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ABSTRACT 
 

A code and data system, C4P, is under development at KIT. It includes fine-group master libraries 
and tools for generating problem-oriented cross-section libraries, primarily for safety studies with 
the SIMMER code and related analyses. In the paper, the 560-group master library and problem-
oriented 40-group and 72-group cross-section libraries, for thermal and fast systems, respectively, 
are described and their performances are investigated.  
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1. INTRODUCTION 
 
The SIMMER family of codes [1] was developed for safety studies of fast reactors (FRs). An 11-
group cross-section library with Bondarenko f-factors is applied routinely at KIT for FR safety 
analyses with SIMMER, the library being created on the basis of a 26-group library developed at 
Karlsruhe in 1980s and extended by processing recently evaluated nuclear data files into 11-
group parameters (average cross-sections, f-factors, etc.), in particular for Minor Actinides 
(MAs) [2]. While simulating a transient, SIMMER recalculates frequently the neutron flux to 
properly take into account variations in the reactor configuration (including relocation of fuel 
and other materials under hypothetical accident conditions) on the power distribution. A 
relatively small number of energy groups helps to avoid very long computation times. 
 
During the last decade, SIMMER was extended for application to other reactor types, including 
ADS, Molten Salt Reactors and Light-Water Reactors. For the latter two systems, the 11-group 
library is not applicable as a FR neutron spectrum was employed for generating 11-group 
parameters.  
 
A new code and data system, C4P [3, 4], is under development at KIT since 2002. The system 
includes a “master” fine-group (560-groups below 20 MeV) library in the extended (to take 
properly into account thermal scattering) CCCC (ISOTXS and BRKOXS) format. Further format 
extensions should allow incorporation of gamma and high-energy (above 20 MeV) data into C4P 
libraries. The system also includes tools for generating problem-oriented SIMMER cross-section 
libraries for all reactor types mentioned above. These libraries can be also used for reactor 
analyses with other codes, which employ f-factors for computing composition-dependent cross-
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sections. Two new C4P libraries, with 40 and 72 groups, have been established recently for 
thermal and fast reactor analyses, respectively. Performance of master, 40-group and 72-group 
libraries is investigated in this paper. 
 

2. MASTER AND PROBLEM-ORIENTED LIBRARIES 
 
The master library has been developed while considering a set of homogeneous models 
representing nine reactor types, including solid fuel systems and graphite-moderated MSRs. The 
solid fuel systems are those with nitride and oxide fuel, with lead, lead-bismuth eutectic alloy 
(LBE), sodium and supercritical water coolants. This set is assumed to be representative for 
Generation-IV and other systems of potential interest at KIT. The group structure (number of 
energy groups and group boundaries) has been chosen so that deviations in kinf values computed 
by employing the master and point-wise data do not exceed appreciably 200 pcm for the 
considered models, while assuming that a “standard” weighting function (fission spectrum in the 
MeV region, Fermi spectrum in the eV and keV regions, Maxwellian spectrum at thermal 
energies) is used for processing evaluated nuclear data into multigroup parameters (average 
cross-sections, f-factors,  etc.).  
 
Initially the 172- and 1968-group structures employed in ECCO/ERANOS [5] libraries (as LWR-
oriented and reference options, the latter for a restricted set of isotopes only) were considered. 
Finally, an intermediate 560-group structure, similar to the 172-group one below ca. 5 eV and 
above 2.5 MeV, but with more groups between these energies was chosen. The finest groups of 
the 560-group library are at energies corresponding to the few first large resonances of U238 and 
Th232 between 5 and 200 eV. The 172-, 560- and 1968-group structures are shown in Figure 1. 
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Figure 1. Group structures with 172, 560 and 1968 energy groups 

