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ABSTRACT 
 

The accurate and efficient MOC calculation scheme in APOLLO2, developed by CEA for 
generating multi-parameterized cross-section libraries for PWR assemblies, has been adapted to 
hexagonal assemblies. The neutronic part of this scheme is based on a two-level calculation 
methodology. At the first level, a multi-cell method is used in 281 energy groups for cross-section 
definition and self-shielding. At the second level, precise MOC calculations are performed in a 
collapsed energy mesh (30-40 groups). In this paper, the application and validation of the two-
level scheme for hexagonal assemblies is described. Solutions for a VVER assembly are compared 
with TRIPOLI4® 1  calculations and direct 281g MOC solutions. The results show that the 
accuracy is close to that of the 281g MOC calculation while the CPU time is substantially reduced. 
Compared to the multi-cell method, the accuracy is markedly improved. 
 
Key Words: APOLLO2, two-level calculation schemes, method of characteristics, hexagonal 
assemblies, cross-section libraries 

 
1. INTRODUCTION 

The objective of this work is to implement and verify for hexagonal geometry the two-level 
method of characteristics (MOC) calculation scheme in APOLLO2, originally developed by 
CEA for PWR square lattices [1]. The neutronic part of this scheme uses a multi-cell solver with 
281 group structure at the first level, then energy condensation to 30-40 groups and a MOC 
calculation at the second level.  

For hexagonal geometry, modified and new APOLLO2 procedures were written and tested. The 
two-level MOC calculation scheme was numerically validated against reference solutions [2]. 
Used with a script that launches parallel (simultaneous) runs on multi-processor systems, this 
tool is able to generate multi-parameterized cross-section libraries in an automatic way. Its 
                                                 
* Corresponding author 
1 TRIPOLI4® is a registered trademark of CEA 

mailto:nlp@inrne.bas.bg
mailto:g_todorova@inrne.bas.bg
mailto:npkolev@inrne.bas.bg
mailto:frederic.damian@cea.fr


Nikolay Petrov et al. 
 

performance has been successfully tested (beyond the frame of this work) in a practical 
application to generate a wide-range few-group cross-section library for VVER [3]. 

This paper presents a description of the scheme for hexagonal geometry and numerical validation 
results. Test case is the calculation of a large VVER-1000 UOX assembly with heterogeneous 
cells. TRIPOLI4 Monte-Carlo solutions and a 281 group MOC solution serve as reference. 
Results from the 281 group MOC calculations are first verified. Afterwards, the deviations of the 
two-level MOC solutions from the reference solutions are analyzed. The resulting scheme 
features an advanced methodology for LWR industrial applications. 

Sections 2 and 3 present the code and the methodology.  Section 4 discusses the V&V results 
including code-to-code comparison against Monte-Carlo solutions and a reference 281 group 
MOC depletion calculation. 

2. METHODOLOGY 

2.1 The APOLLO2 code 

The deterministic neutron transport code APOLLO2 V2.8e [4], [5], [6] designed for lattice 
physics calculations is used in this work. Two methods are employed: the collision probability 
method (Pij) with a multi-cell geometry and the method of characteristics (MOC) [6] with ‘step’ 
or ‘linear surface’ numerical schemes. When using step MOC the geometry needs a relatively 
high segmentation to reach a good accuracy, especially in the presence of absorbers. In the linear 
surface (LS) MOC [7], [8] the approximation is of higher order and a coarse basic mesh can be 
used. The azimuthal segmentation can be automatically refined on user’s request, over a 
threshold surface size. The impact of MOC parameters (such as number of azimuthal angles, 
tracking step and polar angles) has been investigated for hexagonal geometry in refs [9], [10].  

The MOC in APOLLO2 can be used in two modes: standard, which is optimized for industrial 
applications, and ‘reference’ mode with fine 281g energy mesh and disabled simplifications. 

In this study, the calculations were performed with the CEA2005 library v4.1 based on 
JEFF3.1.1 data [11]. The optimized SHEM 281 group structure [12] was used. 

2.2 The TRIPOLI4 reference code 

Monte-Carlo reference solutions were produced with the TRIPOLI4 code v6.1 [13] using the 
JEFF3.1.1 based CEA2005 v4.1 nuclear data library and the probability table option. The 
TRIPOLI4 solution is comparable with previous works described in ref [10]. The SILENE GUI 
[14] was used to generate the TRIPOLI4 input geometries. Media definitions and isotopic 
concentrations were obtained from APOLLO2 by means of an embedded data export tool. A 
total number of up to 109 neutron histories was used to reach a good convergence (always < 10 
pcm in reactivity and < 0.05% in fuel rods fission and absorption rates). 

