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ABSTRACT 
 

Burnable poisons are extensively used by Light Water Reactor designers in order to preserve the 
fuel reactivity potential and increase the cycle length (without increasing the uranium enrichment). 
In the industrial two-steps (assembly 2D transport-core 3D diffusion) calculation schemes these 
heterogeneities yield to strong flux and cross-sections perturbations that have to be taken into 
account in the final 3D burn-up calculations. This paper presents the application of an enhanced 
cross-section interpolation model (implemented in the French CRONOS2 code) to LWR (highly 
poisoned) depleted core calculations. The principle is to use the absorbers (or actinide) 
concentrations as the new interpolation parameters instead of the standard local burnup/fluence 
parameters. It is shown by comparing the standard (burnup/fluence) and new (concentration) 
interpolation models and using the lattice transport code APOLLO2 as a numerical reference that 
reactivity and local reaction rate prediction of a 2x2 LWR assembly configuration (slab geometry) 
is significantly improved with the concentration interpolation model. Gains on reactivity and local 
power predictions (resp. more than 1000 pcm and 20 % discrepancy reduction compared to the 
reference APOLLO2 scheme) are obtained by using this model. In particular, when epithermal 
absorbers are inserted close to thermal poison the “shadowing” (“screening”) spectral effects 
occurring during control operations are much more correctly modeled by concentration 
parameters. Through this outstanding example it is highlighted that attention has to be paid to the 
choice of cross-section interpolation parameters (burnup “indicator”) in core calculations with few 
energy groups and variable geometries all along the irradiation cycle. Actually, this new model 
could be advantageously applied to steady-state and transient LWR heterogeneous core 
computational analysis dealing with strong spectral-history variations under operations (BWR or 
PWR problems). 
 
Key Words: burnable poison, interpolation model, spectral history effects, LWR, APOLLO2, 
CRONOS2. 
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1. INTRODUCTION 
 
Within the framework of the validation of French neutronic APOLLO2 [1-3] and CRONOS2 [4-
5] code of the SAPHYR system [6] (Neutronic Simulation Project – SINET of the CEA Nuclear 
Energy Division) we investigated highly heterogeneous LWR (slab) core configurations. 
Burnable poisons are extensively used in this case to preserve the potential reactivity of the (low) 
enriched fuel and increase the LWR cycle length (without any additional uranium enrichment).  
 
Usual two-steps (assembly-core) industrial PWR calculation schemes are based on transport 2D 
coupled to diffusion 3D models (APOLLO2 and CRONOS2 codes in our case) and the 
condensed/homogeneous cross-sections are generally interpolated in the core calculation with 
burnup/Fluence parameters (respectively for fissile and non fissile materials).  
 
In this paper we compared this standard interpolation model with an alternative model based on 
nuclide concentrations used as the new interpolation parameters (and burnup “indicator”) in core 
calculations.  
 
After the slab benchmark presentation we describe the assembly (APOLLO2) and core 
calculation schemes and discuss the advantages and drawbacks of each interpolation model. 
Highly heterogeneous configurations with strong flux perturbations are studied in order to 
maximize the poison spectral effects.   
 
We finally conclude in the last sections, as the main feedbacks of the validation methodology 
applied to slab reactor benchmarks, on suggestions for improving the interpolation models in the 
industrial LWR (PWR & BWR) core calculations. 
 
 

2. DESCRIPTION OF THE SLAB BENCHMARK 
 
As shown in Fig. 2, the assembly (cartesian) geometry is formed by fuel plates arranged in 
parallel or orthogonal lattices.   
 
The presence of epithermal (epithp) absorber blades in the assembly gaps (H2O moderator) 
represents the most severe perturbation of a single-zone arrangement of fuel plate’s assembly.  
These cruciform absorber blades are simultaneously withdrawn or inserted during the irradiation 
cycle of the operating cores to compensate the loss or the excess of reactivity due to burn up. 
 
