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Abstract 
 

At present most combined neutronic and thermal hydraulic analyses of reactors, and the HTR is no 
exception, are being performed by codes employing few-group (typically 2-group) neutronics on the 
basis of parametrisized few-group macroscopic (and microscopic) cross sections for homogenised 
areas, depending on quantities like irradiation (fuel only), 135Xe concentration, temperature, etc. The 
irradiation parameter (time-integrated power per unit initial heavy metal mass) is sufficient for keeping 
track of the evolution of areas containing fuel. However, the use of the same parameter in areas 
without fuel, e.g. containing burnable poison, requires some special provisions. This can be met by the 
introduction of pseudo nuclides, with very specific cross sections and reaction chains, in the procedure 
to generate the parametrisized few-group cross sections. 
It is shown that the time-evolution of a non-fuelled burnable poison area, as calculated by the 2-group 
(HTR) reactor code PANTHERMIX employing pseudo nuclides, compares well to the time-evolution 
obtained from an explicit burnup calculation by the WIMS8A/SNAP code. Examples are also shown 
using the pseudo nuclide method to keep track of the fast fluence (time-integrated flux above 0.1 
MeV) in a continuous reload pebble-bed HTR reactor calculation by PANTHERMIX. 
Although the present implementation of the pseudo nuclide method exhibits some peculiarities 
connected to the specific codes in use, viz. WIMS8A and PANTHERMIX, it is considered to be 
sufficiently general to be applicable in other code suites, requiring only limited modifications. 



Introduction 
 
At NRG, 3-D full core HTR reactor physics analyses are being performed by the 

WIMS/PANTHERMIX code system,  which NRG has been developing since a number of years 
[1,2,3,4]. The WIMS/PANTHERMIX code system is based on the well-known lattice code WIMS 
(versions 7 and 8) [5], the 3-D steady-state and transient core physics code PANTHER [6] and the 
HTR thermal hydraulics code THERMIX-DIREKT [7]. At NRG the PANTHER code has been 
interfaced with THERMIX-DIREKT to enable core follow and transient analyses on both pebble bed 
and block type HTR systems. 

 
PANTHERMIX requires a nuclear database containing - presently - 2-group nuclear data - mainly 

macroscopic cross sections - for all - spatially homogenised - reactor materials, depending on 
dependencies, such as “burnup” (= “irradiation” = produced energy per original heavy metal mass 
unit), fuel temperature, xenon density, etc. The WIMS code was selected to generate these databases, 
in view of the presence of the special PROCOL module and also because of the possibility to perform 
burn-up calculations in a convenient way within the WIMS code system. The PROCOL module was 
especially designed to handle the details of the (pebble bed) HTR fuel, viz. coated fuel particles 
embedded in a graphite matrix in a 6 cm diameter fuel ball. As only 2-group nuclear constants for 
homogenised materials are presently employed in PANTHERMIX, the fine spectrum effects have 
been  accounted for in the generation of the nuclear database. Therefore, in addition to the usual unit 
cell calculations, one-dimensional radial and axial models of the HTR under study are employed in the 
fine (16-) group calculations in the database generation calculations prior to the collaps to 2 energy 
groups. 

 
It should be emphasised that PANTHER(MIX) does not explicitly solve the Bateman 

transmutation equations for any nuclide, except for the well-known reactor poisons, 135Xe and 149Sm 
and their precursors. All other nuclide densities (e.g. for actinides) are calculated by interpolation in 
the dependencies (mainly irradiation) of a pre-computed set of density data per nuclide. In general, 
PANTHER keeps track of the time evolution of most parameters (2-group macroscopic cross sections, 
nuclide densities) by this type of interpolation, provided that the base point data for the respective 
parameters have been supplied by the WIMS database generation procedure. 