2.3 Two-level calculation scheme for depletion and branching calculations 

The first level is constituted by self-shielding calculation and Pij UP1 flux calculation in 281g 
with first level geometry. With this group structure the self-shielding calculation is performed 
only above 22.5 eV. The first level geometry can be “fine”, with as many media as the total 
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number of fuel pins in the lattice, or “coarse”, with 15 or 6 fuel cell groupings and evolving 
media. This level is followed by energy condensation (to 37 groups in this study) via a transport-
transport equivalence procedure [1] which preserves the reference local reaction rates. In each 
first-level medium, the cross sections are collapsed with the local fine-group fluxes, without any 
spatial homogenization.  

It should be noted that this collapsed energy mesh is preliminary and can be used with UOX fuel. 
It is not optimized and needs re-evaluation for other fuels such as MOX. 

The second level is a MOC calculation in the collapsed (37g) energy mesh and second level 
geometry. This geometry is exact, well segmented and generated with SILENE. The geometry is 
filled through a dispatch of the depleting media from the first level geometry media. The 
depleted isotopic concentrations are determined from one-group fission and absorption rates with 
the second-level calculated fluxes. These concentrations update the first level medium 
concentrations, through a cell homogenization and grouping, for the next step self-shielding and 
Pij calculations. The depletion calculation is followed by a medium archive creation. 

Figures 1 and 2 show a schematic view and some details of the two-level scheme as applied to 
depletion and branching calculations.  

Used with a script that launches simultaneous runs on multiprocessor systems, the two-level 
MOC tool is able to generate multi-parameterized cross-section libraries in an automatic way. A 
successful test of this tool in depletion and branching calculations to create a nodal XS library for 
VVER is reported in ref. [3].  

2.4 MOC calculation parameters 

In the discussion to follow, the abbreviation MOC means ‘step’ MOC, and LS MOC means 
linear-surface MOC. Table I shows the parameters used in the two-level and reference 281g 
calculations with step and linear-surface MOC solvers, for hexagonal VVER configurations.  
 

Table I:  Calculation parameters of the two-level scheme 
 

Calculation parameters Two-level scheme Ref. 281g scheme 
Azimuthal angles (Nφ) 24 24 
Tracking step 0.04 cm 0.04 cm 
Polar angles  (Nψ), Bickley quadrature 3 3 
Degree of scattering anisotropy (Pij) P0*=P0 corrected P0* 
Degree of scattering anisotropy (MOC)  P0* P0* 
Degree of scattering anisotropy (MOC) (option) P1 P1 
Surface subdivision factor for LS MOC 6 6 
User specified threshold size for surface 
subdivision when using LS MOC 0.74 cm 0.74 cm 
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With the step MOC, which uses a refined spatial mesh, the effect of Nφ >24 is small.  With the 
LS MOC, Nφ=24 plus automatic refinement is sufficient (see the two-level 281g/37g result in 
Figure 9 obtained with the coarse mesh from Figure 4 and the parameters from Table I).  

With the step MOC, the error convergence for Δr = 0.1, 0.04 cm is as follows: δk = 72, 34 pcm, 
and δ max (fiss rate) = -0.51%, 0.12%. Further refinement of Δr from 0.04 cm to 0.01 cm has a 
small effect. With the LS MOC, the error convergence for Δr = 0.1, 0.04, 0.01 cm is as              
δk =103, 29, 44 pcm, and δ max (fiss rate) = -0.77%, -0.24%, -0.21%. 