In addition, thermal poison (thp) are diluted (with high massive content) in the first plate of the 
assembly. While the absorber blades are inserted in the assembly (during several time-path 
sequences) the local absorption of thermal poison is consequently reduced by ”shadowing” 
(“screening”) effects. 
 
The slab benchmark represented in Fig. 2 has been designed in order to maximize the absorbers 
(epithp and thp) spectral effects on the fuel assembly and core calculations. As a matter of fact, in 
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the real slab core the absorber blades are partially inserted and withdrawn for control purposes 
all along the cycle length. By considering a 2x2 assembly cluster and 2D pattern (as shown in 
Fig. 2) absorber/poisons screening effects and the resulting flux perturbations are amplified.   
 
Several time-frequencies of (diagonal) absorber blades insertion and withdrawal in the center of 
the assemblies have been considered in according with the control operations, that is absorber 
blades movement (insertion/withdrawal) each 1.5GWd/t, 4 GWd/t or 8GWd/t. 
 
In this paper, we will mainly focus on the first configuration (insertion/withdrawal each 1.5 
GWd/t) which is more realistic considering the real control operations (as we will notice further 
the other configurations led to similar results as the first one).    
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Figure 1.  Assembly Geometry. 

 
 

 

Figure 2.  Slab benchmark: 2x2 assemblies cluster (fuel is not represented, only thp and 
epithp location resp. in red and black). 
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3. ASSEMBLY/CORE CALCULATION SCHEMES 

 
We describe here-after the assembly and core calculation schemes that have been used to 
compute the slab benchmark defined previously and validate the interpolation models.  
 

3.1.  Assembly Calculation Scheme 

 
The assembly calculations were performed with the APOLLO2 transport code using both the 
Collision Probability and discrete ordinates Sn nodal method. The microscopic effective cross-
sections are taken from the 172 group CEA93_V6 library (origin: JEF2.2) and self-shielding 
calculation have been performed using the CEA2001 recommendations [7-9] with an adapted 
resonant isotope mixture treatment [10] for the absorber blades cross-sections yielding to 37 
groups collapsed cross-sections.  
   
 
The main CP and Sn nodal methods features and options we used are summarized as follows: 

- flat-flux and depletion regions (800 and 400 resp.) determination with the 
PREMARS module [3], 

- optimized 37 groups energy mesh, 
- For the CP method: Isotropic scattering cross-section with transport correction 

(P0c), 
- For the Sn nodal method: S16/P1 options and a validated spatial mesh,  
- Depletion calculations are performed with appropriate burnup steps, 
- Translation boundary conditions have been used to simulate infinite assembly 

environment.     
 
It has to be noted that the self-shielding and flux solvers options have been optimized for slab 
reactor core by using the V&V CEA approach and Monte-Carlo reference calculations with 
TRIPOLI 4 [11], as stated in the M&C 2005 paper [8]. 
 
By using the CP method this assembly calculation scheme enabled us to collapse cross-sections 
in energy from the 172 groups application library (CEA93_V6) to the few groups core library 
(see next sections) and homogenize spatially. In the core calculation scheme a “cell by cell” 
(squared pellets surrounded by a half of the moderator gap) homogenization scheme has been 
chosen. Due to steep flux gradient (in particular for the thermal/epithermal poisoned assembly), 
the equivalence Sn or Pij transport/diffusion process has required the use of Selengut model [12] 
instead of a flux/volume weighting (which is sufficient for homogeneous assemblies only).  
 
Once the various modeling steps required before CRONOS2 core calculation have been 
completed, the homogeneous, isotopic multigroup neutron data are stored in a cross-section 
library (named SAPHYB). The cross-sections are parameterized to make allowance for the 
variation in spectrum resulting from burnup and temperature effects when energy 
homogenization is being carried out. The user is free to select whichever type of 
parameterization is desired. In this case, the SAPHYB libraries for the standard (without 
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absorber blades) and poisoned assemblies have been produced within the 0 to 60 000 MWd/t 
burn up range. 
 