 
Although this methodology, which is employed in numerous other reactor physics analysis codes, 

is quite practical and accurate, it exhibits some limitations. A specific difficulty with a non-fueled area 
in PANTHER is the fact that the “irradiation” dependency is usually not present, which is the only 
way of implementing a time evolution of parameters in that code.  These limitations can be overcome 
by the use of pseudo-nuclide traces. By the use of pseudo nuclide traces, as defined in this paper, the 
“irradiation” dependency can be also used non-fueled regions, so that it can serve as a measure of the 
time evolution of e.g. densities of nulcides. In  this paper we will focus on some specific requirements 
in the NRG studies for which the pseudo-nuclide method has been inplemented in the 
WIMS/PANTHERMIX code system, viz.: 
• to keep track of the time evolution of burnable poison in non-fueled regions, including the 

associated macroscopic cross sections; 
• to calculate the fast and thermal fluence (= time-integrated “flux”) and fluence rate (= “flux”) in 

fueled and non-fueled regions. Especially the fast flux and fluence above 0.1 MeV is important to 
assess the radiation damage in materials; and 

• to calculate the fast and thermal flux and fluence in sub-regions of the fueled area, e.g. in the 
matrix material of a fuel ball, which – in the PANTHER modeling – are homogenised with the 
fuel. In the WIMS models employed to generate the 2-group database, these regions are modeled 
explicitly. 



 
It is also required to calculate the  thermal and fast flux and fluence for upper resp. lower energy 

boundaries which do not necessarily coincide with the boundary between the fast and thermal energy 
group employed in PANTHER, which however are chosen by the user as well. 

 
 

Implementation 
 

In the proposed pseudo-nuclide method, traces of pseudo nuclides are added to the regions of 
interest in such a way that the neutron distribution in space, time and energy is undisturbed as much as 
possible. Three types of interrelated pseudo nuclides can be distinguished in a pseudo nuclide set - to 
be inserted into the cross section library - for a specific purpose: 
1. A “pseudo fission” nuclide (indicated by “F”). This is a nuclide with a (energy group dependent) 

fission cross section > 0, a capture cross section = 0, and two fission products, a “C” and a “P” 
nuclide, to be defined below. Each fission event produces exactly one “C” and one “P” nuclide. 
In the implementation in the WIMS code and library a fission spectrum has been selected 
consisting of a single energy group around 1 MeV. In view of the “non-disturbance” criterion an 
exactly diagonal fission matrix is the most preferred option, which is, however, not possible in the 
WIMS code for the entire energy range. The fission neutron yield of the “F” nuclide is exactly 2, 
in order to compensate also for the capture in the “C” nuclide. The atomic weight is chosen to be 
250, so that it is considered a heavy metal by the WIMS code and as such is taken into account in 
the calculation of the burnup. The energy released per fission is 2.5.10-11 J (or 259.1 MeV), so that 
the fission-energy-to-atomic-weigth ratio is about the same as for 235U and other fissile nuclides. 
The rating (“MW/kgHM”) and irradiation (“MWd/kgHM”) values calculated by WIMS on the 
basis of the “F” pseudo nuclide, will therefore be in the normal range for PANTHER 
applications. By the addition of  a trace of the “F” nuclide in non-fueled regions in the WIMS 
procedure for the generation of the PANTHER database, burnup dependent data will be generated 
for these regions, suitable for interpolation by PANTHER. The very low density of the trace 
limits “power production” in the non-fueled region, so that the calculated power profile is not 
disturbed. The addition of  a trace of the “F” nuclide in a fueled region enables the calculation of 
the fluence in that region, as the density of the “P” nuclide (see below) will be proportional to the 
fluence. This is not necessarily the case for the irradiation. 

2. A “pseudo capture” nuclide (indicated by “C”). This is a nuclide with (energy group dependent) 
capture cross section = fission cross section of the “F” nuclide and fission cross section = 0. Each 
capture event produces one “F” nuclide. So, provided that the initial densities for the “F” and “C” 
nuclides are equal, the densities for these nuclides do not change with increasing burnup. The 
fission and capture reaction rates of the “F” and “C” nuclides are therefore proportional to the 
flux in the material region to which traces of these nuclides have been added. Also for this 
nuclide the atomic weight is chosen to be 250, so that it is considered as a heavy metal by WIMS. 

3. A “product” nuclide (indicated by “P”). This is a nuclide with all cross sections = 0. As 
mentioned above, it is a fission product of the “F” nuclide. As its density is proportional to the 
number of “pseudo fission” events, it is also proportional to the fluence in the material region to 
which traces of the “F” and “C” nuclides have been added. The atomic weight for the “P” nuclide 
has been set to 100. 