First level medium definition 

CEA2005 library 
SHEM 281 group structure 

Update of the first level media 
by second-level media grouping 

Evolution of the two-level 
medium concentrations 

Self-shielding; first level geometry 

Energy condensation via a transport-
transport equivalence procedure 

Medium dispatching for the 
second level geometry 

MOC calculation 
37 group structure; second level geometry 

Outputs, group cross-section creation, 
Medium archive creation 

Pij calculation 
281 group structure; first level geometry 

 

Figure 1: Flow chart of the two-level scheme for depletion calculations 
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Outputs, XS set creation 
in HDF or ASCII format 

Figure 2: Flow chart of the two-level scheme for branching calculations 
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2.5 Self-shielding model 

The model used is based on the new mixture self-shielding method [15], [16]. In this model, the 
fine structure equation is extended to mixed resonant isotopes to treat exactly the resonance 
overlapping phenomena. With the energy group structure used, there is no need to perform self-
shielding approximations below 22.5eV. Above this limit, self-shielded XS are calculated for the 
isotopes U235, U236, U238, Pu239, Pu240, Pu241, Pu242 and Zr. 

Below the 22.5eV limit, only Doppler corrections are applied for these isotopes. The same 
Doppler correction has to be applied to fission products such as: Tc99, Rh103, Xe131, Cs133, 
Nd145, Pm147, Sm152 and Eu153. 

3. TEST PROBLEM 

3.1 Hexagonal UO2 assembly and cell structure 

A profiled, un-rodded VVER-1000 UOX fuel assembly is calculated to benchmark the scheme 
(see Figure 4). It contains 312 fuel pins, of which 246 pins of 4.4w/o 235U and 66 peripheral pins 
of 3.6 w/o 235U. There are 18 CR guide channels, one central instrumentation tube and a total of 
331 cells. The hexagonal cell side is 0.73612 cm. The triangular lattice pitch is 1.25 cm and the 
assembly pitch is 23.6 cm. There is a 2 mm water gap between the assemblies (1 mm water 
reflector). The fuel pellet radius is 0.3785 cm and the inner/outer cladding radius is 0.386/0.455 
cm respectively. Cold service dimensions are assumed. 

The possible types of cells for this type of assembly are shown in Figure 3. In the considered 
case - without CR and burnable absorbers, the assembly contains only the first three types of 
cells.  
 
 

Fuel cell Instrumentation tube 

CR cell BA cell

Guide tube 

 
Figure 3: Types of cells in the considered VVER-1000 UO2 assembly 

 

Figures 4 and 5 illustrate the spatial meshes used in this study.  
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Figure 4: 1/6 VVER-1000 fuel assembly. Geom. type ALS, 404 regions, used with LS MOC 
 

 

Figure 5: Geometry type ASC, 2254 regions, used with the step MOC 
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3.2 V&V cases 

The two-level MOC calculations were tested in depletion and branching calculations, against: 
• TRIPOLI4 reference solutions with media definition and isotopic concentrations from A2 
• 281g MOC reference solutions 

The validation of the reference deterministic scheme in APOLLO2 for hexagonal geometry is 
reported in refs. [2], [3] (A2 v.2.8e/JEFF3.1.1) and [9], [10] (A2 v.2.7/JEF2.2). The assessment 
of the calculation scheme is supplemented by: 

• Numerical validation of the 281g MOC reference solutions against TRIPOLI4 solutions 
• Comparison of MOC and Pij depletion calculations in 281 energy groups 

3.3 Parameter set used for the depletion calculation 

Approximately average hot full power core conditions are assumed: 
• Fuel temperature: 625.85 C 
• Cladding temperature: 334.85 C 
• Coolant temperature: 302 C 
• Coolant density: 0.723g/cm3 
• Fuel density: 8.786 g/cm3 
• Boron concentration: 600 ppm 

3.4 Physical parameters and metrics for comparison 

Given the TRIPOLI4 and deterministic reference solutions, the results are compared in terms of 
reactivity and pin-by-pin fission rates. The deviations from the reference are defined as follows: 

δk = (k – kref)* 105   (pcm)   - absolute difference 

δ(1/k) = (1/kref – 1/k)*105   (pcm)   - positive value means k > kref 

100*
ref

refxx −
=δ  (%)   - relative differences, for distributions only 

n

x
x i

i∑
=

δ
δ  (%)   - average in modulus error, for distributions only 

δx max = max(δxi)  

3.4 Modeling assumptions 

Spatial meshing 
Coarse-mesh fuel cell (see the ALS geometry in Figure 4): 

• 4 rings in the fuel pellet (50%, 80%and 95% of the pellet radius) 
• smeared gap-fuel 
• one radial mesh in the moderator 

Refined mesh fuel cell (see the ASC geometry in Figure 5): 
• 4 rings in the fuel pellet 
• smeared gap-fuel 
• three ‘rings’ in the moderator 
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• six azimuthal meshes per hexagonal cell (six triangles per hexagon) 
Guide tube cell: 