 
In Figure 2 one may see deviations between the reactivity values obtained with 172-group (the 
deviations in the 172-group case are divided by 2 to facilitate the presentation), 560-group and 
1968-group libraries and the those obtained with MCNP [6] while employing point-wise cross-
section libraries. The nine models considered are: 
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1. Dedicated (Pu and MAs) nitride fuel, Pb coolant, 
2. Th/U-233 fuel, Pb coolant, 
3. MOX fuel, Pb coolant, 
4. MOX fuel, LBE coolant, 
5. MOX fuel, Na coolant, 
6. MOX fuel, supercritical water (fast option), 
7. MOX and MAs fuel, supercritical water (fast option), 
8. Molten salt (FLIBE) with U-235/U-238, graphite moderator, 
9. Molten salt (FLIBE) with Th-232/U-233, graphite moderator. 
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Figure 2. Deviations of 172-, 560- and 1968-group reactivity values from those of MCNP, 
MCNP kinf uncertainties 

 
Criticality calculations of the supercritical water cooled systems and MSR models without 
graphite require a quite fine energy group structure in the resonance energy region between 1 and 
100 eV due to a relatively high neutron absorption rate at these energies. An additional important 
issue –as concerns in particular MSRs without moderator - is the necessity to extend the energy 
region in which neutron up-scattering is taken into account up to more than 25 eV, for light 
nuclides such as F19. More details can be found in ref. [4]. 
 
In addition to isotope-wise data, the master libraries contain also data for isotope mixtures, such 
Fe, Cr, Ni, etc. These data are created from isotope-wise 560-group parameters by the C4P code, 
while employing so called extended probability tables (EPTs). The code first converts isotope-
wise f-factors and average cross-sectios into isotope-wise EPTs. Unlike conventional probability 
tables (PTs), which contain parameters (ai, σti, σei, σci, …, i=1,N), N being the number of 
subgroups, the EPTs contain more parameters: (ai, σt,i, (ae,i σe,i, σt,e,i ), (ac,i σc,i, σt,c,i ),…, i=1,N). 
In particular, there are several “total” cross-sections for each subgroup: obtained by 
approximating total cross-section “moments” (derived from f-factors and cross-sections), σt,i, and 
independently obtained by approximating the “partial” ones, σt,x,i. EPTs offer a better way to 
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approximate the moments than PTs, in particular when the total and partial cross-sections are not 
in full consistency within an energy group. EPTs for isotope mixtures are obtained from isotope-
wise EPTs and then converted into f-factors the mixtures. More details are given in ref. [7]. 
 
With the C4P code one can also generate problem-oriented libraries containing the same set of 
parameters (average cross-sections, f-factors etc.) as the master libraries, but with a smaller 
number of groups, the weighting function being either provided by the user or assumed to be the 
standard one. 
Using of libraries with a smaller number of groups saves time, in particular when they are used 
with the SIMMER code. On the other hand, the accuracy and reliability of results is reduced to 
some extent in the general case. Performance of 40 and 72-group group structures is considered 
in the following. 
 

3. COMPUTATION OF SELF-SHIELDED CROSS-SECTIONS 
 
The SIMMER code includes a module that processes CCCC cross-sections and computes self-
shielded cross-sections for reactor sub-regions during the transient. For related studies, a cross-
section processing code, ZMIX [4] was developed to prepare macroscopic cross-sections from 
C4P libraries for DANTSYS [8] and VARIANT [9] neutron transport codes. The microscopic 
self-shielded cross-sections produced by ZMIX can be used together with DANTSYS and 
VARIANT flux distributions in TRAIN [10], a code developed recently at KIT, for burnup 
calculations. 
 
Both SIMMER and ZMIX cross-section processing schemes are based on homogeneous models. 
Heterogeneity effects can be taken into account approximately. As concerns self-shielding 
effects in heterogeneous models, dilution cross-sections for fuel isotopes can be computed in 
heterogeneous cells by employing “Effective” Mean Chord Lengths, EMCLs, provided by the 
user, so that instead of the non-fuel cross-section, Σnon-fuel,  the modified [11] one, Σnon-fuel/(1+ 
EMCL*Σnon-fuel) is employed in these computations. 
 