 
As mentioned above, the reaction rates of the “F” and “C” nuclides and the density of the “P” 

nuclide are dependent upon the flux resp. fluence in the material under consideration. The weighting 
function for this flux/fluence in the energy domain is given by the energy (group) dependence of the 
cross sections. For the present applications at NRG three sets of pseudo nuclides have been defined: 



1. A “thermal” set, indicated by “T186F” for the “F” nuclide, “T186C” for the “C” nuclide and 
“T186P” for the “P” nuclide. The respective microscopic fission and capture cross sections for 
these nuclides are 1 barn for E < 1.86 eV and 0 elsewhere. 

2. A  “fast” set, indicated by “F100F” for the “F” nuclide, “F100C” for the “C” nuclide and 
“F100P” for the “P” nuclide. The respective microscopic fission and capture cross sections for 
these nuclides are 1 barn for E > 100 keV and 0 elsewhere. 

3. A “burnable poison” set, indicated by “B10F” for the “F” nuclide, “B10C” for the “C” nuclide 
and “B10P” for the “P” nuclide. The respective capture and fission cross sections of the “C” and 
“F” nuclides are derived, through multiplication by 0.001, from those of the real 10B nuclide 
already present in the standard 172-group JEF-2.2 based WIMS library. 
 
 

Example 1 – Modelling of burnable poison in reflector 
 
In the first example the use of the “burnable poison” pseudo nuclide set is demonstrated. The 

specific reactor under study is the “ACACIA”, a small “cartridge type” pebble bed HTR [8,9]. In 
Figure 1 a schematic view of the ACACIA reactor model in (r,z) geometry is shown, as implemented 
in the code system WIMS/PANTHERMIX and also in the 3-D diffusion theory module SNAP in the 
WIMS code. The main parameters of the reactor model are listed in Table 1. We have considered an 
annular core with radius 1.45 m and height 7.5 m with an inner reflector of radius 0.65 m placed in the 
centre of the core. The core has 0.5 m void on top of the bed till the top reflector, and are surrounded 
by a graphite outer reflector of 1.0 m thickness and an effective top and bottom reflector of 2.0 m. In 
the outer 35 cm layer of the inner reflector burnable boron can be added. 

 
The layer of the inner reflector where B4C burnable poison could be added has been divided into 

9 zones (3 axial and 3 radial zones). These zones are indicated in Figure 1 by dashed lines. In the 
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Figure 1   Schematic view of the ACACIA cartridge reactor model. 



Table 1   General parameters of the ACACIA reactor model. 

Fuel enrichment 8.1 % 
Nominal power 60 MWth 
Heavy metal per fuel element 9 g 
Number of fuel elements 213500 
Packing fraction 0.61 
Average discharge burnup 39 MWd/kgHM   (HM – heavy metal) 
Average power density 1.4 MW/m3 
Cartridge lifetime 3 years 
Core outer radius 1.45 m 
Core height 7.5 m 
Inner reflector radius 0.65 m  
Thickness of borated reflector layer 0.34 m (inner reflector) 

example presented in this paper the initial 10B concentration is 200 ppm in the central zone and 
100 ppm in the outer zones. 
 
 
PANTHERMIX model 

 
Our studies have been performed using mainly the PANTHERMIX code system. The PANTHER 

part performs the neutronics calculations and produces 3-D neutron flux and power density profiles 
over the whole reactor for a given temperature profile. This power density profile is used by 
THERMIX-DIREKT to determine the corresponding temperature profile and flow distribution. The 
new temperature profile is fed back to PANTHER, which takes into account the new temperature 
profile in the adjustment of the nuclear constants for a new neutronics calculation. The process repeats 
until convergence is achieved for the tolerances initially set by the user. The control of the coupling 
between the two codes is done by PANTHER, which calls THERMIX-DIREKT from within a 
calculation loop. The PANTHERMIX code system can handle both steady-state and transient pebble-
bed HTR calculations. 

 
In PANTHER (or PANTHERMIX) a full 3-D model has been implemented in a hexagonal-z 

geometry with a flat-to-flat dimension of the hexagons of 13.5 cm. A total of 1261 hexagons (reactor 
channels) are necessary to describe the radial geometry shown in Figure 1. In the axial direction the 
typical mesh width is 12.5 cm (in the core). A total of 88 z-layers were used. The finite difference 
method has been chosen to solve the neutron diffusion equation in 2 neutron energy groups. Control 
rods have been modelled in the first layer of the outer reflector. 

