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ABSTRACT 

 

 

HELIOS2, is a 2D transport theory program for fuel burnup and gamma-flux calculation. 

It solves the neutron and gamma transport equations in a general, two-dimensional geometry 

bounded by a polygon of straight lines. The applied transport solver may be chosen between: 

The Method of Collision Probabilities (CP) and The Method of Characteristics(MoC). The 

former is well known for its successful application for preparation of cross section data banks 

for 3D simulators for all types lattices for WWERs, PWRs, BWRs, AGRs, RBMK and 

CANDU reactors. The later, MoC, helps in the areas where the requirements of CP for com-

putational power become too large of practical application.   

The application of HELIOS2 and The Method of Characteristics for some large from cal-

culation point of view benchmarks is presented in this paper. The analysis combines compari-

sons to measured data from the Hungarian ZR-6 reactor and JAERI’s facility of Tanktype 

Critical Assembly (TCA) to verify and validate HELIOS2 and MOC for WWER assembly 

imitators; configurations with different absorber types- ZrB2, B4C, Eu2O3 and Gd2O3; and 

critical configurations with stainless steel in the reflector.  Core eigenvalues and reaction rates 

are compared. With the account for the uncertainties the results are generally excellent. 

Special place in this paper is given to the effect of Iron-made radial reflector. Compari-

sons to measurements from TIC and TCA for stainless steel and Iron reflected cores are pre-

sented. The calculated by HELIOS-2 reactivity effect is in very good agreement with the 

measurements. 

 

KEYWORDS: HELIOS2, ENDF/B-VII, method of characteristics, benchmarking,WWER-

1000, Iron reflector. 
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1 INTRODUCTION 

 

Results from hexagonal lattices analyzed with HELIOS-2 as part of its extensive verifica-

tion and validation plan are presented and discussed in this report. A number of calculated 

absorber types among them 18 cores with Gadolinium demonstrate the ability of HELIOS-2 

to model accurately the absorber materials in WWER-1000. Further, 37 cores, of so called 

WWER-1000 assembly imitators are used to validate the numerical methods in many differ-

ent and also extreme conditions like: stepwise change in the enrichment; big water wholes; 

cluster insertion and withdrawal; inter-assembly gaps and walls and etc.  The available radial 

power maps are analyzed as a valuable source of information for the ability of HELIOS-2 to 

predict the local (pin-wise) reaction rates in all kinds of conditions. 

Special attention is paid, in this report, to the phenomenon related to the radial reflector 

made or containing Iron. Measurements from ZR-6 and TCA are used to verify the computa-

tional methods as well as the Iron cross-sections in the library. 

 

 

 

2 CRITICAL EXPERIMENTS 

 

2.1 ZR-6, TIC 

The Temporary International Collective (TIC) has been established by an agreement 

signed in 1972 by countries operating VVER type of reactors to perform experiments dis-

igned to help in the reactor codes development, verification and validation. The cooperation 

was closed in 1990. 

The experiments have been carried out in the critical facility ZR-6 operated by the Cen-

tral Research Institute for Physics of the Hungarian Academy of Sciences (KFKI, Budapest). 

The measurements conducted at ZR-6 include:  fuel pin configurations with U-235 enrich-

ment from wt1.6% to wt4.4%; various absorber types; assembly imitators and combinations 

of assembly imitators and absorbers.  

In the past few years the TIC experimental data have been compiled, reevaluated and 

provided to the nuclear community for code verification and benchmarking as far as hexagon-

al lattices and VVER fuel is concerned. (Ref 2) 

The results presented in this work are based on the following benchmark evaluations: 

 ZR6-VVER-EXP-001, Vol. 1 (2007); 

 LEU-COMP-THERM-015, Rev.3, 30. September 2005; 

 LEU-COMP-THERM-036, Rev.1, 30. September 2005; 

 

The evaluated experimental Keff uncertainty, including the technological, measurement 

and data processing uncertainties is defined between 0.002 and 0.003. 