4. PERFORMANCE OF MASTER LIBRARIES FOR CELL AND REACTOR 
CALCULATIONS 

4.1. Cell Calculations 
 
Static 1D and 2D calculations are not time-consuming and can be performed with 560-group 
cross-sections. This option was checked for burn-up calculations for 17x17 PWR cell models, 
with UOX and MOX fuels, for a benchmark organized by OECD [12]. The reference values 
(criticality and one-group cross-section for fuel isotopes) were obtained with MCNP (point-wise 
cross-sections) and ERANOS (1968 group for principal isotopes) codes while considering 2D 
models specified in the benchmark description. The ZMIX code was employed to produce cross-
sections for the DANTSYS code. The neutron transport calculations were performed for a 1D 
pin-cell model with white boundary conditions (preliminary analyses show that 1D and 2D 
MCNP cell calculations give very similar results for criticality). The transport approximation for 
the total cross-section and S16 angular approximation for the neutron flux were selected after 
checking more advanced DANTSYS computation options (higher-order Pn and Sn ). 
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An energy-independent EMCL value was chosen after performing calculations with JEF2.2-
based 560-group and 400-group libraries, the latter with 2 times less groups between 5 eV and 4 
keV. The heterogeneity correction for kinf varies stronger vs. EMCL in the 400-group case due to 
the coarser group structure. On the other hand, one may assume that this correction is the same in 
the 400-group and 560-group cases, thus providing a way to determine the “optimal” EMCL 
value.  
 
The deviations between the 560-group results (kinf and one-group fission and capture cross-
sections) and those obtained with MCNP are given in Table I. One may see also the 
corresponding deviations between ECCO (a module of ERANOS used for 1968-group 
calculations with collision probabilities) and MCNP (MCNP uncertainties, 1σ, are 0.1% - 0.2%). 
In this table, f35, f38, f39, f40 mean one-group cross-sections for the U235, U238, Pu239, Pu240 
fission, respectively; c35, c38, c39, c40 are the corresponding capture cross-sections.  
The comparison is performed for 3 cases: “UOX at BOL”, “UOX at EOL” and “MOX at BOL” 
(at the burnup of 60 GWd/t). The nuclear densities for “UOX at EOL” were obtained by 
modeling with a limited number (24) of fission products, FPs, contributing to about 90% of the 
FP absorption rate at EOL (only for preliminary evaluation of uncertainties). 
The “560 gr.” columns show two values for the “UOX at EOL” and “MOX at BOL” cases: with 
EMCL of 4.1 cm, optimal for “UOX, BOL” and (after slash) with lower and higher EMCLs, 
optimal for “UOX at EOL” and “MOX at BOL”, respectively. It is evident that the C4P -based 
results are not too sensitive to EMCL and a time-, composition, and energy-independent EMCL 
of 4.1 can be employed for cross-section recalculations during a burnup simulation if the fine 
560-group library is employed. The deviations between multigroup and MCNP results do not 
exceed ca. 1% for criticality and ca. 3% for one-group cross-sections, similar to deviations 
between ECCO and MCNP. 
 
 

Table I. Deviations in criticality (%) and one-group cross-sections for the PWR-cell. 
 

 UOX, BOL UOX, EOL MOX, BOL 
 560 gr. 

EMCL=4.1 
ECCO 560 gr. 

EMCL= 4.1/3.7 
ECCO 560 gr. 

EMCL=4.1/4.3 
ECCO 

kinf -0.1 -0.5 -0.6/-0.6 -0.6 -1.0/-0.9 -0.6 
f35 -0.7 0.8 -3.4/-3.5 -1.6   
c35 0.0 1.0 -1.9/-2.0 -1.1   
f38 -1.7 -0.8 -0.8/-0.8 2.8 -1.2/-1.2 2.7 
c38 0.2 2.7 -0.7/-0.4 1.9 0.4/0.2 2.2 
f39 0.6 2.3 -2.1/-2.1 0.3 -1.9/-1.8 -0.5 
c39 0.9 2.8 -1.4/-1.4 1.0 -1.4/-1.4 -0.3 
f40 -1.0 -0.1 -0.4/-0.4 1.2 -0.8/-0.8 1.3 
c40 0.0 -0.1 2.0/1.9 2.3 1.9/1.9 1.8 

 