 
The 2-groups nuclear data used in PANTHER have been generated using the lattice code WIMS8 

in combination with a 69-groups library based on JEF2.2. For the cell calculation the double 
heterogeneity of the pebbles has been taken into account using an equivalent cylindrical cell 
containing grains (the TRISO coated particles). This equivalent cylindrical model is used by the 
WPROCOL module to calculate the collision probabilities applied by the WPIP module to determine 
the flux distribution. The resonance calculations for 238U, 235U, and 239Pu are performed using the 
subgroup method in a double heterogeneous geometry. The other resonance absorbers are treated 
using the equivalence theory in slab geometry with adjusted slab dimensions in order to preserve the 
collision and escape probabilities of the double heterogeneous structure. 

 



Three separate 1-D models were implemented to generate nuclear constants for each reactor 
material in order to represent the difference in neutron spectrum in the two-group nuclear data 
structure used in PANTHER: 
1. a cylindrical pseudo-reactor model to generate constants for the pebble bed and the radial 

reflector materials; 
2. a slab pseudo-reactor model to generate constants for the pebble bed and the axial reflector 

materials; and 
3. a cylindrical pseudo-reactor model to generate constants for the burnable poison materials in the 

inner reflector. 
 

The nuclear constants are calculated in WIMS as functions of the burnup, temperature and Xenon 
state (zero or in equilibrium). This database is written into a format that can be read by PANTHER. In 
order to track the density of the B4C burnable poison in the central column within the PANTHERMIX 
model, the “F” and the “C” nuclide of the “burnable poison” pseudo nuclide set (so “B10F” and 
“B10C”), were added to the burnable poison regions in the corresponding WIMS pseudo-reactor 
model (no. 3), both at a density of 0.005 times the initial density of the 10B of the burnable poison. 

 
THERMIX-DIREKT solves the thermal hydraulic equations in a 2-D geometry. We have 

implemented our model in an (r,z)-geometry as shown in Figure 1. There is a quasi one-to-one 
correspondence between the models in THERMIX-DIREKT and PANTHER. A radial mesh in the 
THERMIX/DIREKT geometry is associated with a ring of grouped similar hexagons in the 
PANTHER geometry description. The power distribution and temperature distribution information for 
the radial meshes and hexagon sets associated in this way is transferred between the codes, by means 
of external files. 

 
Note that in this example the thermal hydraulics part of PANTHERMIX has  been switched off, 

in order to obtain an intercomparison on a purely neutronic basis. So effectively only the PANTHER 
part of PANTHERMIX has been used. However, the use of pseudo nuclide traces is equally possible 
in the full PANTHERMIX. Furthermore it should be noted that, while the “pseudo rating” in the 
burnable poison zones is 31.22 MW/tHM, which is comparable to the rating in the fuel, the actual 
“pseudo power” in these regions add up to about 660 W. This is indeed very small compared to the 
total reactor power of 60 MW, so the “non-disturbance” criterion is satisfied.  

 
WIMS-SNAP model 

 
The model implemented in WIMS utilises the module SNAP. This 3-D multi-group diffusion 

code solves the diffusion equations using finite difference methods in several geometries. The same 
model as shown in Figure 1 has been implemented, with some simplifications. The layer of the inner 
reflector where burnable boron could be added has been divided into 9 zones (3 axial and 3 radial 
zones). These zones are indicated by dashed lines. The core region has also been divided into 9 zones 
(each zone with a height of 2.5 m), so that the burnup of each fuel zone could be followed separately. 
The nine zones are far from ideal, considering that in PANTHERMIX the burnup is followed in time 
for each mesh interval (a total of 4288 meshes in the PANTHERMIX model). 

 
In the WIMS-SNAP model a total of 54×247 meshes have been used with a mesh spacing of 5.0 

cm. For the void regions effective diffusion coefficients have been calculated using the 
Gerwin/Scherer correction. The same diffusion coefficients have been used in PANTHERMIX. 

