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ABSTRACT 

Monte Carlo codes such as MCNP are widely accepted as almost-reference for reactor 
analysis. The Monte Carlo Code should therefore use as few as possible approximations in order to 
produce “experimental-level” calculations.  

In this study we deal with one of the most problematic approximations done in MCNP in which 
the resonances are ignored for the secondary neutron energy distribution, namely the change of the 
energy and angular direction of the neutron after interaction with a heavy isotope with pronounced 
resonances. The endeavour of exploiting the influence of the resonances on the scattering kernel 
goes back to 1944 where E. Wigner and J. Wilkins developed the first temperature dependent 
scattering kernel. However only in 1998, the full analytical solution for the double differential resonant 
dependent scattering kernel was suggested by W. Rothenstein and R. Dagan. 

An independent stochastic approach is presented for the first time to confirm the above 
analytical kernel with a complete different methodology. Moreover, by manipulating in a subtle manner 
the scattering subroutine COLIDN of MCNP, it is proven that this very subroutine is, to some extent, 
inappropriate as well as the relevant explanation in the MCNP manual. The impact of this improved 
resonance dependent scattering kernel on diverse types of reactors, in particular for the Generation IV 
innovative core design HTR, is shown to be significant.  

1 INTRODUCTION 

The first expression of a temperature dependent scattering kernel was developed by E. Wigner 
and J. Wilkins [1]. Their isotropic kernel introduced the energy transfer from a neutron to a target 
nucleus without internal structures. Their publication was followed by a lot of studies, some of which, 
dealing also with isotopes with energy dependent cross sections ([2],[3],[4]). In 1998 Rothenstein and 
Dagan [5] extended those studies and presented the full double differential temperature dependent 
scattering kernel for isotopes with pronounced resonances. The inclusion of the scattering angle for an 
interacting neutron in the latter formalism allowed for its introduction within the MCNP code [6] based 
on probability S(α,β) tables similar to the procedure done for bound light isotopes like H2O etc. In this 
way the current approach in the COLIDN subroutine in MCNP [11] known as “sampling the velocity of 
the target“ was bypassed. The validation of this analytical kernel is obtained by integrating the 
differential kernel over all spatial angles and energies of the scattered neutron. The resulting Doppler 
broadened scattering cross section was compared to the relevant value given by the subroutine 
BROADR in NJOY [7] and based on the Doppler broadening scheme by Cullen and Weisbin [8].  

In the current study these analytical differential and integral parts of the Doppler broadened 
cross section are confirmed by a modified stochastic approach in the COLIDN subroutine. First, the 
governing equation leading to the Doppler broadening of the cross section is presented in the next 
section. In particular, a subtle use of the basic Doppler broadening equation can be applied to the 
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stochastic procedure so that the generation of the Doppler broadened cross section is straightforward. 
Consequently the three approaches [4],[5],[8] are confirmed and lay the foundation for a modified core 
simulation in MCNP. Further, the impact on the scattering kernel is illustrated for several energy 
dependent cross sections below. In the following sections, the effect on core parameters such as 
criticality, material composition and the burn up cycle as well as the Doppler Effect are re-evaluated by 
means of the resonant dependent scattering kernel formalism. The impact on innovative HTR core 
designs is shown to be meaningful and must be accounted for. 

2 DIFFERENTIAL AND INTEGRAL DOPPLER BROADENING OF PRONOUNCED 
RESONANCES 

The well known method to Doppler broaden cross section with pronounced resonances used in 
NJOY is based on the SIGMA1 kernel broadening method [8]. This method can use any energy – 
cross section with linear-linear interpolated values. In particular, those based on the improved multi 
level formalism of Reich Moore [9] or Adler-Adler [10], which treats the interference of the different 
levels of the resonances. This freedom to use any advanced formalism underlies also the differential 
kernel developed by [4] and the doubled differential kernel developed by [5]. All three methods are 
subjected to the basic expression of Doppler Broadening: 

 

                                        v (v,T)= v ( ,0) (V)dVx r x rE Pσ σ∫ ∫
r r

                                  (1) 
Where: 
   v  - Velocity of the neutron. 
   vr  - Relative velocity between the neutron and target nuclei. 
   (v ,0)x rσ - tabulated 0 K cross section. 