4.2. Core Calculations 
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Full core calculations in 2D were performed for MOSART, a molten salt reactor developed for 
burning of transuranium isotopes (TRUs) from spent nuclear fuel and studied in the framework 
of an IAEA CRP [13]. The core is cylindrical (3.4 m in diameter, 3.6 to 4.0 m high, the upper 
core boundary being of conical shape), it is surrounded by a reflector made of graphite. The fuel 
salt is a molten 58NaF-15LiF-27BeF2 (mole %) mixture with 479°C melting temperature and 
addition of about 1.05 mole% of (TRUF3 +LnF3). MOSART contains no solid moderator in the 
core, the 560-group spectra at different radial locations are shown in Figure 2. 
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Figure 3. Axially averaged flux spectra in MOSART at different radial locations  

 
 
 

Table II. Criticality and Doppler parameters in the MOSART core 
 
 560 gr. , JEFF 3.0   MCNP4C: JEFF 3.1/JEFF 3.0  MCNPX: JEFF 3.1 
keff 0.99285  1.00887/0.99335 1.00904 

α-Doppler, pcm/K -1.52              -1.42 -1.69 

 
 
The cross-sections were processed with ZMIX, independently for the salt and graphite reflector 
(as for homogeneous media), the influence of the reflector on fuel cross-sections being thus 
ignored. This influence was found to be negligible by comparing 560-group results with those 
obtained with a smaller number of groups, but employing the same basic data and calculation 
procedure. The 2D neutron transport calculations were performed with DANTSYS. The results 
obtained with 560-group cross-sections based on JEFF 3.0 are compared in Table II with those 
obtained by MCNP4C at NRG and by MCNPX at SCK-CEN [17]. The Doppler coefficient was 
computed by employing keff values calculated for the salt/graphite temperatures of 900/950K and 
1500/1550K, the graphite contribution to the coefficient being minor (about 3%) for this core. 
The results of Table II confirm applicability of the calculation procedure - based on using 560-
group data – to MOSART studies. 
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5. PROBLEM-ORIENTED LIBRARIES: GENERATION AND APPLICATION 
 
Direct application of 560-group master libraries for transient analyses with SIMMER is not 
foreseen in the near future as it would increase the computation time appreciably. Two cross-
section libraries, for thermal and fast reactor applications, with 40 and 72 groups, respectively, 
were produced recently from master libraries. Their group structure is shown in Figure 4. 
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Figure 4. 40- and 72-group structures 

 
For generation of the 72-group library, the standard weighting function was employed, while in 
40-group case, a collision density in a PWR model was applied in addition as weighting function 
in three fine energy groups between 20 and 70 eV (see Figure 4), these groups (ca. 19.4-21.5, 
36.0-37.3, 64.6-69.0 eV) corresponding to strong resonances of U238. 
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Figure 5. Deviations of reactivity values computed with 40- and 72-group libraries from 

those computed with the 560-group one. 
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In Figure 5 one may see deviations between 40/72 and 560-group results for the considered set of 
reactor models (same as shown in Figure 2). For all systems with fast spectrum (compositions 1 
to 5) the performance of the “fast” 72-group library is reasonable, the deviations being up to ca. 
250 pcm, while application of the “thermal” 40-group library with a much smaller number of 
groups in the region most relevant for fast reactors (above ca. 100 eV) would lead to high 
uncertainties in criticality and reactivity effects, in particular for compositions 1 and 5. 
 
For the models of supercritical-water cooled reactors (fast option) both 72- and 40-group 
libraries demonstrate deviations up to ca. 500 pcm, thus demonstrating the limiting applicability 
of the libraries for the mentioned systems. For graphite-moderated MSRs, the 40-group results 
are reasonably accurate, but both 40-group and 72-group libraries give inaccurate results for 
graphite-free MSR compositions. In the following we consider the application of 40-group and 
72-group libraries to thermal cell and fast reactor calculations, respectively. 

5.1. PWR cell 
 
In Table III one may see variations in the criticality and Doppler effect values computed with the 
40-group library as compared to the 560-group calculations for a 1D PWR pin-cell model (using 
ZMIX and DANTSYS with S16) described earlier. One may see that the deviations in the 
mentioned values are small. The relative errors for the Doppler ones are near 0.3% and 0.04% 
for UOX and MOX, respectively. 
 