 

 

 

2.2 TCA 

For many years valuable critical experiments are performed in JAERI’s facility Tanktype 
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Critical Assembly(TCA). Some of the measured data have been use to evaluate the effect of 

Iron-made reflectors and for the verification of Iron cross section from different Nuclear Data 

Files. (Ref 3,4) 

The experiment modelled and analysed here by HELIOS-2 consists of 15x15 square as-

sembly of 2.6wt% U-235 enrichment surrounded on two sides by Iron-made reflector with 

variable thickness and water on all outer boundaries. The criticality is reached by varying the 

water level and the reactivity effect at different Iron thickness is measured accordingly. The 

error of reactivity measurement is evaluated to be 0.04% k/k at the maximum.  

 

 

 

3 HELIOS MODEL 

 

 

3.1 Code version and libraries. 

HELIOS-2 is a general-geometry, two-dimensional transport code able to calculate vari-

ous standard reactor configurations as well as experimental facilities. The employed transport 

solver may be chosen between the collision probability (CP) method and the method of char-

acteristics (MoC). The neutron and gamma transport is solved directly over the entire system, 

(perfect coupling or long characteristics) or by partitioning the system into space elements, 

coupled by currents, which can have various angular discretization. Due to its lower, com-

pared to CP, memory requirements, the MoC extends significantly the capabilities of HELIOS 

to calculate large and complex geometries without compromising the accuracy. Combined 

with the nowadays-increased computer power this has opened scientific areas where the CP 

experiences computational difficulties. 

HELIOS-2 package includes nuclear library based on ENDF/B-VII R0 (Ref 5,6). The li-

brary contains neutron data for 360 materials, including 171 fission products and 44 actinides, 

with 100 resonance materials. The upper limit of the resonance region was increased from 

9.119keV to 111.1keV.  Photon cross-section data are available for 301 materials.  The base 

nuclear data library uses 177 neutron groups and 48 photon groups; a production library with 

49 neutron groups and 18 photon groups is also available. 

The depletion chains in HELIOS-2 have been greatly expanded from those in HELIOS-1. 

Several new actinides have been added to accommodate higher-burnup fuel applications. Fis-

sion product yields are either direct yields from fission, without preceding decays, or cumula-

tive yields, including decays from precursors in the fission-fragment chain. Some of the burn-

able absorber chains have also been updated for consistency with the fission product chains. 

All yields, decay constants, and bifurcation fractions have been updated with values from the 

ENDF/B-VII, Release 0, nuclear data library. 

 

The official, first release of HELIOS-2 has been used throughout all analyses presented 

here together with its 177-group library.  

 

 

3.2 Computational model. 

In all calculations the MoC solver is used with explicit region coupling (k=0). The mini-

mum error quadrature set with two polar angles is applied for the polar integration and 36 
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initial azimuthal angles for initial ray tracing. 

 

A 30-degree sector of ZR-6 is constructed with HELIOS-2 and used for all TIC configu-

rations. The radial leakage is modeled explicitly by including a reflector region about twice 

the size of the radial extrapolation length, with the axial leakage represented by the measured 

axial buckling. The spectrum associated with that input buckling is used for the output.  

 

Figure 1. TIC: Assembly imitators: K91 and K271 and steel rods in radial reflector. 

 

 

 

Fig 1 gives an idea about the calculated geometries. The pin cell mesh on the figures is 

simplified for the sake of printability. In reality the pin cell mesh is much more detailed, as 

shown in Fig 2, accounting for the flat flux/source approximation used in HELIOS-2. 

 

Figure 2. TIC: Fuel pin; Substitute Aluminum rod; Absorber rod. 

 

 

 

A 90-degree symmetry sector is built for TCA facility with reflective conditions on all 

boundaries. The axial leakage is modeled by axial buckling calculated from the axial extrapo-

lation length and the critical water level. Figure 3 shows the geometry of the entire system, 

and the mesh in the fuel region and the adjacent water and Iron regions.    
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Figure 3. TCA: Geometry. 

