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Abstract 

This paper summarises the work performed on the 239Pu resonance evaluation in 
the frame of the NEA/WPEC Subgroup 34 started in 2010. The aim of this subgroup 
was to produce a new evaluation of the resolved resonance range (RRR). Other 
topics were investigated. The resonance parameter covariance matrix (RPCM) was 
produced using the CONRAD code’s marginalisation procedure. The unresolved 
resonance range was studied with the optical and statistical model codes ECIS and 
TALYS from 2.5 keV to 40 keV. The (n,f) process was revisited to study the 
channel spin dependence of the neutron multiplicity p(E) as recommended in the 
JEFF-3.1.1 library. Various descriptions of the prompt fission neutron spectra 
(PFNS) were tested with fast, intermediate and thermal benchmarks. The RRR and 
RPCM produced in the frame of this subgroup were converted in ENDF-6 format 
and included in Files 2 and 32 of the latest version of the European library JEFF-32.  

Introduction 

The United States and European libraries have adopted the same evaluation for the 
239Pu resonance region, largely based on work from ORNL and CEA. In data testing for 
ENDF/B-VII.0, a general overprediction of Pu-SOL-THERMAL assemblies was noted, with 
an overprediction of typically about 0.5%. 

Two efforts of recent years should be mentioned. First, the 239Pu thermal energy range 
was improved in JEFF-3.1.1 for reducing the aforementioned discrepancies. Second, at 
ORNL, Derrien and Leal have developed a new set of resonance parameters that have 
been incorporated into the ENDF/A for testing. This most recent evaluation is more 
consistent with the cross-section resonance data and believed by the evaluators to be the 
best representation of these data to date. Nonetheless, this new evaluation does not 
improve the poor integral performance of the ENDF/B-VII.0 file. The goal of the NEA/WPEC 
Subgroup 34 was to bring together the experts in the OECD/NEA community to investigate 
if a new evaluation can be developed that both uses the most accurate cross-section data 
with nuclear theory constraints, and also better models the relevant integral criticality 
data. Results produced in the frame of this collaboration can be found elsewhere (Leal, 
et al., 2012, 2013; Noguère, et al., 2012a, 2012b, Kahler, et al., 2012; Peneliau, et al., 2013). 

This paper is structured as follows. The neutron resonance shape analysis performed 
with the SAMMY code are first presented, followed by a discussion of the resonance 
parameter covariance matrix obtained with the CONRAD code’s marginalisation procedure. 
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The evaluation work done using the ECIS and TALYS codes in the unresolved resonance 
range (URR) is then described. The remaining discussion is devoted to the (n,f) process 
and its implications for the description of the neutron multiplicity in the resonance range. 

Analysis of the resonance range 

A new analysis was motivated by three inconsistent descriptions of the resolved 
resonance range adopted in the United States, European and Japanese libraries. The first 
problem was the separation of the resonance range in three distinct sets of resonance 
parameters in JEFF-3.1.1 and ENDF/B-71. Figure 1 shows the limits of each energy range 
(1 keV, 2 keV and 2.5 keV). External levels were added to avoid cross-section mismatch at 
the energy boundaries. The second problem is illustrated in Figure 2. In the original 
evaluated file in ENDF-6 format, a pseudo background cross-section was used to correct 
the fission cross-section between 1 keV and 2.5 keV. This background is not used in 
JEFF-3.1.1. Finally, the low-energy range of the 239Pu evaluation available in JEFF was 
modified to improve the calculations of the reactivity temperature coefficient (RTC) in 
EOLE experiments (Figure 3). 

Figure 1: 239Pu resonance range described with  
three distinct sets of resonance parameters 

The energy limits are 1 keV, 2 keV and 2.5 keV 

    

Figure 2: Comparison of the 239Pu fission cross-section from JEFF and ENDF/B 

No background cross-section was included in JEFF between 1 keV and 2 keV 
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Figure 3: Modification of the low-energy range of 239Pu to improve the  
calculations of the reactivity temperature coefficient in EOLE experiments 

   

Source: Bernard, et al. (2007). 

As a consequence, the 239Pu evaluation in ENDF/B-71 is based on the older evaluation 
performed at ORNL with three energy ranges (Derrien, 1993; Derrien, et al., 1990). In 
JENDF-4, the resonance range is based on the work of Derrien, et al. (2007) in which the 
RRR is described with a single set of resonance parameters up to 2.5 keV. The JEFF-3.1.1 
library is equivalent to ENDF/B-71 with a slight modification on the low-energy range 
(Bernard, et al., 2007). The aim of the evaluation work was to produce a single set of 
resonance parameters, such as JENDL-4, which gives integral trends as good as those 
obtained with JEFF-3.1.1. 

This goal was achieved through the NEA/WPEC Subgroup 34. Table 1 lists the data 
sets used to establish a new set of resonance parameters with the SAMMY code. The 
thermal values and integral quantities are summarised in Table 2. 

