining 
isotope dependent fission spectra, and covariance files. In addition to various codes (such as 
NMATXS) some other reformatting modules were included at PSI into the original version of 
NJOY. These are the WIMSR and MICROR modules (See Refs. [19,20]). 

The Canadian NJOY module WIMSR has been tested and updated at PSI to generate 
with the management code WILMA [21] the new JEF-1 based library for the code WIMS-D 
(sec Refs. [22,23,24]). Additionally, the PSI editing NJOY module MICROR has been used to 
produce the groupwise FDTAPE and GGTAPE and the pointwise GAR library files for the 
cell-spectrum code MICROX-2 (see Ref. [3]). Finally, NMATXS has been employed to produce 
various MATXS formatted [16] nuclear data libraries for use in the AARE system (see Ref. [24]). 

In Section 3 the processing scheme for the JEF-1 based libraries is discussed. In Section 4 a 
detailed description of the main features of the spectrum codes employed at PSI and involved in 
the comparison study presented in Section 6 is given. This facilitates the understanding of the 
technical discussion. Sections 2 and 5 describe the experimental facility and the computational 
model, respectively. Finally, an appendix is added to display the shape of various computed 
reaction rates and reaction rate ratios with respect to their energy distribution. 
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2 P R O T E U S LWHCR ASSEMBLY 

The zero-power reactor facility, PROTEUS, is essentially a coupled system, consisting of a 
central test region driven critical by annular thermal driver zones. The principal aim of the 
current PROTEUS experiments (Phase II; Cores 7 and 8 are the fully watered and dry cores, 
respectively, which will be investigated in this paper) is to provide a general integral data base, 
including information related to the void coefficient in LWHCRs. 
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Figure 1: Horizontal sectional view of the PROTEUS test lattice 

j 

A description of the basic core configuration is included in Figs. 1, and 2 which contain 
horizontal and vertical sectional views of the reactor. The Ü20-and graphite-moderated thermal 
driver zones consisting of enriched UO2 rods as the fuel, are separated from the test lattice by an 
annular buffer of natural uranium metal rods. These rods serve to absorb the leaking thermal 
neutrons coming from the driver and convert them, in part, into fast fission neutrons. The 
net influence of the outer reactor regions on the neutron spectrum at the center of the test 
zone is usually minimal. The tost lattice consists of parallel rows of hexagonal cells providing 
a volumetric moderator/fuel ratio of 0.48. Rods of mixed oxide fuel (7.5% Pufiss - PUO2/UO2, 
fabricated to LWHCR-representative specifications) have been used. 

A more complete description of the core assembly including detailed geometric specifications 
can be found in Ref. [1], where an explanation of the experimental techniques involved is also 
available. Experimental errors on the standard types of reaction rate ratios measured in both 
cores were between ±1.5% and ±2.0% ( l a ) . For the fission of 2 4 1Pu and the capture of 2 4 2Pu, 
as measured with the specially developed techniques in Phase II, the errors were larger than for 
the standard reaction rates, i.e. typically ±3.0% [l]. For koo the reported la-errors are about 
±0.5%. From these considerations the relative errors of the computed C/E values discussed in 
Section 6 can be deduced. 
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Figure 2: Vertical sectional view of the PROTEUS reactor 

3 N U C L E A R DATA 

All calculations performed at PSI (except those with BOXER) are based on specific JEF-1 data 
libraries for the AARE system and for the cell codes WIMS-D and M1CROX-2. Additionally, 
in the case of the WIMS-D calculations, three preproccssed data libraries, i.e. the WIMS-
Standard [9], the WIMS81 [10] and the WIMS86 [11] libraries were utilized for comparison. 
BOXER calculations were carried out with ENDF/B-IV data. Ml, 2 3 5U, and 238U cross sections 
were taken from the JEF-1 evaluation. In this section a brief description of the JEF-1 libraries 
processed at PSI is given (see Ref. [24]). 

3.1 PohitwisG and groupwisc libraries 

3.1.1 Processing scheme 

Pointwise and groupwise files were generated using the Los Alamos NJOY system (Version 6/83 
with updates up to mid 1987; see Ref. [18]). 

First, pointwise PENDF cross section files (see Ref. [25]) were processed into an ENDF/B 
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like format using the NJOY modules RECONR, BROADR, UNRESR, HEATR and THERMR. 
The RECONR module reconstructs pointwise (energy-dependent) cross sections using ENDF/B 
resonance parameters and interpolation schemes. Resonance cross sections are calculated with 
an extended version of the methods of RESEND (see Ref. [26]). BROADR Doppler-broadens 
and thins pointwise cross sections using the method of SIGMA modified for better behaviour 
at high temperatures and low energies (see Ref. [27]). UNRESR computes effective self-shielded 
pointwise cross sections in the unresolved-resonance region using the methods of ETOX (see 
Ref. [28]). HEATR generates pointwise heat production cross sections (kerma factors) and 
radiation-damage-energy production cross sections. THERMR produces incoherent inelastic 
cnergy-to -energy matrices for free or bound scatterers, coherent elastic cross sections for 
cristalline materials, and incoherent elastic cross sections. The PENDF files were produced 
using the JEF-1 , the recently reviewed JEF-1.1, and the fusion oriented EFF-1 European eval
uations (see Refs. [12,29,13]). These PENDF files include pointwise cross sections for almost 
all available isotopes (about 300) and temperatures up to 3000 K. The thermal region was 
treated according to the free gas model. For particular isotopes such as H in H2O coherent and 
incoherent thermal S(a,ß) matrices were included based on the recent JEF-1 evaluation (see 
Ref. [30]). 

Second, four GENDF multigroup cross section files were constructed using the GROUPR 
module [31]. The 70 group WIMS-BOXER, the 193 group GA-MICROX, the 308 group EIR/HRB 
and finally the 175 neutron group VITAMIN-J structures were considered (see Ref. [24]). 

GROUPR generates self-shielded groupwise vector cross sections, group-to-group neutron 
scattering matrices, and photon production matrices using pointwise ENDF and PENDF data. 
The cross sections are written onto groupwise cross section files GENDF in ENDF/B like format 
(sec Ref. [32]). Vectors for all reaction types, matrices for reactions producing neutrons, includ
ing fission together with mixed data pertaining to fission yields of prompt and delayed neutrons 
were calculated for different degrees of anisotropy at different temperatures and background 
cross sections. 

The narrow-resonance Bondarenko flux model was employed for light isotopes. Shielded 
multigroup cross sections of heavier resonance nuclides were estimated using the method of the 
flux slowing down calculator assuming a single resonance absorber in a non-absorbing moderator. 
A brief description of the GENDF libraries is given in subsections 3.1.2-3.1.5, whereas Sections 
3.2-3.4 report on the working libraries. 

3.1.2 70 g r o u p W I M S - B O X E R s t r u c t u r e G E N D F J E F - 1 l i b ra ry 

The energy structure of the WIMS-BOXER library consists of the standard 69 WIMS structure 
and one additional group from 10 MeV to 14.918 MeV. This library contains JEF-1 neutron P i 
self-shielded temperature dependent data pertaining to most important isotopes for LWR and 
LWHCR calculations. 42 thermal energy groups below 4.6 eV with upscatter are considered. 
The dry WIMS-D input spectrum (see Ref. [9]) was utilized for collapsing PENDF data into 
multigroup cross sections. For accurate leakage calculations oxygen and carbon cross-sections 
(including all fast resolved resonances between 1 MeV and 10 MeV) were self-shielded using 
the method of the flux calculator applied in the whole energy range. This is in contrast to 
the procedure utilized in Rcf. [24], where these cross sections were usually evaluated at infinite 
dilution. Generally, the self-shielding of resonance cross sections of certain light elements is 
found to be important for correct calculations in hard spectra systems, if these elements are 
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high density materials (such as oxygen in UO2 lattices) and if a coarse group structure in the 
MeV range is used. In these cases, the energy representation of resonances is not accurate 
enough, so that self-shielding is needed (see Section 6). 