 

Table III. Deviations between 40-gr. and 560-gr. results for the 1D PWR pin-cell model 
 

Parameter Deviation ( pcm) 
Criticality, UOX at BOL +455 
Criticality, MOX at BOL +393 

Fuel Doppler effect (873K-
>1473K), UOX at BOL 

+32 pcm  

Fuel Doppler effect (873K-
>1473K), MOX at BOL 

-5 pcm  

 
 
An extension of applied technique for taking into account self-shielding effects in heterogeneous 
compositions was implemented into ZMIX and SIMMER more recently: using of energy-
dependent EMCL values. They can be obtained by looking for optimal EMCL values (e.g. with 
respect to a particular cross-section) group-wise. 
In addition, ZMIX and SIMMER can apply flux ratios (flux in moderator to flux in the fuel, flux 
in cladding to flux in the fuel) provided by the user while computing the macroscopic cross-
sections. An interesting funding is that both EMCL and flux ratios are almost insensitive to small 
perturbations, such as variations in moderator density and fuel temperature [14]. Thus, time-
independent EMCL and flux ratios are applicable for the initial phase of transients in water-
cooled systems. The uncertainties of void and Doppler effect calculations in SIMMER for a 2D 
PWR UOX cell (containing less boron than previously) with 40-group cross-sections while 
employing energy-dependent (but the same for the unperturbed and perturbed states) EMCLs and 
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flux ratios are illustrated in Figure 6 (the extended SIMMER version applies group-wise EMCL 
and flux ratios computed with ECCO/ERANOS, while the original SIMMER version relies on a 
homogeneous model). 

 
Figure 6. Reactivity effects (compared to a no-void case at room temperature) for a 2D 
PWR UOX cell model. 
 
Under severe accident conditions the clad and fuel can melt and the cell geometry would vary 
appreciably. The described approach should then be extended for allowing application of tables 
of EMCL and flux ratios depending upon variations of the geometrical mean chord length as 
explained in [15]. With these extensions it is possible to apply SIMMER with the 40-group 
cross-section library to analyses of PWR-like and MTR-like reactor designs. 

5.2. Fast reactor analyses 
 
In this section we compare 72-group results with 11-group and reference ones for a 3D 
homogeneous model for the BFS-62 critical experiment and for a model of BN-600 core loaded 
with MOX fuel. 
 
The BFS-62 experimental core represents in full scale a BN-600 (a fast reactor with UOX fuel 
operating in Russia) core partially loaded with MOX fuel. The 3D homogeneous HEX-Z model 
for the BFS-62 was developed at the IPPE, Obninsk and used for an IAEA CRP [16]. It takes 
into account about 40 rings of tubes, including the radial blanket and steel reflector in “HEX” 
arrangement. The correspondent “HEX” pitch (in plane) is 5.1 cm. The major part of the core 
tubes is filled with coated pellets (of UOX, Na, etc.) to emulate UOX-fuelled S/As, only a part of 
the tubes (approximate location: rings 19-21) being emulating the MOX S/As. The core is 
surrounded by a radial blanket, except a 120-degree sector where the fertile material is replaced 
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by steel and (at the periphery of this region) by boron carbide. This sector represents a BN-600 
model partially loaded with MOX, in which the radial fertile blanket is replaced by a steel 
reflector and a boron shield. 
 
The sodium “voiding” was simulated by removing Na-containing coated pellets. These pellets, 
originally placed inside the tubes (containing also “fuel” and “structure” pellets), were replaced 
by “empty” ones. This “voiding” occurred in the mentioned 120-degree sector only. It was done 
consequently for the innermost “lower enrichment zone” (LEZ), for the LEZ and for “middle 
enrichment zone” (MEZ), for the LEZ, MEZ and MOX region, for the LEZ, MEZ, MOX, and 
highly enrichment zone (HEZ). The “experimental” sodium void reactivity effect, SVRE, for 
MEZ given in the following is derived from the measured LEZ and LEZ+MEZ values. 
 