Table 1: Experimental data set used in the SAMMY code to  
produce a new set of 239Pu resonance parameters up to 2.5 keV 

Reference Energy range (eV) Facility Measurement 

Bollinger, et al. (1956) 

Gwin, et al. (1971) 

Gwin, et al. (1976) 

Gwin, et al. (1984) 

Weston, et al. (1984) 

Weston, et al. (1988) 

Weston, et al. (1993) 

Wagemans, et al. (1988) 

Wagemans, et al. (1993) 

Harvey, et al. (1985) 

Harvey, et al. (1985) 

0.01-1.0 

0.01-0.5 

1.0-100.0 

0.01-20.0 

9.0-2 500.0 

100.0-2 500.0 

0.02-40.0 

0.002-20.0 

0.01-1 000.0 

0.7-30.0 

30.0-2 500.0 

Chopper 

ORELA 

ORELA 

ORELA 

ORELA 

ORELA 

ORELA 

GELINA 

GELINA 

ORELA 

ORELA 

Total cross-section 

Fission and absorption at 25.6 m 

Fission and absorption at 40.0 m 

Fission at 8 m 

Fission at 18.9 m 

Fission at 86 m 

Fission at 18.9 m 

Fission at 8 m 

Fission at 8 m 

Transmission at 18 m 

Transmission at 80 m 
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Table 2: Thermal values and integral quantities compiled in the Atlas,  
recommended in the ENDF libraries and found with the new 239Pu evaluation 

Quantity Atlas 
ENDF/B-VII.1 

(JEFF-3.1) 
JEFF-3.1.1 WPEC SG34 

 269.32.9 270.6 272.7 270.1 

f 748.12.0 747.7 747.08 747.2 

gf 1.05530.0013 1.054 1.050 1.052 

ga 1.0770.003 1.078 1.075 1.077 

 2.8790.006 2.873 2.873 2.873 

I 18020 181.4 181.5 180.1 

If 30310 302.6 303.6 309.1 

 

Detailed explanations on the evaluation work can be found elsewhere (Noguère, et al., 
2012a). An independent work performed with the CONRAD code has confirmed the 
consistent description of the capture, fission and total cross-sections in the low-energy 
range (Figure 4). Final cross-sections are in good agreement with those of JEFF-3.1.1 
(Figure 5). The resonance parameters were included in the latest version of the European 
library JEFF-3.2. 

Various integral tests were performed to investigate the performances of the new 
evaluation. Oscillation measurements carried out in the MINERVE facility of the CEA 
Cadarache (CERES programme) suggest a K1 value close to 1 163.9  15.0 barns (Leconte, 
et al., 2014). This result is in excellent agreement with the K1 value of 1 161 barns 
obtained with the new 239Pu evaluation. 

Production of the resonance parameter covariance matrix 

The resonance parameter covariance matrix (RPCM) was produced by using the 
marginalisation procedure of the CONRAD code (Habert, et al., 2010). In order to overcome 
problems related to storage and processing of large RPCM, a neutron width selection was  
 

Figure 4: Comparison of the capture, fission and total cross-sections  
reconstructed with the SAMMY and CONRAD codes 
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Figure 5: Comparison of the cross-sections reconstructed  
with the resonance parameters of JEFF-3.1.1 and WPEC SG34 

    

applied to reduce the size of the resonance parameter set. The selection principle relies 
on properties of the cumulative Porther-Thomas integral distribution (Figure 6). An s-wave 
resonance is included in the marginalisation procedure if its reduced neutron width 
amplitude is larger than a threshold x0. The latter threshold should fulfil the conditions 

,g(x0 = 0)  ,g(x0 > 0) for capture and f,g(x0 = 0)  f,g(x0 > 0) for fission in a given broad 
energy group g. 

Figure 6: Cumulative Porther-Thomas integral distribution calculated  
from the neutron widths of the s-wave resonances below 1 keV 

 

The energy domain was divided into three energy ranges to cover the thermal range, 
the first resonance at 0.3 eV and the resonance integral above 0.5 eV. Results obtained 
with the CONRAD code are shown in Figure 7. In the RRR, relative uncertainties for  
the fission and capture cross-sections remain below 3.0% and 7.0%, respectively. The 
systematic uncertainties are the dominant composants of the final uncertainties. 
Therefore, the simple structures observed in the correlation matrices follow the main 
experimental data chosen as reference for the evaluation work (Table 1). The present 
results were included in File 32 (ENDF-6 format) of the latest European library JEFF-3.2. 

In order to avoid the artificial use of such a neutron width selection, it is recommended 
to consider the AGS format developed at the IRMM as a concise method for storing and 
communicating large resonance parameter covariance matrices (Schilleebeckx, et al., 2012). 
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Figure 7: Relative uncertainties and correlation matrices for  
the 239Pu fission and capture cross-sections below 2.5 keV 

      

Analysis of the unresolved resonance range 

Works performed in the framework of NEA/WPEC Subgroup 32 (entitled “Unresolved 
Resonance Treatment for Cross-Section and Covariance Representation”) have pointed 
out an inconsistent treatment of the 239Pu unresolved resonance range between the 
processing systems NJOY and CALENDF. Discrepancies between TRIPOLI (probability table 
from CALENDF) and MCNP (probability tables from NJOY) calculations on a simple fast 
benchmark were close to 200 pcm. This problem was simply solved by using the flag 
LSSF=1 of the ENDF-6 format. 