3.1.3 175 group VITAMIN-J structure G E N D F J E F - l / E F F - 1 library 

The energy structure of this multigroup library was chosen to give a fine representation of the 
fast and epithcrmal energy range important for fusion blanket, FBR, and shielding analysis. The 
VITAMIN-J group structure (see Ref. [33]) has the same boundaries as the 174 group VITAMIN-
E structure but with an additional break point at 12.84 MeV from VITAMIN-C (see Ref. [34]). 
11 thermal groups below 4.6 cV with upscattcr are considered. The library includes JEF /EFF 
Pe temperature dependent self-shielded data pertaining to most isotopes. The VITAMIN-E 
input weighting spectrum (see Ref. [35]) was used to process all GENDF files. 

3.1.4 193 group GA-MICR.OX structure G E N D F JEF-1 library 

This library contains JEF-1 P 3 self-shielded data at 296 K for relevant LWHCR isotopes and is 
mainly intended for HTR, LWR and LWHCR calculations. 103 thermal energy groups below 4.6 
eV with upscatter are considered. The boundaries of the first 93 fast energy groups are taken 
from the GAM-II energy structure, whereas in the thermal range below 2.33 eV the boundaries 
coincide with the energy points of the MICROX code. Dry and wet WIMS-D input spectra 
(see Rcf. [9]) were utilized for collapsing PENDF data into multigroup cross sections. The wet 
spectrum was used for hydrogen, deuterium and oxygen. 

3.1.5 308 group EIR. /HRB structure G E N D F JEF-1 library 

The energy structure of this general purpose fine group library is taken in the fast energy 
range from the VITAMIN-J structure (see Ref. [33]) and in the thermal range below 2.38 eV 
from the MICROX structure. 108 thermal groups below 4.6 eV with upscatter are considered. 
In the epithermal energy range (2.7 eV-17 keV) some points from the LANL-MATXS8 group 
structure (see Ref. [16]) were added to the VITAMIN-J boundaries. P4 self-shielded temperature 
dependent data for relevant isotopes are available. The VITAMIN-E input weighting spectrum 
(see Ref. [35]) was employed to collapse PENDF files into GENDF data. 

3.2 AARE J E F - l / E F F - 1 libraries 

The GENDF files of the four different neutron energy structures, i.e. 70, 175, 193, and 308 
groups have been converted into MATXS format suitable for further processing in the AARE 
system, using the NJOY module NMATXS. The MATXS file is a cross section library in a 
flexible format designed to generalize the existing standard CCCC files ISOTXS, BRKOXS, 
GRTJPXS (see Ref. [36]). 

3 .3 M I C R O X - 2 J E F - 1 l ibraries 

GENDF and PENDF data files can be edited into the FDTAPE, GGTAPE and GARTAPE 
input files used by MICROX-2 using the EIR-NJOY coupling module MICROR (see Ref. [20]). 
The FDTAPE data file contains fine group dilution- and temperature- dependent cross sections 
for the fast energy range. The GGTAPE data file consists of two sections which contain infinite 
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dilute Pi cross sections for the fast and thermal energy ranges respectively. MICROX-2 uses 
only the thermal section of trie G G TAPE, which includes pointwise cross sections with upscatter 
estimated using the free gas model or the available coherent and incoherent scattering S(a,/9) 
matrices. The GARTAPE data file contains pointwise Doppler-broadcncd resonance cross sec
tions in the resolved resonance range. Fine energy points up to the keV range can be considered 
in order to achieve an accurate solution of the slowing down equations in two zones (self-shielding 
of resolved resonance range). Starting from the GENDF data in 70 and 193 groups two libraries 
for the code MICROX-2 were generated. The FDTAPE data set related to the WIMS-BOXER 
energy boundaries includes Pi self-shielded cross-sections in 31 groups, whereas the 99 neutron 
group fast library from the GA-MICROX structure contains shielded data up to P 3 . Individual 
fission spectra data for main actinides are included. The thermal part of the GGTAPE includes 
upscatter cross sections for just hydrogen, deuterium, carbon and oxygen. The GARTAPE (one 
file for both group structures) contains pointwise Dopplcr-broadcncd resonance cross sections 
in the resolved resonance range. 14457 energy points between 0.414 eV and 8.0072 kcV are 
included. 

3.4 W I M S - D J E F - 1 d a t a l i b r a r y 

Starting from the 70 group WIMS-BOXER GENDF files, a 69 neutron group library for the code 
WIMS-D was generated (WIMS-JEF libiary). Hereby the NJOY module WIMSR was applied to 
transform the GENDF cross-sections into a form suitable for being used as input to the Canadian 
WIMS library management programme, WILMA (see Refs. [19,21]). In the processing with 
WIMSR and WILMA the relevant data were calculated by considering all explicitcly represented 
reaction types on the GENDF files. A global fission spectrum, based primarily on data for 235U 
fission, was taken over from the WIMS81 library (WIMS spectrum, see Ref. [9]). The version of 
the VVIMSR module currently used was a specially updated one (sec Refs. [22,23]). This allowed 
a transport correction for the self-scattering cross-section, the selection of a given dilution for 
evaluating scattering data and a generalized "inflow" correction for the transport cross-section. 
Further, it was made possible that the standard interface CCCC formatted file, RMFLUX (sec 
Ref. [36]), be used for computing the "inflow" correction with an alternative problem-oriented 
weighting current. WIMSR was also modified in such a way that the slowing down power on the 
GENDF file is evaluated at infinite dilution. An important modification to WIMSR was related 
to the resonance tabulations, whereby the original background cross-section grid was shifted in 
each energy group by the product of the potential scattering cross section and the Goldstein-
Cohen A-factor for the resonance absorber. This considers the fact, that the total background 
cross-section in WIMS-D consists of the contributions from all isotopes including the tabulated 
resonance absorber. The WIMS-D library consists as usually of transport corrected Po data. 
The "inflow" transport correction is computed for all nuclides using a representative standard 
weighting current (see Ref. [23]). For the principal moderator isotopes (hydrogen, deuterium, 
oxygen and carbon) P i cross-sections are available. 

4 S P E C T R U M CELL CODES 

For the PSI calculations of the cell spectrum, the AARE system and the cell spectrum codes 
WIMS-D, MICROX-2, and BOXER have been used. 
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AARE, a PSI update of the DANDE [14] (applied nuclear DAta, core Neutronics DEpletion) 
system from Los Alamos, is a flexible code package which allows applications to a broad class 
of reactor types. It includes as well burn-up and sensitivity codes. Within AARE the coupling 
and reformatting programme TRAMIX [15], a PSI update of TRANSX-CTR [16], and the 
one-dimensional discrete-ordinatt'. transport code ONEDANT are available. 

ONEDANT is a modular computer program designed to solve the one-dimensional, time-
independent, multigroup discrete-ordinates form of the Boltzmann transport equations. The 
modular construction of the code package separates the input processing, the transport equa
tion solving, and the post-processing, or edit, functions into distinct, independently executable 
code modules, connected to one another solely by means of binary interface files. In AARE, 
ONEDANT is used in connection with the interface coupling programme TRAMIX. 