For the entire 2x2 assemblies cluster (slab benchmark), the APOLLO2 Sn nodal transport 
method has been employed in the infinite environment with translation limit condition and 
homogeneous B1 model for leakages. The options already optimized in previous validation 
studies have been taken  as : 
 - Discrete ordinates options: S16/P1 
 - Spatial mesh: 1mm/1mm squared regions with constant flux in each region 
 - Optimized Energy mesh: 37 groups 

- Symmetry: a quarter of the assembly cluster has been considered with appropriate /2 
conditions (this gives 224x224 calculation points) 

 
We simulate the absorber blades presence by density perturbations in the central assembly gap of 
the absorber blades (resp. water) depending on the insertion (resp. withdrawal) operations.   
 
These last calculations will be considered in the rest of the document as the reference 
calculations since the fine spatial and energetic meshes do take into account spectral effects 
caused by the absorbers.  
 

3.2.  Core Calculation Scheme 

 
Previous studies have validated the calculation options required for the CRONOS2 3D core 
diffusion model for slab reactor core [8]. The so-called Minos [4-5] flux solver is generally 
carried out with 4 diffusion groups (for industrial applications the 3D simplified transport model 
implemented in this code is not employed due to CPU time consuming constraints) and the 
following characteristics: 

- Heterogeneous (“cell by cell”) and condensed (4 groups) cross-sections (as 
defined in 3.1), 

- Use of the Minos diffusion solver (2D), 
- 2nd degree polynomials in the X, Y directions, 
- Exact integration along the X, Y axis, 
- (120x120) radial mesh per assembly which gives  57600 calculation points 

(120x120x4), 
- Depletion calculations are performed by using the predictor/corrector method, 
- The main fissile, FP isotopes and absorbers are treated individually with their 

corresponding depletion chains. 
 

The absorber blades insertion/withdrawal are simulated by the replacement of the standard (resp. 
poisoned) cross-section libraries with the poisoned (resp. standard) ones during the successive 
control operations. This means that cross-sections at the operating point are computed by a linear 
interpolation between the points that are closest to each other in the corresponding library. This 
simple and general method allows a wide range of applications.  
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As for the poisoned (epithermal+thermal) libraries used in the core calculations, the associated 
cross-section have been produced by the APOLLO2 calculation in an infinite environment and 
presence of the absorber blades (which impacts notably the thermal poison cross-section 
production). 
 
In the  CRONOS2 (2.9 version) code we used a new interpolation model which allowed us to 
interpolate cross-sections with isotopic (local) concentrations instead of (local) burnup/fluence 
parameters. The concentration of an isotope, which is considered as a parameter, is reconstructed 
at the local operating point, as a function of the burnup/fluence parameter using the SAPHYB 
library data. Due to the fact that this function is monotonous, this function is inverted. The cross 
sections of all the desired isotopes are then interpolated at the local operating point using the 
parameter which is the local concentration of the isotope instead of the classical burnup/fluence 
one.  
 
This model already used in the past for specific applications has been recently generalized in the 
French CRONOS2 code (2.10 version), in order to give to the user the choice of the spectral 
history parameter for each isotope and material. So in a given material, it is now possible to use 
the burnup/fluence interpolation parameter if the isotope cross-sections are varying slowly and 
(absorber) concentration interpolation parameters for the most variable ones. 
 
Indeed, this new development will allow us to optimize the current core calculation scheme by 
mixing the burnup/fluence and concentration interpolation model and define thanks to the 
automatization that have been done the ad-hoc correspondence rules (fuel cross-sections 
interpolated with the local burnup parameters, Fission Products or absorbers interpolated with 
local fluence or concentration parameters depending on cross-section variations all along the 
cycle). 
 
It has to be noted that some other attempts have been done in the case of standard PWR to 
investigate alternative interpolation parameters as indicator of burnup spectral history. In paper 
[13] the local 239PU concentration has been used in UOx/MOx assembly calculations but 
burnable absorbers have not been treated separately. In paper [14] an effective Gd isotope is used 
and its microscopic absorber cross section is given as a function of the number density of Gdeff 
itself. 
 