  (V)P
r

-Target-nuclei velocity distribution  
 

From equation (1) it is clear that for the Doppler Broadening only the set of 0 K tabulated cross 
sections, are needed. Further, all three methods assume an ideal gas model and use the Maxwell-
Boltzmann velocity distribution for the target nuclei. This approximation is well known and widely 
accepted. In particular it is also used within the MCNP scattering subroutine COLIDN. In this 
subroutine equation (1) is actually degenerated to the constant cross section as far as the second 
energy distribution, is concerned. Strictly speaking, the probability of the scattering interaction 
between the neutron and the target nuclei (the integral probability) is still based on the correct Doppler 
broadened cross section but the probability, of the flying direction and emitted energy (differential 
probability) of the scattered neutron, excludes the existence of resonances of the interacting nucleus. 

 
In the current study the scattering (or absorption) cross section is used to weight the sampled 

velocity of the target with which the neutron collides. This “weighting factor” (0 K cross section) is 
shown in equation (1) and is also used explicitly in all methods mentioned above (see [4],[5],[8]). By 
summarizing all “MCNP histories” of those weighted probabilities at each energy point, of the out-
scattered neutron, one gets the Doppler broadened cross section. 

 
Several important goals were achieved by the stochastically solution of equation (1). It is proven 

that the “justified” explanation of neglecting the resonances within the MCNP manual is not valid as 
the Doppler broadening exists implicitly within the stochastically method. In particular, the rejection 
technique used by the so called “sampling the velocity of the target” method within MCNP can be used 
as a direct measure of the Doppler broadened cross sections provided they are weighted properly.  
The fact that MCNP subroutines can be applied for direct Doppler broadening of cross sections is a 
meaningful step forwards for the current needs of MCNP, namely dynamic change of  temperature 
dependent cross sections. At last, it is shown that the consideration of using the modified kernel is not 
only of mathematical nature but rather have a significant impact on core design, in particular for the 
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innovative heterogeneous concept of gas cooled reactors where the importance of the spatial 
scattering angles is obviously enhanced. 

3 THE STOCHASTIC DOPPLER BROADENING OF THE INTEGRATED CROSS SECTION 

 A comparison between the stochastic Doppler broadening and the analytical method of the 
SIGMA1 approach within the NJOY processing code was performed for the total and scattering cross 
section of U238 at different temperatures using JEFF 3.1 data [12]. Figure 1 shows   the Doppler 
broadened scattering cross section at 1200K. Figure 2 shows   the total cross section of U238 at 
600K. The energy scale ranges from 32eV to 40eV and covers the 3rd main S resonance of U238. 
Both figures show clearly that a stochastic procedure of Doppler broadening gives exactly the same 
Doppler broadened cross section in comparison with the analytical solution done in NJOY. 

Figure 3 shows the convergence of the stochastic Doppler broadening procedure at the specific 
energy of 36.67eV at 1200K. Both, total and scattering cross section are accounted for. After 2.E5 
iterations i.e. after 200,000 “sampling of the target nucleus” the stochastic solution matches the 
analytical one and the order of convergence is similar to the accuracy obtained by measurements. 

 
Figure 1: Doppler broadening of the scattering 
cross section of U238 at 1200K by analytical 
and stochastic means and 0K cross section 

 
Figure 2: Doppler broadening of the total cross 

section of U238 at 600K by analytical and 
stochastic means and 0K cross section 

  
Figure 3: Convergence of the stochastic Doppler broadening procedure for the scattering and total 

cross section at 36.67eV of U238 at 1200K 
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4 DOUBLE DIFFERENTIAL SCATTERING KERNEL   

The stochastic Doppler broadening method is used in this section to determine the differential 
part of the scattering cross section. This scattering kernel is very important as it appears explicitly in 
the transport equation. The reference analytical equation for the scattering kernel is based on the 
probability tables for heavy isotopes within the MCNP Code [6]. Especially in the vicinity of scattering 
resonances the reference kernel differs significantly from the commonly used asymptotic kernel of the 
standard MCNP scattering kernel applicable only for a constant cross sections model, as it neglects 
the effect of resonances on the neutron scattering. 