TRAMIX is a flexible computer code that reads nuclear data from a library in MATXS 
format and produces cross-sections which can be read into n ost transport codes. The order of 
scattering approximation can be chosen. Nuclear data can be produced for neutron, photon, or 
coupled transport. Options include adjoint tables, mixtures, self-shielding based alternatively on 
the Bondarenko formalism or on the IR method by considering DancofF corrections for different 
geometric models, group collapse, homogenization, thermal upscatter, prompt or steady-state 
fission, transport corrections, clastic removal corrections, and flexible response-function edits. 
In contrast to th-; other codes presented in this section, TRAMIX has a very general and efficient 
fission source capability. Using an iterative procedure it is able to generate problem dependent 
zonal fission spectra (see Section 5). Moreover the self-shielding procedure is appMed to the 
whole energy range, which includes thermal resolved resonances of heavy actinides, unresolved 
resonances of main actinides and high energetic resolved resonances of structural materials. 

WIMS-D is a comprehensive code for reactor lattice cell calculations including burn-up cal
culations in a wide variety of reactor types (see Ref. [2]). The geometry can be either fuel rods 
or plates, in regular arrays or clusters. WIMS-D contains tabulations of temperature dependent 
resonance integrals accurately evaluated for homogeneous mixtures of moderator and absorber 
at many energy points. Equivalence theorems are utilized to obtain few-group effective cross sec
tions in heterogeneous problems. The Goldstein-Cohen treatment based on the IR method using 
fixed IR-parameters is employed. After that a calculation in the 69 neutron energy structure 
and 3 spatial regions (fuel, can, moderator) coupled through collision probabilities is performed. 
Few group (upto 69) transport calculations are carried out for the detailed lattice geometry. A 
global library fission source is utilized. 

MICROX-2 is an integral transport theory spectrum code which solves the neutron slow
ing down and thermalisation equations on a detailed energy grid for a two region lattice cell. 
The fluxes in the two regions are coupled by collision probabilities computed using the flat 
source approximation. In the epithermal resolved energy range, the MICROX-2 spectrum cal
culation is performed on an ultra-fine energy grid using GAR data including temperature de
pendent Dopplcr-broadened resonance cross-sections at 15000 energy mesh points below 8 keV. 
MICROX-2 accounts explicitely for overlap and interference effects between different resonance 
levels. GAR data are able to shield the lowest energetic part of the unresolved range. A lin
ear Bondarenko-interpolation can be requested, above a flexible value (less than 8 keV) which 
determines the upper energy boundary for the pointwise resonance calculation. Up to P3 order 
of scattering in the fast energy range can be considered. Zonal fission sources can be expressed 
in an approximative way as linear combinations of single actinide spectra available on the fast 
data library. 
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Finally, BOXER is a modular code system developed at PSI for the calculation of two-
dimensional light water reactor configurations, consisting of core neutronics and depletion mod
ules. At the present time its 70 neutron group data library (in the WIMS-BOXER energy 
structure) is based on ENDF/B-1V. Hydrogen, 23CU, and 238U cross sections are taken from the 
JEF-1 evaluation. 

5 PHYSICAL MODEL 

All calculations refer to the PROTEUS test zone. The efTects of small perturbations coming from 
the driver and from buffer regions will not be discussed explicitly. These have been quantified 
separately in Ref. [37] in terms of correction factors which account for the slight deviations of 
reaction rate ratios at the centre of the test zone from fundamental-mode values. 

The hexagonal PROTEUS test lattice was simulated using a cylindrical cell model consisting 
of three zones (fuel, clad and moderator), and all calculations (aimed to determine eigenvalues, 
specific reaction rates ratios, arid migration areas) were performed in the fundamental mode 
spectrum of the basic cell. A white boundary condition for all energy groups was applied. 

In the calculations with WIMS-D and AARE the fuel region was subdivided into 8 equidistant 
meshes whereas the cladding and moderator zones were described each by two meshes. In WIMS-
D, leakage calculations were performed by homogenizing the transport cross sections over the 
whole cell using the scalar flux $o (diffusion approach). The use of special options for computing 
diffusion coefficients such as Benoist or Ariadne methods (streaming corrections) did not affect 
the results summarized in Section 6. The influence of other integral methods on the migration 
area of typical LWHCR cells has been investigated in previous studies (see Ref. [23]), and 
the results from these calculations vill not be reported here. The critical energy-independent 
buckling is computed automatically, when using WIMS-D. All capture rates were calculated as 
the difference between absorption and fission, increased by the (n,2n) rate. Since WIMS-D does 
not explicitly provide the (n,2n) rates, these (generally quite small in magnitude) were taken 
over from the corresponding MICROX-2 70 group calculation. This is a reasonable compromise, 
since the group structure and the data basis are the same. Table 1 shows the ratios between 
(n,7) and (n,7)-(n,2n) reaction rates of 238U and 242Pu computed using MICROX-2 with the 
70 and 193 group data libraries. These ratios arc almost independent of the number of groups 
used. 

In the case of the calculations with the VVIMS-Standard, the WIMS81, and the WIMS86 
libraries, the reaction rates were obtained in the same way. The corrections for (n,2n) were 
precalculated using KARBUS with the G69COLD library [5] to be consistent with previous 
studies. 

For two region MICROX-2 calculations cladding and moderator had to be smeared into one 
homogenized zone. Cell calculations were carried out using zone-averaged atomic densities. The 
resulting eigenvalues were slightly corrected in the case of voided calculations to be consistent 
with WIMS-D and AARE (see Ref. [38]). Requested input DancofTfactors were estimated using 
specific modules and checked by comparing with TRAMIX values. The library fission spectrum 
pertaining to 235U in an infinite moderator was employed. This spectrum (the most adequate 
as well for LWR and HTR calculations) does not differ significantly from the fission spectrum 
available in the WIMS81 library. The upper energy boundary for the pointwise resonance 
calculation on the basis of the GAR file was set at its maximum value of 8 keV. At higher 
energies infinite dilute FD cross sections were utilized. The unresolved resonance range below 

12 



Core 

Number of groups 
in the library 

238 y 

242p u 

Core 7 

70 193 

1.00822 1.00745 
1.00020 1.00021 

Core 8 

70 193 

1.00707 1.00631 
1.00174 1.00152 

Table 1: Ratios between capture and capture minus (n,2a) rates obtained using MICROX-2 
together with the 70 and 193 group libraries 

8 keV was not shielded. For relevant isotopes such as 2 3 8U, 2 3 9Pu and iron fast FD cross sections 
were shielded using the available linear interpolation. This is important for structural materials 
(resolved resonances higher than 8 keV) and for high density actinides (unresolved range), and 
will be discussed in more detail in Section 6. The fundamental mode spectrum was obtained 
by iterating on an energy independent input buckling. The new buckling was determined from 
the criticality equation, assuming k^ to be constant. The leakage treatment is similar to that 
of WIMS-D. However, MICROX-2 does not provide accurate leakage calculations of voided 
lattices, if just one global, space independent buckling factor is used. This is because the two 
region modelling (which assumes a flat spatial flux distribution within clad and moderator) 
neglects completely the importance of a thick vacuum (third) zone in accomplishing the two 
region homogenization of transport cross sections. Therefore MICROX-2 migration areas of 
Core 8 will be omitted. 

All computations (except BOXER) were performed using either transport corrected Po cross 
sections (WIMS-D), or P i cross sections (AARE) or up to P3 cross sections (MICROX-2), and S4 
approximation. Increasing the number of intervals, the degree of scattering approximation up to 
P 5 in the AARE calculations, or the Sjy order up to S16, did not influence the results presented 
in this paper. The use of different transport corrections in AARE reproduced accurately the 
referenced uncorrected P i results. In the case of the consistent P i correction (see Ref. [16]), 
the migration area increases by about 1% and the eigenvalue and reaction rate ratios remain 
unchanged. 