In our case we used the concentration interpolation model by interpolating fissile materials along 
with 235U concentration and thermal/epithermal absorbers (and also fission products) with their 
own concentrations assuming neutron fluxes, microscopic and nuclide concentrations to be 
constant during a (small) burnup time step t (the same assumption is done in the case of the 
standard burnup/fluence interpolation model).  
 
The nuclides (fuel and absorbers) concentration parameters for each burnup time node are 
calculated along with the burnup and store for each burnup step. 
 
Further calculations allowed verifying that the two interpolation models (burnup or 235U 
concentration) are equivalent for the fissile isotopes. 
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4. VALIDATION RESULTS 

 
We first compared the fissile and absorber materials condensed cross-sections interpolated with 
the standard fluence and the new concentration interpolation models. In fig. 3 and fig. 4 we 
respectively plotted the thermal poison cross-sections vs. fluence/concentration. These results 
come from the “cx-nu” (one absorber blades withdrawal at 4 GWd/t) and “bare” (“nu”)  
assembly calculation (without absorber blades in it).  
 
The discontinuity of the curve (Fig. 3) is due to the fact that the thermal poison cross-sections 
used in the CRONOS2 calculation scheme (as described previously) are the result of an infinite 
environment assembly calculation for which this thermal poison “see” all along the irradiation 
cycle the (epithermal) absorber blades - epithermal neutrons are thus captured by the absorber 
blades before being slowed down by the water and captured by thermal poison.  
 
As the fluence interpolation parameter is less sensitive to the thermal spectrum variation in the 
core than absorber concentrations the resulting condensed cross-section are “delayed” and 
consequently discontinuous.  Inversely, the continuity of the condensed absorber cross-sections 
is satisfied by using the absorber concentrations as the new interpolation parameters as stated in 
Fig. 4.  

Thermal absorber cross-section condensed and homogenized in the assembly with (saphyb nu) and 
without (saphyb cx-nu) absorber blades  withdrawal (8 GWd/t) - located close to absorber blades
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Figure 3.  Thermal poison cross-sections as a function of the local fluence parameters (close 

to absorber blades: blue-line curve) – Assembly calculation with one absorber blades 
withdrawal at 4 GWd/t.  

 

2011 International Conference on Mathematics and Computational Methods Applied to  7/16 
Nuclear Science and Engineering (M&C 2011), Rio de Janeiro, RJ, Brazil, 2011 

 



Application of an enhanced xs interpolation model to highly poisoned LWR core calc. 

 

Thermal absorber cross-section condensed and homogenized in the assembly with (saphyb nu) and 
without (saphyb cx-nu) absorber blades  withdrawal (8 GWd/t) - located close to absorber blades
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Figure 4.  Thermal poison cross-sections as a function of the local concentration (close to 

absorber blades: blue-line curve) – Assembly calculation with one absorber blades 
withdrawal at 4 GWd/t.  

 
In fact, nuclide concentrations (and absorber concentrations particularly) are more correlated to 
spectral-history perturbations (absorber blades insertion/withdrawal in our case) than the 
standard burnup/fluence local parameters.  
 
To illustrate this point we plotted in Appendix A (see Fig. A.1 to A.4) the cross-sections and 
absorber concentrations as a function of burnup time computed with the reference transport 
calculation scheme (APOLLO2) in the case of totally or partially poisoned assembly 
configurations (“cx” means that the absorber blades are inserted in the assembly all along the 
cycle and “rcn” means that absorber blades are inserted at each burnup step but depletion 
calculations are performed without them). It appears clearly that the concentration curves for 
each “cx” or “rcn” configurations (i.e. spectral-history perturbations) are strongly correlated 
(proportional) to cross-sections all along the burnup time range.    
 
For the whole 2x2 assembly geometry described in §2 we simulate the absorber blades 
withdrawal+insertion each 1.5 GWd/t which corresponds to the more realistic case of control 
operation in the real core as mentioned previously. In Fig. 5 the reactivity worth observed 
between CRONOS2 and APOLLO2 for each interpolation model (burnup/fluence and 
concentration models respectively) is given.  
 