In Table IV one may see the experimental results (adjusted by heterogeneity corrections), 
deviations between results obtained with the 11-group library mentioned previously (a new 
evaluation of U235 from JEFF 3.0 was added to the library to improve the criticality prediction) 
and the C4P 72-group and 560-group libraries. In the first case, the 3D VARIANT SP3 
calculations were performed with 11 groups, in the second and third ones with 21 groups. 
Condensation of 72- and 560-group shielded cross-sections to 21 groups was performed by the 
ZMIX code employing composition-dependent spectra.  
 
One may note that the criticality is predicted most accurately in the 560/21-group case, the 
deviations in SVRE values from experimental results are similar by magnitude in both cases and 
do not exceed experimental uncertainties, except for SVRE MOX for the 11-group and 72/21-
group computation options. 
 
 
Table IV. Experimental BFS-62 results (adjusted) and deviations between results obtained 

with 11-group, 72-group and 560-group libraries. 
 

 Experiment 
(adjusted) 

KFKINR 
11 gr.-

Experiment 

JEFF 3.0 
72/21 gr.- 

Experiment 

JEFF 3.0 
560/21 gr.- 
Experiment 

Core reactivity 
(keff) 

0.98870 ± 
.00300 

0.00778  ± 
0.00300 

0.00298 ± 
.00300 

-0.00044 
± .00300 

SVRE LEZ, pcm -20 ± 9 -6 ± 9 +0 ± 9 +4 ± 9 
SVRE MEZ, pcm -11 ± 4 +2 ± 4 +1 ± 4 +2 ± 4 
SVRE MOX, pcm -14 ± 6 -7 ± 6 -7 ± 6 -6 ± 6 
SVRE HEZ, pcm -57 ± 6 +5 ± 6 +5 ± 6 +5 ± 6 
SVRE TOTAL, 

pcm 
-102 ± 10 -6 ± 10 +1 ± 10 +5 ± 10 

 
 
Further studies were performed for reactivity effects in the BN-600 core with weapons-grade Pu. 
The main attention was paid to the Doppler constant that was initially underestimated by 
employing the 11-group cross-sections compared to other CRP participants. The results for the 
Doppler constant and criticality are shown in Table IV and compared with average ones of CRP 
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participants. The 72- and 560-group based results are obtained with JEFF 3.0 data, for the first 
case also JEFF 3.1-based results are provided in addition in Table V, which shows that the C4P 
libraries provide closer to average Doppler constant values, but give a lower criticality. The latter 
parameter is less important for SIMMER analyses as a normalization procedure is performed at 
the beginning of a simulation.  
 

Table V. Criticality and Doppler constant in BN-600 core with MOX fuel 
 
 

 Average of 
Benchmark 
participants 

11 gr.  
 

72/21 gr. 
(JEFF 3.1) 

560/21 gr.,  

Doppler constant -737 -652 -762 (-775) -766 
Criticality 1.00131 1.00254 0.98876 

(0.99223) 
0.98547 

 
 
The observation made during the CRP is also that using of libraries with a relatively smaller (ca. 
30 or less) energy groups leads to underestimation of the Doppler constant, the results obtained 
with fine group libraries (70 groups and more) being similar or higher than those obtained with 
C4P libraries. Application of C4P data also improves the accuracy of the computed effective 
delayed neutron fraction (as compared to the average value): the C4P value is the almost same as 
the average one, while the 11-group one is about 2% lower. 
 

6. CONCLUSIONS 
 
The C4P code and data system is under development at KIT. It includes “general-purpose” 
master libraries and tools for generating problem-oriented libraries, with a smaller number of 
energy groups. The 560-group master cross-section libraries provide quite accurate results if 
applied directly in cell and reactor calculations. The investigations have shown that in order to 
prepare a few group library apart from using a suitable weighting function the choice of an 
adequate few group structure is of crucial importance. For safety analyses with SIMMER, two 
new data libraries, with 72-groups for fast reactors and with 40 groups for fast reactors have been 
recently established. The paper describes the way followed for establishing the two latter 
libraries and gives an impression of uncertainties associated with utilization of these libraries. 
They can be employed for safety analyses with SIMMER and related studies. 
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