In each calculation of both cores with WIMS-D, MICROX-2, and AARE, thermal upscatter 
was accounted for according to the free gas model. For water and graphite, the available S(a,/?) 
library matrices were utilized. The number of thermal upscatter groups considered depends on 
the group structure and was defined according to the values given in Section 3. 

In the case of the AARE calculations, the steps shown in a simplified way in Fig. 3 were 
followed. 

First, TRAMIX reads in MATXS formatted cross sections in one of the four basic structures 
(i.e. WIMS-BOXER, GA-MICROX, EIR/HRB, or VITAMIN-J), computes group dependent 
Dancoff factors for hexagonal lattices, shields all data using either the IR method by computing 
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the lambda interface factors, or the Bondarenko formalism, and produces group-ordered GOXS 
formatted macroscopic cross sections for each zone (MACRXS library, see Ref. [36]). The 
library weighting function is utilized for collapsing the fission matrices on the MATXS file to 
generate a problem oriented zonal fission spectrum vector. The elastic correction of the removal 
cross section described in Refs. [15,16] is applied to improve the void coefficient in the case of 
the calculations performed in the WIMS-BOXER structure. This correction accounts for the 
difference between the real flux and the model library flux and is not available in BOXER, 
W1MS-D and MICROX-2. It can be helpful when a coarse group structure is considered, or 
when the actual flux shape difTcrs considerably from the library weighting function. This option 
was found to be time consuming and not relevant when finer groups such as the GA-MICROX 
or the EIR/HRB structures are considered. 

Second, ONEDANT solves the transport equation for an infinite cell lattice (with vanish
ing buckling) and produces the regular moments flux file RMFLUX (see Rcf. [36]). In this 
ONEDANT run either a given input fission spectrum or that from TRAMIX can be employed. 
The new module SOLVERB (see Ref. [15]) which works in the CCCC file environment is ap
plied to solve the Bj integral equations using the geometry- and material-related specifications 
and the the RMFLUX file from ONEDANT together with the MACRXS self-shielded library 
from TRAMIX. The fundamental mode spectrum is determined iterativcly, and one-group col
lapsed cross sections, eigenvalues, total and group dependent migration areas arc computed. 
The zone average flux moments interface file RZMFLX is generated and all available flux files 
(RMFLUX,RTFLUX,RZFLUX) are rcnormalized. 

Finally, a further ONEDANT calculation is performed exclusively for determining all re
quired reaction rates. The regular total flux by interval RTFLUX (see Ref. [36]) from SOLVERB, 
and the SNXEDT groupwise response cross section file from the previous ONEDANT full trans
port calculation are needed. This procedure can be looped when using the RZMFLX flux file 
from SOLVERB to collapse the fission matrices in a second TRAMIX calculation. In this way 
a correctly weighted fission spectrum for the whole cell (converged spectrum) can be deter
mined. A second iteration on the fission spectrum is generally not needed since the change in 
the spectrum is negligible. 

W1MS-D calculations were carried out using 69 neutron groups (WIMS libraries). Each 
MICROX-2 job was executed using either 70 or 193 groups, (FD, GG, GAR library files), 
whereas the analysis with AARE based respectively on 70, 175 (only in the case of Core 8 
for comparison, since only 11 thermal groups are available which is not adequate for watered 
LWHCR lattices), 193 and 308 neutron groups (MATXS libraries). 

BOXER calculations were performed in one-dimensional cylindrical geometry using 70 neu
tron groups (BOXER library). In the resonance energy range (between 1.3 eV and 907 eV) the 
flux is computed in two zones in about 4000 lethargy points using a collision probability method. 
The resonance cross sections in the fast energy range (above 907 eV) are interpolated by means 
of the narrow approximation method (NR). All calculations were performed using transport 
corrected Po cross sections in the epithermal energy range (above 1.3 eV), and transport cor
rected P i cross sections in the thermal range (below 1.3 eV) respectively ("inflow" correction). 
Leakage calculations were carried out by solving the Bi equations and the critical buckling was 
searched for automatically using an iterative procedure. 
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SNXEDT 
RTFLUX 

ONEDANT reaction rates calculation 

Figure 3: Simplified computational scheme used in AARE for cell calculations 

6 RESULTS 

In the earlier parts of this section WIMS-D results are summarized, and the analysis with the 
code MICROX-2 is presented. AARE is tested with respect to the broad class of features 
summarized in the introduction and in Section 4 (i.e. flexible group structure, alternative use of 
A method and narrow resonance approximation to shield all cross sections in the whole energy 
range, flexible choice of the input fission spectrum, influence of the elastic removal correction, 
effect of self-shielding of resonance cross sections of structural materials and shielding of oxygen 
resonances in the MeV range). 

In the latter parts of this section a detailed discussion and a comparison between previously 
published results and different methods are made. Finally, a brief technical discussion on the A;«, 
total void coefficient av is given. Reaction rate distributions (as a function of neutron energy) 
are considered. These figures which should facilitate the technical understanding can be found 
in the appendix. 
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6.1 WIMS-D results 

In Table 2 the results of Cores 7-8 are shown, when using WIMS-D together with the WIMS-
JEF [23], the WIMS-Standard [9], the WIMS81 [10], and the WIMS86 [11] data libraries (WIMS 
libraries). Reaction rates normalized to the fission of 2 3 9 Pu and k,» are reported relative to 
experimental values (see Ref. [l]). Additionally, absolute values of migration areas are given. 
Throughout the paper F9 denotes the fission rate of 2 3 9Pu per atom, C8 the capture (i.e. (n,7)) 
rate of 2 3 8U per atom, F8 the fission rate of 238U per atom, F5 the fission rate of 235U per atom, 
F l the fission rate of 2 4 1Pu per atom and C2 the capture rate of 2 4 2Pu per atom. 

Core 

Library 

ÄToo 

M2 [cm2] 
C8/F9 
F8 /F9 
F5 /F9 
F1 /F9 
C2/F9 

Core 7 

WIMS WIMS WIMS WIMS 
Std 81 86 J E F 

0.985 1.012 1.004 0.982 
43.3 48.1 47.9 44.4 
1.060 0.982 1.019 1.021 
1.025 1.030 1.030 1.017 
1.122 0.995 0.999 1.009 
1.195 1.054 1.042 1.012 
1.948 1.732 1.653 1.617 

Core 8 

WIMS WIMS WIMS WIMS 
Std 81 86 J E F 

1.015 1.037 0.994 0.997 
210.5 219.7 219.1 200.4 
1.057 1.007 1.070 0.993 
0.999 1.026 1.019 0.984 
1.092 1.013 1.040 0.998 
1.236 1.152 0.948 0.997 
1.080 0.962 1.074 1.211 

Table 2: Calculation /experiment (C/E) values for reaction rate ratios and koo, and computed 
migration ar-jas (M2) for Core 7 and Core 8 calculated with WIMS-D and different data libraries 

From Table 2 the following can be deduced: 
First, the JEF-1 evaluation gives a better global agreement between theoretical and exper

imental values. This is particularly true in the case Core 8 where the spectrum is harder (see 
Figs. 4 and 5). In voided calculations fast cross sections are important and JEF-1 data are 
supposed to account for more recent measurements compared to ENDF/B-IV or to older evalu
ations. A significant improvement is achieved in the prediction of reaction rates relevant to the 
neutron balance such as the capture and the fission of 238U (relative to F9). This is because 
various resonance parameters have been reevaluated. As pointed out in a previous analysis 
(see Ref. [23]), the main reactivity discrepancies between the WIMS-JEF and the other WIMS 
libraries come primarily from 2 3 8U, 2 3 9Pu and 2 4 0 Pu absorption and fission cross sections. The 
WIMS-JEF koo value is less accurate. This is due to several individual effects. 
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l .E-08 
1.E-04 1.E--02 1.E+04 l.E+06 