With the burnup/fluence interpolation model the CR2/AP2 (CRONOS2/APOLLO2) reactivity 
worth oscillates between -1200 pcm  (at 16.5 GWd/t which corresponds to the reactivity peak) 
and + 1000 pcm (around 23 GWd/t, time exposure for which the thermal poison is almost 
completely burnt). 
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With the concentration interpolation model, the CR2/AP2 reactivity discrepancy is significantly 
reduced to 500 pcm all along the irradiation exposure and even less than 100 pcm with refined 
burnup steps (not presented here). From 25 GWd/t to the end of cycle, both models give similar 
results since main (thermal) absorbers are completely burnt. So the study will be stopped at 40 
GWd/t. 
 

2x2 slab assembly geometry  : absorber blades 
insertion/withdrawal each 1.5 GWd/t
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Figure 5.  CR2/AP2 reactivity worth for each (burnup/fluence and concentration) 
interpolation model – Whole 2x2 assembly calculation with withdrawal+insertion each 1.5 

GWd/t (the reference APOLLO2 kinf (soft-blue curve) is also given). 
 
Regarding the local power distribution, the discrepancy between the CRONOS2 and APOLLO2 
calculations (given in Fig.6 to Fig. 9) is also significantly reduced by using the new 
concentration interpolation model instead of the standard burnup/fluence one for the same 2x2 
assembly geometry (absorber blades insertion/withdrawal each 1.5 GWd/t).  
 
In the « cx » (absorber blades+thermal poison) assembly (Fig. 6), the mean discrepancy (two 
standard deviations) reach more than 8 % at 16.5 GWd/t and 6 % at 23 GWd/t (which 
corresponds to a withdrawal event) for the burnup/fluence calculations and 2 % and  4% in the 
case of the new concentration model at the same points. In the “bare” (“nu”) assembly where the 
thermal poison does not “see” the absorber blades during the irradiation cycle the mean 
discrepancy is quite similar (3% as shown in Appendix 1) whatever the interpolation 
(burnup/fluence or concentration) model we used. 
 
The maximum (CR2/AP2) discrepancy values are even higher with the burnup/fluence model 
and the local power can be largely underestimated (25 %) or overestimated in the “cx” assembly 
(depending on the spectral conditions), as pointed out in Fig. 7.  
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In this case the new concentration model allowed us to reduce this discrepancy to ± 4% through 
the whole spectral history cycle.  
 
In Fig. 8 and Fig. 9 we reported the CR2/AP2 discrepancy values of the power peak for the “cx” 
and “bare” (“nu”) assembly respectively.  
 
In the “cx” assembly the burnup/fluence discrepancy can rise up to 12 % (underestimate of the 
1.35 AP2 value) at 25.5 GWd/t and 10 % at the 15 GWd/t step (with a power peak of 1.35). The 
concentration interpolation model leads in this case to a 4 % maximum discrepancy value 
associated with the « cx » assembly power peak for the 13.5 GWd/t burnup step.  
 
Concerning the “bare” (“nu”) assembly the concentration interpolation model leads to local 
power prediction within the [-4 % ; +2 %] CR2/AP2 discrepancy range instead of [-5 % ; +6 %] 
in the case of burnup/fluence model (Fig. 9).   
 
 

2x2 slab assembly geometry - absorber blades insertion/withdrawal 
each 1.5 GWd/t : CR2 vs. AP2 local power mean error
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Figure 6.  Local power mean error observed in the whole 2x2 geometry  (CRONOS2 vs. 

APOLLO2 expressed in % for each burnup/Fluence and concentration interpolation 
model) – Absorber blades insertion/withdrawal each 1.5 GWd/t. 
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2x2 slab assembly geometry - CR2 vs. AP2 local power discrepancy error 
in the poisoned assembly
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Figure 7.  CR2 vs. AP2 local power discrepancy in the “cx” assembly (thermal poison + 

absorber blades) – Insertion/withdrawal each 1.5 GWd/t. 
 
