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Aim of this work: 

•  Provide reasonable evaluated uncertainties of the 
235U and 239Pu PFNS given the evaluation input. 

•  Provide evaluated 235U and 239Pu PFNS covariances 
in ENDF-6 format such that evaluated information is 
preserved and benchmarks are affected little. 
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ENDF/B-VIII.0β4 239Pu and 235U PFNS: 

Einc (MeV) 235U 239Pu 
Thermal Capote et al. [1] Demi-Romano tweak 

of ENDF/B-VII.1 
0.5-5 Neudecker et al. [2], 

without Chi-Nu data 
ENDF/B-VII.1 

> 5  Neudecker et al. [2], 
with Chi-Nu data 

Neudecker et al. [2] 
 

[1] A. Trkov, R. Capote, Phys. Procedia 64, 48–54 (2015).  
[2] D. Neudecker et al., Nuclear Data Sheets, in preparation. 
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Evaluated unc. should be guided by combined 
exp. unc. where exp. data are well-known. 
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But are unc. of 7% at lowest Eout reasonable?? 

235U 
 0

 2

 4

 6

 8

 10

 1e-05  0.0001  0.001  0.01  0.1  1  10  100

Ev
al

ua
te

d 
R

el
at

iv
e 

U
nc

er
ta

in
tie

s 
(%

)

Outgoing Neutron Energy (MeV)

Exp. Only, Not normalized
With Model, Not normalized

With Model Rescaled, Not normalized



Slide 6 U N C L A S S I F I E D 

ENDF-6 MF35 format does not allow to store 
covariances between PFNS of different Einc. 

Only correlations 
between the black bands 
can be stored, all other 
correlations would be 
implicitly set to zero. 
 
èPu-240 Jezebel keff 
unc. distinctly decreased 
M.E. Rising, et al., LANL 
report LA-UR15-24045 
(2015).  
 
 

Set to 0 

Set to 0 

Can be stored in ENDF-6 format 
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ENDF-6 MF35 format recommendation: 

“It is proposed that only a few covariances be used 
in each MT values in File 35 to cover the complete 
incident energy range. Each covariance matrix 
applies to the complete secondary energy 
distributions for the broad incident energy range 
specified. […] No covariances between the different 
incident energy ranges are allowed.” 
 
from ENDF-6 formats manual version 2012, page 284, 
section 35.1 
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Grouping of covariances for 235U PFNS 

Einc (MeV) Used 
≤ 5 1.5 MeV 
5-7 6 MeV 
7-12 10 MeV 
12-20 14 MeV Einc≤ 5 MeV  

Einc> 5 MeV  
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Grouping of covariances for 235U PFNS is 
motivated by different physics processes 

Einc (MeV) Reasoning 
≤ 5 Only 1st chance fission (c.f.) processes contribute.  
5-7 1st and 2nd c.f., 1st c.f. dominates. 
7-12 Similar 1st and 2nd c.f., pre-equilibrium contribution small 
12-20 Mixing of 1st, 2nd, 3rd c.f., pre-equilibrium component 

Evaluations of energy spectra . . . NUCLEAR DATA SHEETS D. Neudecker et al.

di↵erence is illustrated in Fig. 1 for hTKE(E
inc

)i in com-
parison to the experimental data of Akimov et al. [25] for
239Pu and Duke [22] for 235U. These experimental data
lie well within the sampling range of hTKE(E

inc

)i. The
experimental uncertainties of the data shown in Fig. 1 are
statistical only. A normalization uncertainty of at least
1 MeV might apply to such data [22]. Apart from that,
mean values and relative uncertainties calculated from
the K times sampled parameter values are very similar
(less than 1% and 4% di↵erence in the relative uncertain-
ties for the 239Pu and 235U evaluation [20]) to most of the
initial parameter values in Table I.
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FIG. 1. (Color online) The sampled hTKE(Einc)i values and
their sampling range are shown in comparison to the initial
values predicted following [23] and experimental data [22, 25].
For the latter data, only statistical uncertainties are given.

Many parameter values were adopted from the litera-
ture [10, 21] or from preceeding work on this topic [9, 26]
and these sources of parameter values are given in Ta-
ble I. For instance, the multiplicative parameters mrV ,
maV , mV , mrW , maW and mW are taken from Table II
of Ref. [9]. These parameters allow to vary the radius,
di↵useness and depth of the real volume (subscript “V”)
and imaginary surface (subscript “W”) contribution to
the optical potential defined in [9] to calculate the in-
verse compound nucleus formation cross section �c,x in
Eq. (3). One parameter value derived for this work is the
slope �hTKE(1)i for calculating �hTKEi(E

inc

) which was
obtained by linearly fitting to the data of Duke [22].

The fission barrier parameters for the 239Pu model
calculations in Table II were obtained by a �2 fit to
ENDF/B-VII.0 fission probabilities [52] within a parame-
ter space enclosing fission barrier parameter values of [24]
and in the 239Pu file of [14]. The Uranium fission bar-
rier parameters result from a �2 fit to fission proba-
bilities calculated from ENDF/B-VII.1 235U(n,f

tot

) and
235U(n,(in)f

tot

(i=0–3) cross sections using a parameter
space enclosing fission barrier parameter values of Table
XXXI of [37] and Table I of [36]. No constraints apply to

the sampling of the fission barrier heights and curvature
and thus the sampled mean values and relative uncertain-
ties are close to the initial values in Table II. The resulting
Pfi calculated from the sampled fission barrier parameter
in Fig. 2 are in good agreement with the calculated fis-
sion probabilities until E

inc

= 12 MeV for both isotopes.
Above this energy, the predicted Pfi di↵er distinctly from
data derived from libraries.