 

 

 

The material properties for TCA experiment are taken from Ref 4. The Iron density is set 

as 7.86 g/m
3
. Natural abundances for Iron with resonance treatment are selected in HELIOS-

2. 1.2% (volume ration) water is dissolved in the Iron material. The temperature of 20 C  is 

uniform for the entire system. 

 

Due to the large lattice pitch of 22.93mm it was necessary to divide the moderator in the 

fuel cells into 80 regions to account properly for the flat flux/source approximation. 

 

Two sets of calculations have been executed: 1). with the axial buckling corresponding to 

the actual critical water level measured in the experiment; 2). with the axial buckling corres-

ponding to the critical water level measured without Iron reflector. 
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4 ANALYSES AND RESULTS 

 

4.1 Absorbers. 

Table 1 shows the absorbing materials investigated in this paper. All absorber calcula-

tions presented in Table 1 are performed in identical conditions. Although the same absorber 

perturbations have been used in other core configurations- like assembly imitators, they are 

not included in Table 1 to avoid mixing different effects. 

 

Table 1. Absorber types. 
Material Absorber 

Contents 

Abs. Den-

sity  

Number of 

Configura-

tions 

Average 

Keff 

ZrB2 + Zr  0.065 3 0.99744 

ZrB2 + Zr  0.095 2 0.99670 

B4C + Al2O3  0.085 3 0.99681 

B4C  1.377 4 0.99931 

Eu2O3 + Al  1.759 3 0.99782 

B4C  1.377 6 1.00140 

Gd2O3 + Al2O3 0.0 wt%  3 0.99855 

Gd2O3 + Al2O3 0.2 wt%  3 0.99953 

Gd2O3 + Al2O3 1.0 wt%  3 0.99664 

Gd2O3 + Al2O3 2.0 wt%  3 0.99731 

Gd2O3 + Al2O3 5.0 wt%  3 0.99801 

Gd2O3 + Al2O3 7.5 wt%  3 0.99799 

  Total 39 0.99837 

  STD  0.00205 

 

 

Special attention has been paid to the Gadolinium absorbers, of which 18 configurations 

are calculated. Having in mind that the Gadolinium data from almost all fundamental nuclear 

evaluations have been questioned quite often lately the results obtained here might be consi-

dered encouraging.  The average of the 18 Gadolinium cores 0.99801 with a standard devia-

tion of 0.00128 is an excellent result.  

 

4.2 VVER-1000 assembly imitators. 

The configurations representing so called –assembly imitators- are among the most im-

portant experiments performed in ZR-6. The assembly imitators have been simulated by re-

moving/adding  fuel pins from the a full configuration and thus creating regular patterns as 

close as possible to the real reactor core. The assembly imitators have been denoted as K61, 

K91, K271 and K331, or Km, where “m” is the total number of assembly positions within an 

assembly imitator configuration. Cluster walls have been simulated by replacing fuel pins by 

Aluminium rods. Different enrichment in the as created assembly-like patterns have been 

used to investigate the effect of stepwise changes in the enrichments between neighbouring 

assemblies. In those cases the measured radial powers, where available, provide valuable in-

formation for code validation. Configurations in which the central assembly has been re-

moved offer a possibility to validate the computing methods for reflector/core boundaries in 

extreme conditions. Very often the assembly imitators are combined with point perturbations 

simulating insertion of absorbing clusters.  
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Summary of the results from all analysed assembly imitators is shown in Table 2. 

 

Table 2. Assembly imitators. 