Figures 4-12 show different scattering kernel at different temperatures of U238 at various 
energies. We compare the resonant dependent stochastic kernel, the resonant dependent analytical 
kernel and the standard MCNP kernel. For the stochastic kernel 10 million were sampled. The 
scattering kernels give the probability that a neutron is scattered at a specific energy and in a specific 
spatial direction. The contour of the figures represents the energy distribution of the scattered neutron. 
Each colour depicts a specific cosine direction bin i.e. the space is divided into 8 cosine equal 
segments. 

Figures 4, 5 and 6 introduce the stochastic, analytical and standard MCNP kernel respectively 
at 1200K. The energy of the incident neutrons is 6.53eV. This energy corresponds to the lower 
interference dip of the 6.67eV main S resonance of U238. The standard MCNP kernel in figure 6 
differs significantly from the resonant dependent kernel in both energy and angular distribution. The 
fraction of up scattered neutrons is 30.1% in comparison to about 81% by the two other models. 
Figures 7, 8 and 9 show the scattering kernel at 300K for an incident neutron with 35.3eV. This energy 
corresponds to the lower energy side of the 3rd main S resonance of U238. As in figures 4 & 5, the 
resonant dependent kernels show a mutual good agreement in energy and angular distribution and a 
clear difference to the MCNP standard kernel. The neutron up scattering fraction is 2.9% for the 
analytical, 3% for the stochastic and 1.9% for the standard MCNP kernel. Figures 10, 11 and 12 show 
the kernels at 1200K at the peak energy of the 3rd main S resonance at 36.68eV. The up scattering 
fractions are 7.8%, 7.7% and 11.5% for the stochastic, analytical and standard MCNP kernel, 
respectively. Again the energy and angular distribution are in good agreement for the resonant 
dependent kernels and both differ considerably from the standard (constant cross section) MCNP 
kernel. 

 

 
Figure 4: Stochastic scattering kernel for U238 
at 6.53eV and 1200K for 8 polar cosine bins 

 
Figure 5: Analytic scattering kernel for U238 at 

6.53eV and 1200K for 8 polar cosine bins 
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Figure 6: Standard MCNP scat. kernel for U238 
at 6.53eV and 1200K for 8 polar cosine bins 

 

Figure 7: Stochastic scattering kernel for U238 
at 35.3eV and 300K for 8 polar cosine bins 

 

Figure 8: Analytic scattering kernel for U238 at 
35.3eV and 300K for 8 polar cosine bins 

 

Figure 9: Standard MCNP scat. kernel for 
U238 at 35.3eV and 300K for 8 polar cosine bins  

 
Figure 10: Stochastic scat. kernel for U238 at 

36.68eV and 1200K for 8 polar cosine bins 

 
Figure 11: Analytic scat. kernel for U238 at 
36.68eV and 1200K for 8 polar cosine bins 
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Figure 12: Standard MCNP scattering kernel for U238 at 36.68eV and 1200K for 8 polar cosine bins 

5 HIGH TEMPERATURE REACTORS 

High Temperature Reactors are part of the GEN IV Reactors The neutron analysis of this 
reactor evolves the effect of TRISO fuel [13], high fuel temperatures and a thermal neutron flux. Both, 
temperature and thermal flux increase the importance of the scattering model in the resonant energy 
range. 

As mentioned previously, MCNP uses a constant cross section model which neglects the effect 
of resonances on secondary energy and angle distribution of scattered neutrons. In order to 
investigate the impact of this approximation on criticality and burnup, comparative calculations were 
performed, analysing the standard MCNP scattering model versus the improved resonant dependent 
model. S(α,β) probability tables were prepared for U238 covering the energy range of 10-5 – 210 eV 
with its 8 S main resonances using the analytic model for the double differential scattering kernel. 8 
cosine bins are used for the polar angle distribution. Those tables are inserted into an MCNP input by 
means of “mt” cards for U238 as it is done for light isotopes. All calculations are carried out with the 
Monte Carlo code MCNPX Beta Version 2.6.d [14]. Cross sections are based on JEFF3.1 [12] nuclear 
data files. 