• one cladding 
• two moderator ‘rings’ outside the guide tube and two inside it 
• six triangles per hexagon (ASC geometry only) 

Self-shielding geometry options 

The following options for media grouping and modeling of the 1 mm water reflector have been 
analyzed: 

• Self-shielding configurations with cell grouping into 6 or 15 different media 
• First-level multi-cell geometry 

      a) 11 radial rings of cells in the assembly and modified moderator density in the peripheral 
cells to account for the inter-assembly water gap 
      b) 12 radial rings of cells, modeling the inter-assembly water gap with an additional row of 
moderator cells with lower density 

• Combinations: 6 media and 11 rings, 6 media and 12 rings, 15 media and 11 rings, or 15 
media and 12 rings 

• Isotopes for self-shielding grouping – options: 
a)   separate treatment for fuel pin rings 
b)   grouped (grouping is by self-shielding regions – no separate treatment for fuel pin rings) 

These options have been analyzed to find an acceptable trade-off between accuracy and 
efficiency. The results in Figure 7 show that the use of an additional radial row of cells (12 rings 
in the assembly) gives more accurate reactivity prediction at the expense of certain CPU time 
increase (≤ 20%). Regarding media grouping, Figure 7 and Table III show that for un-rodded 
assemblies 6 media is an acceptable approximation. 

4. RESULTS 

4.3 TRIPOLI4 reference solutions 

TRIPOLI4 solutions with number densities from APOLLO2 are computed at burn-up 0, 10, 13, 
26, 31, 40 and 60 MWd/kgHM as listed in Table II below.  

Table II: TRIPOLI4 solutions for k-inf at different burn-ups. Batch size 10000 particles 

Burnup, 
MWd/kgHM k-infinity Sigma 

(pcm) Batches Sigma % 
(Fission rates) 

Sigma % 
(Absorb. rates)

0 1.293996 4.4 70 000 0.02 0.04 
10 1.14759 6.3 28 000 0.032  
13 1.11835 6.2 28 000 0.032  
26 1.00719 5.9 26 000 0.033  
31 0.97286 5.7 28 000 0.033  
40 0.90864 5.5 28 000 0.033  
60 0.79347 4.7 38 000 0.033  
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4.4 Deterministic reference solutions 

Reference is a 281g MOC depletion calculation with fine spatial meshing (ASC geometry), 12 
rings of cells and 15 evolving media. It was checked in comparison with a routine Pij solution 
and validated against TRIPOLI4 solutions at different burn-up steps.  

At zero burn-up the bias in k-infinity to TRIPOLI solution is δk = +35 pcm. The maximum 
deviation in pin-by-pin fission rates is δ (fiss) max= 0.12% and the average in modulus deviation 
is 0.05%.  

The ‘step’ MOC reference solution is supplemented by a 281g LS MOC reference solution with 
ALS geometry. The max bias of the LS MOC solution to T4 solution at all burn up steps is -39 
pcm in δk and 0.4% in the fission rate distribution. The average in modulus deviation does not 
exceed 0.11%. 

These results show that the 281g ‘step’ MOC solution with fine ASC segmentation is of good 
quality and can be used as reference solution for the two-level MOC and Pij depletion 
calculations. 

4.5 Testing of the two-level MOC scheme 

4.5.1 Two-level vs. 281g MOC depletion calculation 
The 281/37g computed reactivity evolution is compared with the 281g MOC solution in Figures 
6 and 7. Good agreement is displayed. When using a refined spatial mesh (ASC geometry) and 
15 media and 12 rings of cells in the hexagonal assembly, the discrepancy in reactivity is: 

• 1/k-1/kref  (two-level calculation, 281g MOC calculation as reference):  -79 pcm at Bu=0 
• 1/k-1/kref  (two-level calculation, T4 calculation as reference): < -100 pcm at Bu=0  

(max value during the depletion calculation) 
Table V shows the 281/37g MOC and Pij results in comparison with the 281g MOC solution at     
Bu = 31 MWd/kgHM. The two-level solution is close to the reference. 