Type Number of 

configura-

tions 

Average 

Keff 

Standard 

deviation 

K61 3 1.00215 0.00184 

K91 11 1.00179 0.00189 

K271 12 0.99812 0.00292 

K331 11 0.99942 0.00279 

    

Total 37 0.99992 0.00281 

 

The results are excellent within the uncertainty limits defined for the benchmark with one 

remark. Three configurations of type K331 deviated significantly (with more than 700pcm) 

from that excellent behaviour and are excluded from the statistics in Table 2. A common fea-

ture for these configurations is the presence of a number of Aluminium rods together with an 

absorber point-perturbation. Similar configurations do not show such deviations.    

 

 

4.3 Reaction rates. 

The radial power maps available in the benchmark specifications, for the cores discussed 

in this papers are calculated. All together 27 radial power maps are analyzed. The calculated 

individual RMSs are between 0.9% an 3%. The average RMS of all 27 power maps is 1.88%.    

HELIOS-2 as its predecessor HELIOS-1 is provided with the powerful post processor 

ZENITH, which offers a number of intuitive functions for processing the calculated parame-

ters and presenting them in user-specified formats.  

Two examples of the way ZENITH-2 presents the comparisons with the radial power 

maps are shown in Figures 4 and 5. 

 

Fifure. 4. K91 assembly imitator. (TICid:100/100). RMS=1.8% 
 

   Y  +----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+-+  

 151  | ----                                                                                           |  

 140  |    -23                                                                                         |  

 129  |  -40   -33                                                                                     |  

 118  |     -34    -19                                                                                 |  

 107  |  -20    -25    -16                                         TIC case: 100/100                   |  

  96  |     -15     -6      3                                      Fission Rate Differences            |  

  86  |                                                            1000*(HELIOS-2/Experiment-1)        |  

  75  |     -18     -7      -11                                                                        |  

  64  | ----    32       2      -16                                                                    |  

  53  |     -18     -4       0      -9                                                                 |  

  42  |   4     -8      -15     -2      -18                                                            |  

  31  |      8       8       7      -8      -7                                                         |  

  20  |   5      9       5      -6       0      -2                                                     |  

   9  |     -2      14      -2      -7       3              2                                          |  

  -1  |  -5     -7       0       6      -6              -5     -5                                      |  

 -12  |     -14     16      34      17              -1      -5     12                                  |  

 -23  | ----    12      28       6               2      31      -14     7                              |  

 -33  |     -2      -1      -6              -8      32      -20     -17     8                          |  

 -44  |                                 -4      -6      -9      -15     -16    -6                      |  

 -55  |     -16     23       1               6      -1      11      25      15     -12                 |  

 -66  |   5     -28     -20      9               1       4      61*     16      25     12              |  

 -77  |      4      -8      -19     -2               3      12      21      -10      4     12          |  

 -88  |   8      5      -1      -11      5              25      35       0      -7      42     14      |  

 -99  |     17      -15     -13     -2     ----             21      10      10      13      -4     36  |  

-110  |  18      9      -18     -1      17       4                                                     |  

-121  |     13      -3      -5      30       1                                                         |  

-132  | ----     2      10      10     ----                                                            |  

-143  |     19      13      46      42                                                                 |  

-154  |  34     27      41      32                                                                     |  

-164  |     28      26      43                                                                         |  

   Y  +----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+-+  

     X=  -46  -39  -31  -23  -15   -7    0    8   16   24   32   40   47   55   63   71   79   87   95   
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Fifure 5. K91 assembly imitator.(TICid:103/103). RMS=1.2% 
 

   Y  +----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+-+  

 142  |    5                                                                                           |  

 131  | -20   -11                                                                                      |  

 120  |    -12                                                                                         |  

 110  | 16     -2      6                                                                               |  

  99  |     1       3     -5                                       TIC case: 103/103                   |  

  89  |                                                            Fission Rate Differences            |  

  78  |    12     ----     -2                                      1000*(HELIOS-2/Experiment-1)        |  

  68  | -1      8      16     ----                                                                     |  

  57  |   ----            ----     -11                                                                 |  

  46  | 22     11      10     ----     -3                                                              |  