 
5.1 Impact on criticality 

A unit cell model of a pebble bed type HTR was investigated. The fresh fuel pebbles are 
arranged in body cubic centred (BCC) configuration with a pebble-packing factor of 61%. This factor 
denotes the fraction of the active core volume occupied by pebbles. Each pebble is made out of a fuel 
zone of 2.5 cm radius and a 0.5 cm thick outer graphite shell. The fuel zone consists of a graphite 
matrix with embedded TRISO particles which are also arranged in BCC form. The TRISO particles are 
UO2 fuel kernel (density: 10.4 g/cm3) with radius 0.025 cm, coated by several layers (PyC, PyC, SiC, 
PyC with thickness: 0.009/0.004/0.0035/0.004 cm and density: 1.1/1.9/3.18/1.9 g/cm3). The fuel 
enrichment is 17 w% of U235. Each pebble contains 10g of heavy metal. Moderator and coolant 
temperatures are at 1200K. Fuel temperature is either 1200K or 1800K. 

The unit cell multiplication factor for MCNPX is given, in table 1, for two types of calculations, 
one with the standard and the second with the improved scattering model. The differences in criticality 
are about 400 and 600 pcm for 1200K and 1800K fuel temperature, respectively. The averaged 
Doppler coefficients αD (assuming ( )lnD k Tα ∞= ∆ ∆ ) for the standard and improved models are -4.00 
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+/- 0.05 pcm/K and -4.35 +/- 0.05 pcm/K. This means, the Doppler reactivity coefficient is 
underestimated by about 8.8% due to the approximated MCNP scattering model. 

 

Table 1: Multiplication factor for different scattering models and fuel temperatures 

Fuel Temperature Scattering model 
TF=1200K TF=1800K 

Standard MCNPX: k∞ 1.44219 +/- 34E-5 1.40799 +/- 41E-5 
Improved model: k∞ 1.43643 +/- 33E-5 1.39946 +/- 32E-5 

|dk/k| 399 +/- 47 pcm 606 +/- 52 pcm 
 

Similar results were obtained for a PWR fuel assembly study [15]. The difference of criticality 
ranges here from about 250 pcm for a fuel temperature of 800K to 400 pcm for a fuel temperature of 
1200K. 
 
5.2 Impact on burnup 

The burnup capability of MCNPX was used to assess the effect of the improved kernel on the 
burn up cycle and fuel inventory. A burnup of up to 90 GWd/tHM was considered. Figure 13 shows the 
Pu239 concentration during burn up for both scattering models both of which increase constantly due 
to neutron capture of U238. Figure 14 shows the relative difference of the Pu238 concentration of the 
two models. Due to the enhanced neutron absorption of U238 the resonant dependent scattering 
model difference is about 2.25% higher at EOC. This difference is higher in comparison to the result 
obtained for a PWR fuel assembly at 1200K (1.7%). 

 
Figure 13: Pu239 concentration of HTR 

pebble during burnup for standard and 
improved scattering model 

 
Figure 14: Difference of Pu239 

concentration of HTR pebble during burnup 

 

6 CONCLUSIONS 

The current study introduces for the first time an independent stochastic approach to calculate 
the Doppler broadened cross sections. It confirms the modified analytical resonant dependent 
scattering kernel for heavy isotopes with a complete different methodology. Both, the total Doppler 
broadened cross section and its double differential part agree with the analytical solution. The 
differences of the resonant dependent scattering kernel to the standard MCNP kernel are shown to be 
significant in vicinity of resonances. By applying the new confirmed kernel for a HTR unit cell 
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calculation a shift in criticality of up to 600 pcm and an increase of the Pu239 concentration at EOC of 
2.25% is observed. The importance of the new scattering model and in particular the feasibility of 
implementing it in MCNP is evident. 
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