 

2x2 slab assembly geometry - CR2 vs. AP2 peak power discrepancy in the 
poisoned assembly
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Figure 8.  CR2 vs. AP2 peak power discrepancy in the “cx” assembly (thermal poison + 

absorber blades) – Insertion/withdrawal each 1.5 GWd/t. 
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2x2 slab assembly geometry - CR2 vs. AP2 peak power discrepancy in 
the unpoisoned assembly
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Figure 9.  CR2 vs. AP2 peak power discrepancy in the “bare” assembly (thermal poison 

only) – Insertion/withdrawal each 1.5 GWd/t. 
 
 
 
Globally, the concentration interpolation model enabled us to estimate the local power 
distribution within the ± 4% uncertainty range with significant gains compared to the standard  
burnup/fluence model (see Table I). In fact, for perturbated and unperturbated spectral-history 
configurations the same computation accuracy is get with this new model. This is not the case 
with the standard burnup/fluence model for which non-systematic errors appear depending on the 
thermal poison content and the variable control operations.  
 
 

 
Table I. Power distribution in the poisoned assembly: discrepancy between the BU/Fluence 

and concentration interpolation model (CR2/AP2). 
 

Interpolation 
Models Max error Power 

peak 
Mean 

error (2) 
Fluence/BU 24 % 12 % 8 % 

Concentrations 4 % 4 % 4 % 
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3. CONCLUSIONS  

 
In this paper it is stressed that interpolating cross-sections is a key issue for core calculations 
with few groups condensed cross-sections and variable heterogeneous geometry (i.e. different 
spectral core configurations under operation). In the case of an heterogeneous slab geometry we 
underline that the burnup/fluence standard model parameters are not as effective as 
interpolation parameters to take into account the spectral-history effects (absorber blades 
perturbations in our case) and has to be replaced by the new nuclide concentration model 
implemented in our neutronic calculation scheme (based on the APOLLO2/CRONOS2 CEA 
codes). Because the new interpolation parameters are strongly correlated with spectral variations 
occurring during the irradiation cycle, it is shown that this model improves significantly the 
description of the macroscopic cross-sections in depleted core calculations and consequently the 
reactivity and power distribution predictions. Actually, this enhanced interpolation model could 
be advantageously applied to steady-state and transient LWR heterogeneous core computational 
analysis dealing with strong spectral-history in depletion (BWR or PWR problems).    
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APPENDIX A 

 
 

Thermal absorber cross-section condensed and homogenized in the assembly with (saphyb nu) and 
without (saphyb cx-nu) absorber blades  withdrawal (8 GWd/t) - at the opposite of absorber blades
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Fig. A.1. Thermal absorber (condensed) cross-section as a function of the local fluence 

parameter (at the opposite of absorber blades: blue-line curve) – For comparison the red-
line curve stands for the “bare” (“nu”) assembly cross-sections). 
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Fig. A.2.  kinf curve resulting from APOLLO2 assembly calculations with absorber blades 
inserted all along the cycle (orange-line curve) and punctually at each burnup step (blue-

line curve). 
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Fig. A.3.  Thermal absorber cross-sections (isotopes i and j) variations for one cycle 

spectral perturbation (one absorber blades withdrawal at 8 GWd/t) and a single assembly. 
 
 

0,E+00

1,E-06

2,E-06

3,E-06

4,E-06

5,E-06

6,E-06

7,E-06

8,E-06

9,E-06

0 10000 20000 30000 40000 50000 60000 70000
burnup (MWd/t)

co
n

ce
n

tr
at

io
n

 (
ar

b
. u

n
it

)

RCN (isot i) RCN (isot j) CX (isot i) CX (isot j)

 
Fig. A.4.  Absorber concentrations (isotopes i and j) variations for only one cycle spectral 

perturbation (one absorber blades withdrawal at 8 GWd/t) and a single assembly. 
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