Figure 4: Averaged neutron spectrum of Core 7 expressed per unit of lethargy computed using 
AARE and the 308 group self-shielded library 

1.E+05 1.E+06 l.E+07 

Figure 5: Averaged neutron spectrum of Core 8 expressed per unit of lethargy computed using 
AARE and the 308 group self-shielded library 

17 



Second, as far as single reaction rate ratios are concerned, the fission rate of 2 4 1Pu is predicted 
well within 1% when using the WIMS-JEF library. The other WIMS libraries overestimate this 
reaction rate by up to 20%. This is mainly due to the fact that 2 4 1Pu da ta are not self-shielded 
in the WIMS-Standard, in the WIMS81 and in the WIMS86 libraries. None of the libraries is 
able to give an accurate prediction of the capture rate of 2 4 : !Pu. On one side it appears that fast 
nuclear data of 2 4 2Pu are deficient. This explains the poor estimate in Core 8. On the other 
hand, WIMS-D does not shield low energy cross sections. Therefore the capture rate of 2 4 2Pu 
(its main contribution comes from the 2.7 eV resonance) is overestimated. This will be analysed 
in detail, when comparing with other methods. 

Third, large discrepancies (up to 10%) occur in leakage calculations of both cores between 
calculated migration areas (M ) important for deducing fc« in the experiments. In a previous 
study (see Ref. [23]) following major reasons for these deviations were found, when comparing the 
WIMS-JEF library with the WIMS81 library. First, the self-scattering term in non-moderators 
(Po matrix) is not transport corrected only in the case of the WIMS-JEF library. Second, oxygen 
and U scattering cross sections in the fast energy range are found to be smaller in the case 
of the W1MS81 library. This is important since the migration area is mostly contributed in the 
highest energy range (see Ref. [23]). No significant difference can be found in this respect, when 
comparing with the WIMS86 library. 

6 .2 M I C R O X - 2 r e s u l t s 

Table 3 summarizes the same parameters as presented in Table 2 computed using MICROX-2 
and the related JEF-1 based data libraries in 70 and 193 neutron groups (FD, GG, and GAR 
files). 

As discussed in previous sections the migration areas of Core 8 were intentionally omitted in 
Table «J. If JEF-1 da ta are used, MICROX-2 gives consistent migration areas with WIMS-D in 
the case of Core 7. The small differences between MICROX-2 and WIMS-D reaction rates from 
70 group calculations are primarily due to the pointwise slowing down calculation, to the linear 
interpolation in the fast energy range, and to the two zone homogeneization in MICROX-2. The 
pointwise solution of slowing down equations in MICROX-2 does not improve the prediction 
of PROTEUS experiments. However, the use of finer groups (i.e. the GA-MICROX energy 
boundaries) gives systematically more accurate results. This is particularly true in the case of 
the capture rate of 2 4 2 Pu in Core 7 (the C / E value goes from 1.300 to 1.090). A more accurate 
energy representation around the 2.7 eV resonance is available in the GA-MICROX structure. 
The slight overestimate of the capture of 2 3 8U in Core 8 could partly be due to the linear 
interpolation in the fast energy range. In MICROX-2 the choice of the interpolating points is 
arbitrary and related to the availability in the fast data library. Therefore fast cross sections 
are not always as accurate as one would like, especially in the case of strongly shielded nuclides 
(i.e.238U in voided LWHCR lattices). 
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Core 

Number of 
groups in 

the library 

«CO 

M2 [cm2] 
C8/F9 
F8 /F9 
F 5 / F 9 
F1 /F9 
C2/F9 

Core 7 

70 193 

0.983 0.992 
43.8 44.3 
1.015 1.009 
1.007 1.002 
1.036 1.035 
1.016 1.009 
1.300 1.090 

Core 8 

70 193 

0.998 0.983 

1.002 1.022 
0.985 0.990 
0.986 0.998 
0.985 0.997 
1.193 1.226 

Table 3: Calculation/experiment (C/E) values for reaction rate ratios and k w , and computed 
migration areas (M2) for Core 7 and Core 8 obtained using MICROX-2 and JEF-1 based data 
libraries 

G.3 A A R E results 

Tables 4 and 5 include the results for Core 7 and for Core 8 obtained using the AARE system 
with JEF-1 based MATXS cross sections. The IR method was utilized, and all cross sections 
were shielded in the whole energy range. Convergence in the fission spectrum was achieved using 
the loop explained in the last section. The elastic removal correction was utilized in the case of 
70 neutron group calculations. 

These tables show that the migration area is almost independent on the number of groups 
used. The migration area agrees well in all calculations and cores within 1%. This is consistent 
with MICROX-2 and WIMS-D, when using the JEF-1 based data libraries. 

All investigated energy structures and JEF-1 data libraries give globally a good prediction 
of experiments. The maximum deviation (about 25%) occurs in the capture of 2 4 2Pu in the 
voided lattice. Since all methods reproduce this discrepancy, it appears that JEF-1 fast da ta 
of Pu are not adequate for LWHCR calculations. A significant overestimate of the fission of 
2 3 5U (net to F9) in Core 7 (about 3.5%) occurs in the case of each fine group AARE calculation 
(i.e. with 193 and 308 groups). This is consistent with MICROX-2 (i.e. in 70 and 193 groups), 
where an accurate pointwise shielding of resonance cross sections is performed (see Table 3). 
Therefore we may suppose a slight overprediction of " 5 U fission in the thermal and resolved 
resonance energy range up to 82 eV, qualitatively confirming previous studies (see Ref. [39]). 
The apparently more accurate estimate F5/F9 in Core 7 obtained using 70 groups reproduces 
the WIMS-D results, when using the WIMS-JEF library (see Table 2). This comes primarily 
from the coarse group structure and appears to be fortuitous. 
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Number oT 
groups in 

the library 

M2 [cm2] 
C8/F9 
F8 /F9 
F5 /F9 
F1 /F9 
C2/F9 

70 193 308 

0.995 0.998 0.999 
43.6 43.9 44.0 
1.004 1.005 1.000 
1.008 1.031 1.020 
1.016 1.028 1.037 
1.036 1.050 1.028 
0.953 0.964 0.987 

Table 4: Calculation/experiment (C/E) values for reaction rate ratios and fcoo, and computed mi
gration areas (M 2 ) for Core 7 obtained using AARE and the 70, 193 and 308 group self-shielded 
JEF-1 MATXS libraries 

Number of 
groups in 

the library 

M2 [cm2] 
C8 /F9 
F8 /F9 
F5 /F9 
F1 /F9 
C2/F9 

70 175 193 308 

0.995 1.001 0.999 0.998 
203.7 203.4 202.7 202.6 
0.997 0.999 0.987 1.003 
0.975 0.981 0.974 0.988 
1.003 1.007 1.009 1.003 
0.998 1.010 1.009 1.010 
1.246 1.258 1.260 1.256 

Table 5: Calculation/experiment (C/E) for reaction rate ratios and hoc,, and computed migration 
areas (M2) for Core 8 obtained using AARE and the 70, 175, 193 and 308 group self-shielded 
JEF-1 MATXS libraries 
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Other reaction rate ratios are predicted with a global error smaller than 3% and lie generally 
within the experimental tolerance. ft<» values are consistent within ~ 0.5%. The 70 neutron 
group WIMS-BOXER structure gives relatively good agreement with the results obtained with 
finer energy structures. This is due to the use of the elastic removal correction (see Section 
6.3.3). However, the use of finer groups (i.e. EIR/HRB versus GA-MICROX MATXS library) 
improves systematically the agreement with the experiment, especially in the case of important 
reactions such as the capture and the fission of 2 3 8U which arc relevant to the neutron balance. 
The results for the voided Core 8 obtained using the E1R/IIRB and the VITAMIN-J MATXS 
libraries are very close, since both group structures are identical down to 19 keV and quite 
similar in the epithermal energy range. This proves the reliability of the E1R/11RB MATXS 
library and benchmarks the AARE system. Furthermore in the case of 70 and 193 group AARE 
calculations similar trends as in VV1MS-D and MICROX-2 can be recognized (compare with 
Tables 2 and 3). 