  36  |    13     ----     15      -4     ----                                                         |  

  25  |        -7       8              -1      -37                                                     |  

  15  |    -4     ----    ----      1     ----             -1                                          |  

   4  |  5     -7     ----    ----     -22              4     ----                                     |  

  -6  |   ----            ----     -14             -5     ----                                         |  

 -16  |                                                                                                |  

 -27  | -2      0      -11    ----             -9     ----      -7     -8                              |  

 -37  |    -2     ----     17              -5      -6      -7      ----    -15                         |  

 -48  |                                -13     -1               -6      12                             |  

 -59  |    -10    ----     -21             -10    ----    ----     ----      1      2                  |  

 -69  |  7     -20     -7     ----             14      -9      ----      9      19      4              |  

 -80  |   ----            ----     19              -7     ----             ----    ----                |  

 -90  |----    -4      -24    ----     -4               7       -9       6     ----     -6     13      |  

-101  |    -2     ----      7       1     ----             11      ----     17     ----     15    ---- |  

-112  |         5      11               8      11                                                      |  

-122  |    11     ----    ----      0     ----                                                         |  

-133  | 17     22     ----    ----     -7                                                              |  

-143  |   ----            ----     14                                                                  |  

-154  | 13    ----     10     ----                                                                     |  

-164  |    24*    ----    ----                                                                         |  

   Y  +----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+-+  

     X=  -46  -39  -31  -23  -15   -7    0    8   16   24   32   40   47   55   63   71   79   87   95   

 

 

 

The geometry views of the two configurations above are shown in Figure 6, and like the 

other provided here geometry views are produced by ORION, the graphical tool in the 

HELIOS-2 package designed to help in the initial geometry buildups and checks. The pictures 

below can help to understand the actual purpose of the experiment. For example the configu-

ration on the right simulates a situation with absorbing clusters inserted in one assembly and 

withdrawn from the neighboring assemblies. The differences in the individual fuel-pin fission 

rates for the two cores are shown in Figures 4 and 5.        

 

Fifure 6. K91 assembly imitators, TICids:100/100 and 103/103. 
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4.4 Radial reflector. 

4.4.1 TIC configurations. 

A few cores designed to simulate the radial reflector made of stainless steel have been in-

cluded in the benchmark and analyzed in this paper. The reflector has been built by inserting 

thick stainless steel rods in the core periphery. There are configurations where the stainless 

steel reflector starts right after the fuel region and others where there is an intermediate water 

gap as shown in Figure 7. Four cores have been measured with 2.4g/l Boric acid in the mod-

erator. The results are summarized in Table 3. 

 

Figure 7. Stainless steel rods in the reflector region. 

 

Table 3. Stainless steel reflector.( cell size= 1.27cm) 
TIC configu-

ration 

Intermediate 

water  

[cells] 

Stainless 

steel 

[cells] 

Keff 

 

[-] 

Difference 

 

[pcm] 

Principal map 131 

 0 0 1.00191 191 

 0 1 0.99505 -495 

 0 3 0.99793 -207 

 0 5 0.99788 -212 

 1 4 0.99856 -144 

Principal map 132 

 0 0 0.99749 -251 

 0 1 0.99209 -791 

 0 2 0.99130 -870 

 0 3 0.99059 -941 

 0 5 0.98967 -1033 

 1 4 0.99147 -853 

 2 3 0.99354 -647 

Principal map 132,  2.4 g/l H3BO3 

 0 1 0.99886 -114 

 0 5 0.99887 -113 

 1 4 0.99937 -63 

 2 3 1.00031 31 

 

The comparison is very good with an observation.  After an initial “jump” of about 0.7%, 

a “trend” for underestimating Keff with increasing the steel “thickness” for the configurations 

based on TIC principal map 132 can be observed. However, such an observation cannot be 

made neither for the identical configurations containing Boric acid nor for the configurations 

based on TIC principal map 131 for which very good results are obtained. 
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4.4.2 TCA: Iron reflector reactivity effect. 