4.5.2 Two-level vs. TRIPOLI4 calculations 

Two-level step MOC and LS MOC solutions are validated against TRIPOLI4 solutions for 
different fuel burn-ups. Tables III, IV, V and Figures 8 and 9 show the two-level results in 
comparison with TRIPOLI4 solutions. Good agreement is displayed both in reactivity and local 
reaction rates. The results with cell grouping to 6 media for self-shielding stay good and close to  

Table III: A2 vs. T4 computed k-infinity at zero burn-up.  kref = 1.29400 ± 0.00004 

Case A2  A2-T4  
 k-infinity δk (pcm) 1/kref-1/k (pcm)
MOC, 281g, 12r, 15 media, ASC geom 1.29435 35 21
MOC, 281/37g, 12r, 15 media, ASC 1.29568 168 100
MOC, 281/37g, 12r, 6 media, ASC 1.29577 177 105
MOC, 281g, 12r, 15 media, ALS 1.29563 163 96
LS MOC, 281g, 12r, 15 media, ALS 1.29391 -8 -5
LS MOC, 281/37g, 12r, 15 media, ALS 1.29564 165 98
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Figure 6: Discrepancies (1/kref-1/k) of the two-level 281/37g MOC results when using   

ASC geometry, 12 rings of cells and 15 media. Reference is the MOC 281g solution 
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Figure 7: Discrepancies 1/kref-1/k of the Pij results when using two types of 1st level 

geometries and two cell groupings. Reference is the 281g MOC solution 

2011 International Conference on Mathematics and Computational Methods Applied to  11/15 
 

Nuclear Science and Engineering (M&C 2011), Rio de Janeiro, RJ, Brazil, 2011 
 



Nikolay Petrov et al. 
 

Table IV: Comparison of two-level 281/37g MOC, 281g MOC and Pij solutions   
Bu = 0, B2=0.  Reference is the T4 solution, with σ (fission rate) =0.032 % 

 

Table V: Comparison of 281/37g MOC and Pij solutions at 31 MWd/kgHM.  B2=0. 
Reference is the 281g MOC solution 

SOLVER 

SOLVER TRIPOL4 
 

MOC 
P0* 

PIJ 
UP0 

2L MOC 
P0* 

MOC 
P1 

2L MOC 
P1 

k inf 1.29400 
± 4 pcm 1.29435 1.29980 1.29568 1.29357 1.29517 

δ(1/k) = 1/kref-1/k, pcm - 21 346 100 -26 70 
Pin fiss. rate   δ max,%  - 0.12 -1.77 0.11 -0.57 -0.61 
Pin fiss. rate│δ│av,% - 0.05 0.74 0.05 0.19 0.20 
Pin abs. rate   δ max,% - -0.28 -1.62 -0.43 -0.54 -0.64 
Pin abs. rate│δ│av,% - 0.10 0.88 0.13 0.16 0.19 

281g Pij 2L MOC P0* 
k inf 0.98883 0.98490 
δ(1/k)=1/kref-1/k, pcm 314 -89 
Pin fiss. rate   δ max,%  -1.77 -0.15 
Pin fiss. rate│δ│av,% 0.71 0.04 
Pin abs. rate   δ max,% -2.30 -0.24 
Pin abs. rate│δ│av,% 0.84 0.07 
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Keff 1.295680 -0.08
47 37

Deviation to T4 169 pcm  Δ 1 /k 101 -0.04 -0.07
48 38 29

MAX Dev Fiss 0.11 % 0.11 -0.02 -0.10
49 39 30 22

AVE DEV Fiss 0.05 0.05 0.08 0.04 0.05
50 40 31 23 16

TIME / MOC 27 sec 0.01 0.05 -0.01 0.08 -0.03
51 41 32 24 17 11

-0.01 0.01 -0.08 0.10 0.05 0.03
52 42 33 25 18 12 7

-0.01 -0.05 0 0.02 0.01 0.11 -0.05
53 43 34 26 19 13 8 4

0 -0.06 -0.10 0.05 0.07 0.07 -0.06 -0.11
54 44 35 27 20 14 9 5 2

-0.02 -0.08 0.09 0.04 0.01 0.05 0.10 0.01 -0.10
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Figure 8: Deviations of the step MOC 281/37g, 12r, 15m computed pin fission rates from 
the TRIPOLI4 reference at Bu=0. Geometry type ASC 
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Keff 0.972419 -0.15
47 37