WIMS-D and MICROX-2 overestimate the capture rate of 2 , 2 P u in Core 7 by up to 60% (see 
Tables 2 and 3), since both codes utilize systematically infinite dilute low energy cross sections. 
In contrast, this rate is predicted well when using AARE together with the EIR/I IRB 308 
neutron group MATXS library. This is because TRAM1X is able to shield the main resonance 
of Pu (at 2.7 eV) and the general purpose 308 group structure allows a very detailed energy 
representation around 2.7 cV. A comparison with Table 3 shows that the self-shielding of 2 4 2Pu 
thermal cross sections improves considerably the estimate of this rate (i.e. C /E of 0.964 versus 
1.617 in the case of a 70 group calculation). Additionally, the combined use of finer groups and 
self-shielded cross sections allows an even more reliable prediction (i.e. C / E of 0.953 with 70 
groups, 0.964 with 193 groups, and 0.987 with 308 groups). Fig. 6 reproduces the capture rate of 
2 , 2 P u as a function of incident energy for a cell calculation with self-shielded and infinite dilute 
70 group 2 , 2 Pu capture cross sections, and explains the above statements. 

G.3.1 C o m p a r i s o n b e t w e e n l i t a n d NR. m e t h o d s 

The III method in TRAMIX does a surprising by good job of representing the resonance effects in 
watered LWIICR tight lattices, because in contrast to the usual methods the Goldstein-Cohen 
A factors are calculated and arc therefore problem dependent. Table 6 is aimed to compare 
previous AARE results oT Core 7 with those obtained using the NR method. For the sake of 
consistency convergence on the fission spectrum, use of the clastic correction in the 70 neutron 
group calculations, and self-shielding of all cross sections were requested. The results of Core 8 
will not be reported. Obviously results for the voided lattice are found to be almost independent 
of the specific treatment of resonance cross sections (all A's of interest are very close to 1 in the 
fast energy range). 
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Figure 6: Comparison of capture rates of 2 4 2Pu obtained from a AARE 70 group calculation 
performed using self-shielded and infinite dilute 2 4 2Pu capture cross sections 

Table 6 shows that the use of appropriate A parameters (IR method) improves eigenvalues 
and relevant reaction rate ratios systematically. This is especially true when coarser group 
structures are considered, where the resonance cross section shape is averaged over a larger 
energy width and the A-paramctcr method becomes more effective. It is clear from Table 6 that 
the Bondarenko formalism alone is not satisfactory in estimating thermal resonance reaction 
rates such as the capture rate of 2 4 2Pu, even when applied to a very detailed neutron group 
structure (i.e. the E1R/IIRB library). 
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Number of 
groups in 

the library 

Method used 

fCoo 

M2 [cm2] 
C8/F9 
F 8 / F 9 
F 5 / F 9 
F 1 / F 9 
C2/F9 

70 

IR Nil 

0.995 0.982 
43.6 43.3 
1.004 1.044 
1.008 1.014 
1.016 1.006 
1.036 1.019 
0.953 1.169 

193 

IR NR 

0.998 0.989 
43.9 43.8 
1.005 1.026 
1.031 1.025 
1.028 1.028 
1.050 1.036 
0.964 1.148 

308 

IR NR 

0.999 0.994 
44.0 43.9 
1.000 1.010 
1.020 1.022 
1.037 1.029 
1.028 1.019 
0.987 1.100 

Table 6: Comparison of IR and NR methods in connection with C / E values Core 7 and computed 
migration areas (M2) obtained using AARE and different JEF-1 based MATXS libraries 

G.3.2 Use of different fission source s p e c t r a 

AARE allows a flexible choice of the fission source. Table 7 is aimed at showing the influence 
of different typical input fission spectra in both cores. The results arc given for the case of 
the WIMS-BOXER MATXS library. In these calculations, the IR method, the elastic removal 
correction, and the self-shielding of all cross sections were requested. Similar considerations can 
be applied as well to the GA-MICROX and EIR/HRB MATXS libraries. In this comparison 
three fission spectra have been used, namely the converged spectra of both cores (sec Section 
5), and the WIMS spectrum (see Section 3.4). In Fig. 7 the correctly weighted fission spectra of 
Cores 7 and 8 and the WIMS spectrum are depicted as a function of neutron incident energy. 
It is seen that the converged fission spectra of Core 7 and Core 8 are almost identical in the 
important energy range. This is because the resulting neutron spectra of both cores, which 
obviously differ considerably in the thermal, cpithcrmal, and resonance energy ranges, arc quite 
similar at high energies (sec Figs. 4 and 5). This is in contrast to previous studies dealing with 
buffer lattices, where the neutron cell spectrum is much harder (see Ref. [38]). Furthermore the 
WIMS spectrum (and therefore that used in the MICROX-2 calculations) gives a reasonable 
estimate of the correct fission spectrum. The WIMS fission spectrum is found to be slightly 
harder. 

Table 7 demonstrates that the WIMS fission spectrum is adequate for LWHCR lattice cal
culations. As expected from previous considerations, its use results in a slight increase of the 
fission of 2 3 8U, of the migration area, and therefore of k ^ . Clearly, this increase is found to be 
somewhat larger in Core 8 (e.g. 1% in the case of the fission of 2 3 8 U). 
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Core 

fission spectrum 
type 

M 2 [cm2] 
C8 /F9 
F8 /F9 
F5 /F9 
F1 /F9 
C2/F9 

Core 7 

WIMS Core 7 

0.998 0.995 
43.8 43.6 
1.003 1.004 
1.014 1.008 
1.016 1.016 
1.035 1.036 
0.952 0.953 

Core S 

WIMS Core S 

1.000 0.995 
204.7 203.7 
0.993 0.997 
0.986 0.975 
1.000 1.003 
0.996 0.998 
1.240 1.246 

Table 7: Calculation/experiment (C/E) values for reaction rate ratios and kM and computed 
migration areas (M2) for Cores 7 and 8 obtained with AARE 70 (the 70 neutron group 
WIMS-BOXER JEF-1 based MATXS library) and different input fission spectra 

Figure 7: Different fission spectra in 70 groups 
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6.3.3 Effect of c las t ic r e m o v a l co r r ec t i on 

In AARE the elastic removal correction can be applied to account for differences between the 
real flux and the model library flux. Table 7 compares the results of both cores from a 70 
neutron group calculation, obtained using corrected and uncorrected elastic cross sections. In 
these analyses the converged fission spectrum, the IR method, and the self-shielding of all cross 
sections were requested. As pointed out in section 6.3 the values obtained with the elastic 
correction tend to reproduce those from the more detailed fine group calculations. The results 
of Core 8 without elastic adjustment are less accurate, especially when compared to those from 
the GA-M1CROX and EIR/HRB MATXS libraries. However, the effect of the clastic correction 
is minor in the case of Core 7. This is because the shape of the library flux (i.e. the dry WIMS-D 
input spectrum) is similar to that of the cell flux (see Ref. [24] and Fig. 4). 