 
Results 

 



In Figure 2 a comparison is presented between the (spatially averaged)  10B concentration in the 9 

burnable poison zones indicated in Figure 1, as calculated by the PANTHERMIX and WIMS-SNAP 
models described above. Up to about 900 full power days a good corrrespondence is observed between 
the WIMS-SNAP and PANTHERMIX resuls. For the central zone (“Zone 12”) this is continued to 
larger operation times. For the bottom zone (“Zone 13”) a large discrepancy occurs, which can be 
explained by the fact that the burnup calculation in WIMS-SNAP is carried out in 9 coarse zones only, 
whereas in PANTHERMIX the 10B number density is being tracked in a much finer spatial mesh. This 
is important in regions with relatively large flux gradients, e.g. near the bottom reflector. To a lesser 
extent the same holds for the top zone (“Zone 11”). 

 
In Figure 3 a comparison is presented between the evolution of the power density profile, as 

calculated by PANTHERMIX and WIMS-SNAP. A good correspondence is observed in the global 
behaviour of the power density profile. The differences on a detailed level can again be explained by  
the fact that the burnup calculation in WIMS-SNAP is carried out in 9 coarse zones only. A 
comparison of the keff as function of the operation time is presented in Figure 4. Again a good 
correspondence is observed between the results obtained by WIMS-SNAP and PANTHERMIX. 
 

In Figures 5 and 6 some further details of this example are given. In Figure 5 the number density 
of the 10B in the central burnable poison zone is given as function of the “pseudo irradiation”. Due to 
the specific energy dependence of the cross sections of the pseudo nuclides in the “burnable poison” 
set, the nuclide density decreases exponentially with the pseudo burnup. In Figure 6 it is demonstrated 
that self-shielding of the 10 B capture cross section is significant above approximately 10 ppm, which 
in this case is 5 % of the initial concentration. Below this density the microscopic cross section 
approaches the value for infinite dilution. 
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Figure 2   Comparison of depletion of 10B concentration obtained with the PANTHER and WIMS models, for 
three axial zones in the central reflector: Zone11-botton zone, Zone12-central zone, and Zone13-top zone. Initial 
concentration in the central zone is 200 ppm, and in the outer zones 100 ppm. 
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Figure 3   Evolution of the power density profile with initial boron concentration of 100 ppm (outer axial zones) and 
200 ppm (middle zone) in the inner reflector, obtained with PANTHERMIX (top) and WIMS-SNAP (bottom). 



Example 2 – Calculation of fast flux and fluence 
 
The second example concerns the calculation of the fast flux and fluence in a Pu-loaded HTR-

MODUL reactor [10], as is being investigated by NRG in the “HTR-N” project of the European Fifth 
Framework Program [11,12]. The HTR-MODUL is a 200 MWth continuous reload pebble bed HTR. 
A schematic view of the calculational model of this reactor is presented in Figure 7. Its main 
parameters, for the Pu-burning application, are listed in Table 2, whereas some parameters, specific to 
the example, are listed in Table 3. Note that the conical defuelling chute is not explicitly modelled, as 
this was considered to be of minor importance. 
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Figure 4  Comparison of keff as function of number of full power days between PANTHERMIX and WIMS-
SNAP models. 

1E+20

1E+21

1E+22

1E+23

1E+24

1E+25

0 1000 2000 3000 4000 5000 6000

Irradiation (MWd/te)

N
 (

at
om

s/
m

3 )
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ACACIA reactor implemented in WIMS. The number density at zero irradiation is equivalent to a 10B 
concentration of 200 ppm. 



 
The aim of the study is to investigate whether a HTR-MODUL type reactor can be charged with 

“pure” plutonium fuel, i.e. without admixed uranium or thorium, while maintaining its well-known 
inherent safety characteristics. 
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Figure 6 Self-shielded microscopic absorption cross section of 10B for the thermal group 
(E < 2.1 eV) as function of the number density of 10B in the inner reflector. The highest value of the number 
density is equivalent to a 10B concentration of 200 ppm. 