The HELIOS-2 results for TCA critical cores are shown in Table 4. 

 

Table 4. Keff and reactivity effect vs reflector thickness. 
Thickness 

[mm] 

Keff  

 

Reactivity effect  

[%] 

 B2(Hcr) B2(Hcr0) Calculation Measurement 

0.0 1.00728 1.00728 0.000 0.000 

5.6 1.00908 0.99448 -1.277 -1.310 

28.0 1.00944 0.99427 -1.298 -1.341 

33.6 1.00936 0.99586 -1.138 -1.189 

61.6 1.00923 1.00316 -0.407 -0.522 

89.6 1.00825 1.00753 0.025 -0.061 

117.6 1.00781 1.01035 0.302 0.209 

151.2 1.00720 1.01193 0.456 0.383 

 

The reactivity effect of increasing the Iron thickness in the reflector is calculated using 

the axial buckling at water critical level without Iron: 
 

100*
))(2(*))(2(

))(2())(2(

000

000

HcrBKeffHcrBKeff

HcrBKeffHcrBKeff

TT

TT  

where:  

Hcr0 - critical water level without Iron reflector; 

KeffT0 - Keff without Iron; 

KeffT - Keff at Iron thickness T. 

 

The reactivity effects calculated by HELIOS-2 show a very good agreement with the 

measurement as it is also shown in Figure 8. The “stability” of the calculated eigenvalues, 

standard deviation- 0.00097, is excellent and shows that the effect of Iron reflector can be 

correctly evaluated with HELIOS-2. The “stability” of the eigenvalues may also be unders-

tood as a sign that the Iron cross sections are correct with HELIOS-2 and the overestimation 

of the eigenvalues with an average of about 0.8% cannot be attributed to the presence of Iron-

made reflector. 

Figure 8. TCA: Reactivity effect. 

TCA: Reactivity effect vs Reflector thickness
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5 SUMMARY AND CONCLUSIONS 

 

HELIOS-2 has made it possible to analyse experiments in details unthinkable before and 

still running at reasonable for a lattice physics code CPU-time. The accuracy of its numerical 

methods together with its library based on ENDF/B-VII R0 was demonstrated in this paper 

and based on that can be concluded that:  

 

HELIOS-2 is very well prepared for VVER type of hexagonal lattices. 

 

The summary of HELIOS-2 benchmark results against experiments performed in ZR-6 is 

presented in Table 6.  HELIOS-2 is in excellent, within the measurement’s evaluated uncer-

tainties, agreement with the experimental results: 

 

Table 6. HELIOS-2 benchmarking against TIC. 
Type 

of core configurations 

Number of 

cores 

Average 

Keff 

 

Standard 

deviation 

RMS 

pin powers 

[%] 

Absorber perturbations 39 0.99837 0.00205  

Gadolinium  18 0.99801 0.00128  

 

Assembly imitators 37 0.99992 0.00281  

K61 3 1.00215 0.00184  

K91 11 1.00179 0.00189  

K271 12 0.99812 0.00292  

K331 11 0.99942 0.00279  

 

SS in the radial reflector 16 0.99593 0.00393  

H3BO3 – 2.4g/l 4 0.99935 0.00068  

 

Radial power distributions 27 1.00104 0.00315 1.88 

 

 

The calculated ZR-6 cores containing stainless steel rods in radial reflector have shown 

in general very good agreement. The relatively big deviations from the criticality, compared 

to similar cores, for the cores based on principle map 132 without Boric acid in the modera-

tor, remained not well understood.  

The calculated effect of Iron-made radial reflector investigated by the help of experi-

ments performed in JAERI’s facility TCA is found to be in very good agreement with the 

measurements, which gives us confidence in the application of HELIOS-2 for such important 

for APWRs and WWERs analyses as Iron reflected cores.  
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