Core 

Correction 

M2 [cm2] 
C8/F9 
F8 /F9 
F5 /F9 
F1 /F9 
C2/F9 

Core 7 

yes no 

0.995 0.995 
43.6 43.5 
1.004 1.003 
1.008 1.002 
1.016 1.016 
1.036 1.036 
0.953 0.956 

Core 8 

yes no 

0.995 1.006 
203.7 206.1 
0.997 0.974 
0.975 0.972 
1.003 0.997 
0.998 0.993 
1.246 1.218 

Table 8: Calculation/experiment (C/E) values for reaction rate ratios and k^, and computed 
migration areas (M2) for Cores 7 and 8 obtained with AARE (the 70 group JEF-1 MATXS 
library) with and without the clastic removal correction 

6.3.4 Self-shielding of c ross sec t ions of s t r u c t u r a l m a t e r i a l s 

Table 9 is aimed at showing the influence of self-shielding of resonance cross sections of structural 
materials on the performance parameters of both wet and voided lattices. In the AARE calcula
tions, the IR method, the converged spectra, and the clastic removal correction were requested. 
The WIMS-BOXER MATXS library was used. Computations with finer group structures such 
as the VITAMIN-J or the E1R/I1RB MATXS libraries gave similar trends. The cflects were 
found to be small, due to the accurate energy representation in the resonances of structural ma
terials. From Table 9 can be deduced that the self-shielding of structural material cross sections 
is not important for watered LWIICR lattices such as Core 7. However, the use of unshielded 
structural material cross sections could lead to some shortcomings in the analysis of voided 
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TAVIICR lattices. Since the cell spectrum is rather hard (see Fig. 5), more fast neutrons would 
be absorbed in the resonances of structural materials (in the keV energy range). Therefore the 
fast neutron flux and current, and consequently k^ and migration area, would be underesti
mated. In this respect Table 9 shows that the use of infinite dilution structural material cross 
sections results in a 0.6% decrease of koo (C /E of 0.989 versus 0.995), and in a 1.5% decrease of 
migration area (200.7 cm2 versus 203.7 cm2) in Core 8. 

Core 

Self-shielding 

M2 [cm2] 
C8/F9 
F8/F9 
F5/F9 
F1 /F9 
C2/F9 

Core 7 

yes no 

0.995 0.994 
43.6 43.4 
1.004 1.004 
1.008 1.009 
1.016 1.016 
1.036 1.036 
0.953 0.953 

Core 8 

yes no 

0.995 0.989 
203.7 200.7 
0.997 0.998 
0.975 0.977 
1.003 1.002 
0.998 0.998 
1.246 1.245 

Table 9: Calculation/experiment (C/E) values for reaction rate ratios and k ^ and computed 
migration areas (M2) for Core 7 and Core 8 obtained using AARE, (the WIMS-BOXER JEF-1 
MATXS library) and self-shielded or infinitely dilution structural material cross sections 

6.3.5 Sel f -shie ld ing of oxygen r e s o n a n c e s 

Table 10 compares the results of Core 8 from a 70 neutron group AARE calculation, obtained 
using infinite dilute and self-shielded oxygen cross sections. In these analyses the converged 
fission spectrum, the IR method, and the self-shielding of all cross sections (except oxygen) were 
requested. No elastic removal correction has been applied. 

Table 10 demonstrates that if oxygen resonances are not self-shielded, the migration area 
increases by 2%, whereas k ^ for the dry lattice increases by as much as 1.1%. This is because 
the cell spectrum of fully voided lattices is hard (see Fig. 5), and confirms previous studies [23]. 
The effect of self-shielding of high energy oxygen resonances is found to be minor in the case of 
Core 7 (the migration area increases by 1%, whereas kco and all reaction rates remain practically 
unchanged), because the cell spectrum of Core 7 is soft (see Fig. 4). Therefore these results are 
not reported. A set of computations of both cores with the V1TAMIN-J and E1R/IIRB MATXS 
libraries shows that the efTect of self-shielding of oxygen resonances becomes negligible, when 
using a detailed energy representation in the MeV range. 
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Self-shielding 

o f 1 6 0 

cross sec t ions 

^co 
M2 [cm2] 

C 8 / F 9 

F 8 / F 9 

F 5 / F 9 

F 1 / F 9 

C 2 / F 9 

yes 

1.019 

210.1 

0.972 

0.971 

0.994 

0.990 

1.222 

no 

1.008 

206.6 

0.972 

0.971 

0.995 

0.991 

1.223 

Table 10: Calculation/experiment (C/E) values for reaction rate ratios and koo &nd computed 
migration areas (M2) for Core 8 obtained with AARE together with the 70 neutron group JEF-1 
based MATXS library, and self-shielded or infinite dilution oxygen cross sections 

Code 

Library 

Number of 
groups 

M2 [cm2] 
C8/F9 
F8/F9 
F5/F9 
F1/F9 
C2/F9 

WIMS-D 

WIMS81 

69 

1.012 
48.1 

0.982 
1.030 
0.995 
1.054 
1.732 

KARBUS 

KEDAK-4 

69 

0.986 
46.5 
1.036 
1.024 
1.012 
1.008 
1.552 

GRUCAH 

KFKINR 

26 

1.004 

1.058 
1.010 
1.168 

S P E K T R A 

DATUBS-4 

35 

1.004 
45.2 
1.001 
1.025 
1.064 
1.067 
1.057 

BOXER 

BOXER 

70 

0.993 
44.1 

0.995 
1.029 
1.036 
0.802 
0.999 

M1CROX-2 

FD GG GAR 

193 

0.992 
44.3 
1.009 
1.002 
1.035 
1.009 
1.090 

AARE 

MATXS 

70 

0.995 
43.6 
1.004 
1.008 
1.016 
1.036 
0.953 

Table 11: Calculation/experiment (C/E) values for reaction rate ratios and koo and computed 
migration areas (M2) for Core 7 obtained using différent methods and nuclear data libraries 
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6.4 C o m p a r i s o n w i t h o t h e r c o d e s 

Tables 11 and 12 summarize results pertaining to both cores. A comparison between new 
results (from AARE, MICROX-2, WIMS-D/JEF-1, and BOXER) and previously published 
values [1,7,8] from other codes (KARBUS, GRUCAII, and SPEKTRA) is given. 

Code 

Library 

Number of 
groups 

M2 [cm2] 
C8/F9 
F8 /F9 
F5 /F9 
F1 /F9 
C2/F9 

WIMS-D 

WIMS81 

69 

1.037 
219.7 
1.007 
1.026 
1.013 
1.152 
0.962 

KARBUS 

KEDAK-4 

69 

0.984 

1.082 
1.047 
1.006 
0.967 
1.138 

SPEKTRA 

DATUBS-4 

35 

0.988 
193.7 
1.040 
1.002 
1.020 
1.000 
1.120 

BOXER 

BOXER 

70 

1.006 
208.2 
1.006 
1.007 
1.007 
0.822 
0.861 

MICROX-2 

FD GG GAR 

193 

0.983 

1.022 
0.990 
0.998 
0.997 
1.226 

AARE 

MATXS 

70 

0.995 
203.7 
0.997 
0.975 
1.003 
0.998 
1.246 

Table 12: Calculation/experiment (C/E) values for reaction rate ratios and koo and computed 
migration areas (M2) Tor Core 8 obtained using different methods and nuclear data libraries 

Generally it is found that the systematic use or JEF-1 based nuclear data libraries improves 
the consistency of the results in both cores. Most problems arising in older evaluations appear to 
have been ameliorated. However some shortcomings still remain with respect to special actinide 
reactions such as the capture of 2 4 2Pu in Core 8. 

G.5 T h e koo v o i d c o e f f i c i e n t s 

An adequately accurate prediction of the koo void coefficient for an LVV1ICR is particularly 
difficult due to its being the sum of largely compensating effects from individual reaction rate 
changes. Therefore, sophisticated numerical methods and accurate data are needed. 