 



The HTR-MODUL has been implemented into the WIMS/PANTHERMIX code system. Contrary 
to the previous example,  the thermal hydraulics modelling was taken into account. An extra 
modelling peculiarity is presented by the continuous reload operation mode of the reactor system. 
Relatively recently the capabilitie of the PANTHERMIX code system were extended to accomodate 
the modelling of such systems [13]. One of the consequences of the continuous reload operation mode 
is the fact that each (homogenised PANTHERMIX calculational mesh) region in the core usually 
contains a mixture of fuel pebbles at different degrees of burnup. While the extended PANTHERMIX 
keeps track of  the distribution of the burnup of a mixture of pebbles, the interpolation in the nuclear 
database, as generated by the WIMS code, is done on the basis of the (weighted) average burnup of the 
mixture. 

 
Figure 7  Main dimensions and material regions in the PANTHERMIX calculational model of the HTR-MODUL. 
Dimensions are in cm. The core is a random stacking of the well-known 6 cm fuel balls (“pebbles”). The conical 
defuelling chute below the core is not modelled. Other (more or less homogenised) material regions in the model 
are: (1) reflector (graphite), (2) void (so He gas), (3) homogenised void and graphite, (4) reflector (graphite), 
(5) carbon bricks, (6) reflector with coolant channels, (7) reflector with control rod channels, (8) reflector 
(graphite). 



 
In the example presented here continuous reload operation was maintained, starting from a core 

with fresh Pu fuel only, until the equlibrium state was reached. In the equilibrium state of a continuous 
reload pebble bed HTR the burnup distribution over the core is constant with time. This also means 
that the composition of the discharged fuel – at  high burnup – is also constant. 

 

In Figures 8 and 9, respectively, the (R-Z) distributions of the fast flux and fluence (E > 0.1 MeV) 
are shown in the core region of the Pu-burning HTR-MODUL. The quantities were determined by 
addition, in the WIMS modelling, of a trace (1.0x10-9 barn-1 cm-1) of the “fast” pseudo nuclide set 
(“F100F”, “F100C” and “F100P”) to the inner 5 cm matrix material of the fuel pebbles. So the flux 
and fluence presented are the ones as “measured” in the matrix area (not the fuel particles, not the 
5 mm outer shell) of the fuel pebble. The fast flux distribution presented in Figure 8 was derived from 
the reaction rate of the “F100F” nuclide in the PANTHERMIX calculation. This distribition is in 
agreement with the “fast group flux” (E > 2.1 eV) distribution, also calculated by PANTHERMIX 
[12]. The “fast fluence” distribution shown in Figure 9 was derived from the number density of the 
“product” nuclide “F100P”. As metioned before, PANTHERMIX derives this number density - by 
interpolation - from the average burnup of  the mixture of fuel pebbles at the specific location. Note 
that the fluence increases, with the – average – burnup, towards the bottom of the core. This is 
consistent with the downward movement of the fuel pebbles during operation. 

 
 

Conclusions 
 
This paper demonstrates the use of traces of pseudo nuclides to keep track of a variety of 

quantities, such as nuclide densities and thermal and fast fluence, in both fuelled and non-fuelled 
regions of a reactor, as modelled in a few-group reactor code. The detailes of the presented method are 
specific to to its application with the WIMS (version 8) and PANTHER codes. It even requires the 
modification of the WIMS cross section library, as microscopic cross section and reaction chain data 

Table 2  General parameters of the Pu-burning HTR-MODUL. 

Nominal power  200 MWth 
Reloading rate 3000 kg Pu per day 
Core height 9.43 m 
Core diameter 3.0 m 
Fuel element packing density  5394 per m3 

He core inlet temperature 250 degr. C 
He core outlet temperature 700 degr. C 

 

Table 3  Case specific parameters of the Pu-burning HTR-MODUL 

Pu-vector (238/239/240/241/242) 0.049 / 0.269 / 0.343 / 0.153 / 0.186 (mass ratio) 
(“2nd generation” Pu, i.e. from recycled MOX) 

Pu mass per pebble 1.5 grams 
Reloading rate 2000 per day 
Loading rate of fresh fuel pebbles (= discharge rate of 
pebble at final burnup) 

448.7 per day 

Discharge burnup 428 MWd/tHM 
 



have to be added for the required pseudo nuclides. However, the method is considered to be 
sufficiently general to be applicable in other code suites, hereby requiring only limited modifications. 

 

Figure 8  Fast flux (E > 0.1 MeV) in matrix region of fuel pebbles in Pu-burning HTR-MODUL. 
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