Deviation to T4 -44  pcm -0.03 -0.13
48 38 29

MAX Dev Fiss 0.25  % 0.06 -0.07 -0.04
49 39 30 22

Averaged in Fiss 0.09 0.06 0.17 0.05 0.04
50 40 31 23 16

TIME / MOC 14 sec -0.11 0.02 0.11 0.09 0.12
51 41 32 24 17 11

0.00 0.01 -0.04 0.11 0.12 0.06
52 42 33 25 18 12 7

-0.12 -0.01 0 0.07 0.20 0.11 0.00
53 43 34 26 19 13 8 4

0 -0.19 -0.09 0.07 0.18 0.25 0.04 -0.05
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55 45 36 28 21 15 10 6 3 1

-0.25 -0.16 -0.11 0.00 0 -0.07 0.07 -0.02 0.08 -0.21

 
Figure 9: Deviations of the LS MOC 281/37g, 12r, 15m computed fission rates from the  

TRIPOLI4 reference at Bu=31MWd/kgHM. Geometry type ALS 
 

those with 15-media (see Table III, Figure 7 and ref. [2]). The LS MOC results in Table III and 
Figure 9 show that the higher-order solver yields approximately the same accuracy as the step 
MOC on a refined mesh, and the CPU time is comparable or smaller.  
 

4.5.3 Calculation time 
Tables VI and VII show sample calculation times for two-level 281/37g solutions with cell 
grouping to 6 media, in comparison with the 281g MOC and Pij solutions. The calculations are 
performed on a dual core 2.4 GHz ATHLON 64 with DDR 400MHz and FSB 800 MHz. The 
computation time for a single A2 calculation is ~1 min. This allows the use of the two-level 
scheme for generation of multi-parameterized XS libraries. Such an application in parallel 
(simultaneous) calculation mode has been successfully tested in ref. [3] 

Table VI: CPU time for burn-up calculation from 0 to 31MWd/kgHM 
 

Solver 281g MOC P0* 281g Pij 281/37g MOC P0* 

Solver CPU time, s 40194 442 1819 
Total calculation time, s 43221 (12h) 2104 5727 
Self-shielding time, s 557 557 557 
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Table VII: CPU time for one solver iteration 
 

Solver  Pij 281g MOC 
P0*

37g 2L MOC
P0*

281g MOC 
P1

37g 2L MOC
P1

Solver CPU time, s 3.5 182 23 284 32
Self-shielding time, s 15 15 15 15 15

 

6. SUMMARY AND CONCLUSIONS 

A two-level MOC calculation scheme for cross-section generation with APOLLO2 was applied 
to hexagonal assemblies with a tight pin lattice. It was numerically validated in comparison with 
TRIPOLI4 reference solutions and 281 group MOC solutions.  

The benchmarking shows that for a given segmentation, the accuracy of the two-level MOC 
scheme is comparable to that of the 281g MOC results while the computation time is strongly 
reduced. When the number of groups in the collapsed energy mesh is in the range of 20-40, the 
gain in MOC computation time is by factor 6 to 14. For 37 groups, the reduction of computation 
time is by factor 6 to 9. The scheme has proved its efficiency. 

For hexagonal geometry, a 25% MOC acceleration was observed when using a recent algebraic 
optimization in the solver. This acceleration is not taken into account for the comparisons in this 
work. More significant MOC acceleration is expected from the upcoming adaptive application of 
short track techniques in APOLLO2. The two-level MOC scheme has significant potential for 
further acceleration. 

Regarding the self-shielding configurations, the analysis shows that the water gap modeling with 
an additional ring of cells in the assembly is a preferable option. The predicted reactivity is more 
accurate and the increase in CPU time does not exceed 20%. Cell clustering to 6-8 media shows 
acceptable results for practical applications. 

The performance of the step and linear surface MOC solvers in the two-level scheme was 
assessed and compared. The results show that the higher-order LS MOC solver with a coarse 
basic mesh yields the same accuracy as the step MOC on a refined mesh, and the CPU time is 
comparable or smaller. The two-level LS MOC scheme is flexible and user friendly, and is a 
good choice for industrial cross-section generation. 

The 37g collapsed energy mesh was tested for UO2 fuel. Further optimization work is necessary 
to define a more adequate collapsed energy mesh for other fuels such as MOX and for very low 
densities.  

The two-level MOC scheme has been successfully tested (beyond the frame of this work) in a 
practical application to generate a multi-parameterized nodal XS library for VVER. 
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