The remaining problem is the description of the observed large fluctuations in the 
unresolved resonance range (below 4 keV). The right-hand plot of Figure 8 indicates that 
these fluctuations exist in JEFF-3.1.1 and in the data of Tovesson, et al. (2010). Therefore, 
they are not of statistical origin. 

Figure 8: Capture, fission and total cross-sections calculated  
with the ECIS and TALYS codes by using average resonance parameters  

established from the statistical analysis of the resolved resonance parameters 
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For the calculations of the self-shieling factors, a descriptive URR model is needed. 
The FITACS option of the SAMMY code and the recent URR option implemented in the 
TALYS code are able to establish a set of average resonance parameters consistent with 
the observed fluctuations. However, a new fission cross-section measurement in the URR 
is needed to get a better description of the rapid fluctuations of the cross-section. 

Investigation of the two-step (n,f) process 

The (n,f) process was introduced by Lynn in 1959. The formal description of such a 
two-step process was published in 1965. The existence of the (n,f) reaction is still a topic 
of discussion because direct measurements are not possible. 

We assume that the observed fission is the sum of the one-step (or “direct”) fission 
and of the two-step (n,f) reaction. The contribution of the two-step process can be 
deduced from the Reich-Moore parameters by introducing additional J-dependent partial 

widths f. Due to the numerous gamma decay possibilities before fission, the partial 
width of the (n,f) reaction is often assumed constant over a wide energy range. 

Figure 9 shows the contribution of this reaction in the resolved resonance range and 
in the continuum part. Below 2.5 keV, f = 2.89.2 meV for J=0+ and f = 1.90.8 meV are 
used for J=1+. The AVXSF calculations (Bouland, et al., 2013) are in good agreement with 
the average contribution obtained in the resonance range. This study confirms the 
non-negligible contribution of the (n,f) reaction for small s-wave resonances having J=1+ 
(one partially open channel). For future evaluation works on 239Pu, it would be worth 

including the partial width f in the evaluated data file. 

Figure 9: Comparison of the 239Pu fission cross-section and of the  
(n,f) reaction deduced from the resonance parameters established in  
the frame of the NEA/WPEC SG34 and calculated with the AVXSF code 

    

Study of the channel spin dependence of p(E) 

Large fluctuations of the neutron multiplicity were measured in the resonance range. 
According to the spin assignment, the observed fluctuations are stronger for resonances 
having J=1+. The latter channel is characterised by an average fission width of 30 meV, 
while for J=0+ (two open channels), the average fission width is close to 2 eV. The (n,f) 
reaction was introduced to explain such channel spin-dependent fluctuations. 
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In the present work, a phenomenological decomposition of the neutron multiplicity is 
used (Fort, et al., 1988). Two fission widths f and f were introduced for each channel J=0 
and J=1. The neutron multiplicity can be expressed as follows: 

 

in which the probabilities Pi are given by: 
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where i (E )represents the partial fission cross-sections for each channel. Final results are 
shown in Figure 10. The left-hand plot compares the magnitude of the neutron multiplicity 
with and without the contribution of the two-step (n,f) process. Without the (n,f) 
contribution, the phenomenological description of the neutron multiplicity fails to 
reproduce the large fluctuations observed for resonances with J=1. For J=0, the contribution 
of the (n,f) reaction is negligible compare to the magnitude of the average fission width. 

Figure 10: Neutron multiplicities calculated with and without the (n,f) process 

The resonance parameters established in the framework of  
NEA/WPEC SG34 provide p(E) values in good agreement with JEFF-3.1.1 

    

Conclusions 

The evaluation work performed on 239Pu in the framework of NEA/WPEC SG34 is 
completed. The final report will be made available via the NEA website. The resonance 
parameters and the corresponding covariance matrix are included in the latest version of 
the European library JEFF-3.2. 

This collaborative effort allows to point out few missing experimental data. New 
measurements of the total cross-section (around 0.3 eV), of the fluctuations of the fission 
cross-section (in the unresolved resonance range below 5 keV) and of the neutron 
multiplicity (in the resonance range) are needed for future evaluations. For the capture 
cross-section, various experimental set-ups are under development. 

From the evaluation point of view, it will be needed to include in the future evaluated 
file a set of J-dependent partial widths for the (n,f) reaction. These additional partial 
widths will allow to perform on-the-fly calculations of p(E) in the resolved and unresolved 
resonance range. As briefly explained in this document, the description of the structures 
observed in the fission cross-section (between 2.5 keV and 5 keV) is also a crucial issue 
for the calculation of reliable self-shielding factors. 
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