In Table 13 results for the koo void coefficient av due to full voidagc of the PROTEUS test 
lattice are given [l]. Experimental values are compared to those obtained with AARE, WIMS-D, 
MICROX-2, BOXER, KARBUS, GRUCAH, and SPEKTRA. 

Table 13 shows that the use of finer group structures and JEF-1 based data libraries im
proves systematically the estimate of the total void coefficient of PROTEUS. Its prediction is 
excellent in the case of AARE calculations with 193 and 308 neutron groups, and with 70 neu
tron groups, when using the elastic removal correction. If uncorrected elastic cross sections arc 
used, the void coefficient becomes +5.3(10~'1/% void), which is similar to that from WIMS-D, 
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BOXER and MICROX-2 (in 70 groups). The underestimate of MICROX-2 using 193 groups (i.e. 
+3.3(10 /%)) comes primarily from the approximate self-shielding of unresolved resonances of 
actinides and of resolved resonances of structural materials in the keV and MeV energy range 
(sec Section 6.2). The same trend is shown by AARE, when the cross sections of structural 
materials are taken at infinite dilution (a„=:+3.7(10_ 4 /%) obtained from Table 9). The good 
prediction of KARBUS is in contrast with the single reaction rates (compare with Tables 11 and 
12). 
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Code -

Experiment 

WIMS-D 

KARBUS 

GRUCA1I 

SPEKTRA 

BOXER 

MICROX2 

AARE 

• - - - • - - • • • i 

Library 

-

WIMS-Std 
WIMS81 
WIMS86 

WIMS-JEF 

KEDAK-4 

KFKINR 

DATUBS-4 

BOXER 

FD, GG, GAR (JEF) 

MATXS (JEF) 

Number 
of 

groups 

-

69 
69 
69 
69 

69 

26 

35 

70 

70 
193 

«Qno el.c. 

•7 n with el.c 

193 
308 

Total Void 
Coefficient 

+4.2 ± 0.9 

+7.1 
+6.7 

+5.7 

+•1.0 

+5.5 

+2.6 

+5.8 

+5.7 
+3.3 

+5.3 
+4.2 
+4.3 
+4.1 

Table 13: The fcoo void coefficient a„ between 0 and 100% void (expressed in 10 */% void) for 
the PROTEUS-LWIICR Phase II test lattice obtained using different methods and libraries 
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7 CONCLUSIONS 

The present analyses dealt with the ncutronics of clean LWHCR lattices. The results from the 
calculations were compared with experiment. From the study presented the following conclusions 
can be reached. 

The 69 (and the 70) neutron group structures from WIMS-D are adequate for quick cell 
spectrum calculations of watered as well as voided LWI1CR fresh cores. Particularly, if consis
tent data libraries are used, all investigated PS1 spectrum cell codes (i.e. BOXER, WIMS-D, 
MICROX-2, AARE) give reliable predictions for Core 7 ( I I 2 0) and Core 8 (dry) of the PRO
TEUS Phase II experiments. 

AARE appears able to predict the void coefficient of clean LWHCRs well. This is so even if 
the 70 neutron group structure is used, due to the effectiveness of the elastic scattering correction. 
For the PROTEUS-LWIICR test lattices, the difference between calculated and experimental 
k'co void coefficients (0 to 100%) is 1.1 X 10~ 4 /% if no clastic correction is used, and +0.1 X 
W~A/% if this correction is included. The experimental error (1er) of ± 0.9 x W~A/% should, 
of course, be borne in mind. 

The global fission spectrum used in the more recent libraries of the code WIMS-D (i.e. the 
W1MS81 and W1MS86 libraries) is found to be suitable for LWIICR calculations. 

An accurate estimate of reaction rates of heavy actinides with low energy resonances (such 
as the capture of : 4 2 P u ) can only be achieved by using self-shielded cross sections in the whole 
energy range (including the low energy range) and a fine group structure around these reso
nances. 

The JEF-1 evaluation is found to be generally adequate for LWIICR calculations. 2 3 5U 
fission appears to be slightly overprcdicted in the lower resonance energy range, and fast 2 4 2Pu 
capture cross sections (above 1 keV) seem to be too high. 

Using the AARE system in connection with JEF-1 data, a better consistency is achieved 
compared to previously published results. 
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A Appendix 
This appendix presents plots of energy distributions ff f the integral reaction rates measured 
in PROTEUS-LWHCR Cores 7 and 8. The figures originate from AARE calculations in the 
E1R/HRB 308 neutron group structure (see Table 4), and should provide additional physical 
understanding of the various statements made in the report. In the case of Core 7 the reaction 
rates are plotted individually, as well relative to the fission of 2 3 9 Pu. Core 7 and Core 8 are 
compared in terms of the individual reaction rates. The following are the main obeservations: 

First, the resolved resonance (up to about 10 keV) and thermal ranges are not important in 
the case of the voided lattice (Core 8), since the spectrum is too hard (compare with Fig. 5). 
The unresolved range and the resolved resonances of the structural materials are visible in the 
small peaks in the high energy range of each reaction. Therefore, special care is to be given to 
the self-shielding of the unresolved resonances in voided LWHCR lattices. 

Second, except for the fission of 238U which happens exclusively at high energies, all other 
reaction rates in Core 7 originate over the whole energy range. This is mainly due to the softer 
neutron spectrum in the watered lattice (compare with Fig. 4). 

Third, similar shapes occur in the case of the fission of 2 4 1 Pu, 2 3 9 Pu and 235U in Core 7. 
In the cases of capture reaction rates, it can be seen that the 6.8 eV and 2.7 eV are the main 
resonances of 2 3 8U and 2 4 2 Pu, respectively. These resonances give a big contribution to the total 
rate. Therefore an accurate procedure to shield the resolved resonances (in the cpithermal and 
thermal ranges respectively) is needed. 
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Figure 8: Capture of 2 3 8U relative to fission of 2 3 9Pu in Core 7 
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Figure 9: Fission of 2 3 8U relative to fission of 2 3 9Pu in Core 7 
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Figure 10: Fission of 2 3 5U relative to fission of 2 3 9 Pu in Core 7 
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Figure 11: Fission of 2 4 1 Pu relative to fission of 2 3 9Pu in Core 7 
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Figure 12: Capture of 2 4 2Pu relative to fission of 2 3 9Pu in Core 7 

38 



1.E+02 

1.E + 01 -

"s 

u> 
t. 1.E+00-
O 

\ 
en 
LL. 

1.E-01 -

1.E-02 
1.E-03 1.E-01 1.E + 01 1.E+03 

eV 

Figure 13: Fission of 2 3 9Pu in Core 7 
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Figure 14: Fission of 2 3 3Pu in Core 8 

39 



1.E+01 -

1.E-03 
1.E-03 1.E-01 1.E+01 1.E+03 1.E+05 1.E+07 

eV 

Figure 15: Capture of 238U in Core 7 
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Figure 16: Capture of 2 3 8U in Core 8 
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Figure 21: Fission of 2 4 1Pu in Core 7 
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Figure 22: Fission of 2 4 1Pu in Core 8 
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Figure 23: Capture of 2 4 2Pu in Core 7 

1.E+02 

l.E+01 

1.E+00-

£ l . E - 0 1 -

* 1.E-02 

? l.E-03 -i 
D 

2 1.E-04-
\ 
(M 
O l .E-05-

1.E-06' 

1.E-07. 

1.E-08-
1.E-01 1.E+00 1.E+01 1.E + 02 1.E+03 1.E+04 1.E+05 l.E+06 1.E+07 

eV 

Figure 24: Capture of 2 4 2Pu in Core 8 
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