The fission probabilities Pfi for i = {1st, 2nd, 3rd, 4th}
chance fission are calculated with the statistical Hauser-
Feshbach code CoH [29] using the fission barrier heights
and curvatures listed in Table II. For each parameter
set k in Eqs. (6) and (7), CoH is called twice: (Step
1) The fission barrier heights and curvatures are sam-
pled K = 4, 000 and K = 2, 000 times, for 239Pu and
235U respectively, within their 3% uncertainty following
a Gaussian probability distribution function. Those sam-
pled parameter values are used to calculate Pfi with CoH.
(Step 2) All model parameters of Table I are sampled
K = 4, 000/2, 000 times. To this end, the sampled fission
barrier parameters of (Step 1) are fixed, and the resulting
Pfi are used to calculate hTKE(E

inc

)i by Eq. (4). The
combined sampled parameters of (Step 1) and (Step 2)
form the input parameter vector pk that CoH uses to
calculate �i(pk) in Eqs. (6) and (7).

0/1

 0.2

 0.4

 0.6

 0.8

 1

2
3
9
P

u
 F

is
si

o
n
 P

ro
b
.

MC Pf1
MC Pf2
MC Pf3
MC Pf4

Pf1 VII.0
Pf2 VII.0
Pf3 VII.0
Pf4 VII.0

 0

 0.2

 0.4

 0.6

 0.8

 

 0  5  10  15  20  25  30

2
3
5
U

 F
is

si
o
n
 P

ro
b
.

Incident Neutron Energy (MeV)

MC Pf1
MC Pf2
MC Pf3
MC Pf4

Pf1 VII.1
Pf2 VII.1
Pf3 VII.1
Pf4 VII.1

FIG. 2. (Color online) The sampled fission probabilities and
1-� error bars are shown in comparison to ENDF/B-VII.0
values [52] for 239Pu and those computed from ENDF/B-VII.1
fission cross section for 235U. The latter are given for Einc 
20 MeV.

B. Experimental Data and Covariances

A vector N with experimental data of [3, 5, 40, 42–
46] is considered for the 239Pu evaluation. These data
cover an outgoing energy range from 25 keV to 13.87 MeV
and an incident energy range from thermal to 15 MeV.
Studies on these experimental data and the estimation
of their covariances Cov

N are exhaustively discussed in

5
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Grouping of covariances for 239Pu PFNS 

Einc (MeV) Used 
≤ 5 0.5 MeV 
5-6.5 6 MeV 
6.5-13 10 MeV 
13-30 14 MeV 
30 30 MeV 

Einc> 5 MeV  
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Grouping of covariances for 239Pu PFNS 

Einc (MeV) Reasoning 
≤ 5 ENDF/B-VII.1 covariances 
5-6.5 1st and 2nd c.f., 1st c.f. dominates. 
6.5-13 Similar 1st and 2nd c.f., pre-equilibrium contribution small 
13-30 Mixing of 1st, 2nd, 3rd c.f., pre-equilibrium component 
30 Dominant 4th c.f. 

Evaluations of energy spectra . . . NUCLEAR DATA SHEETS D. Neudecker et al.

di↵erence is illustrated in Fig. 1 for hTKE(E
inc

)i in com-
parison to the experimental data of Akimov et al. [25] for
239Pu and Duke [22] for 235U. These experimental data
lie well within the sampling range of hTKE(E

inc

)i. The
experimental uncertainties of the data shown in Fig. 1 are
statistical only. A normalization uncertainty of at least
1 MeV might apply to such data [22]. Apart from that,
mean values and relative uncertainties calculated from
the K times sampled parameter values are very similar
(less than 1% and 4% di↵erence in the relative uncertain-
ties for the 239Pu and 235U evaluation [20]) to most of the
initial parameter values in Table I.
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FIG. 1. (Color online) The sampled hTKE(Einc)i values and
their sampling range are shown in comparison to the initial
values predicted following [23] and experimental data [22, 25].
For the latter data, only statistical uncertainties are given.

Many parameter values were adopted from the litera-
ture [10, 21] or from preceeding work on this topic [9, 26]
and these sources of parameter values are given in Ta-
ble I. For instance, the multiplicative parameters mrV ,
maV , mV , mrW , maW and mW are taken from Table II
of Ref. [9]. These parameters allow to vary the radius,
di↵useness and depth of the real volume (subscript “V”)
and imaginary surface (subscript “W”) contribution to
the optical potential defined in [9] to calculate the in-
verse compound nucleus formation cross section �c,x in
Eq. (3). One parameter value derived for this work is the
slope �hTKE(1)i for calculating �hTKEi(E

inc

) which was
obtained by linearly fitting to the data of Duke [22].

The fission barrier parameters for the 239Pu model
calculations in Table II were obtained by a �2 fit to
ENDF/B-VII.0 fission probabilities [52] within a parame-
ter space enclosing fission barrier parameter values of [24]
and in the 239Pu file of [14]. The Uranium fission bar-
rier parameters result from a �2 fit to fission proba-
bilities calculated from ENDF/B-VII.1 235U(n,f

tot

) and
235U(n,(in)f

tot

(i=0–3) cross sections using a parameter
space enclosing fission barrier parameter values of Table
XXXI of [37] and Table I of [36]. No constraints apply to

the sampling of the fission barrier heights and curvature
and thus the sampled mean values and relative uncertain-
ties are close to the initial values in Table II. The resulting
Pfi calculated from the sampled fission barrier parameter
in Fig. 2 are in good agreement with the calculated fis-
sion probabilities until E

inc

= 12 MeV for both isotopes.
Above this energy, the predicted Pfi di↵er distinctly from
data derived from libraries.

The fission probabilities Pfi for i = {1st, 2nd, 3rd, 4th}
chance fission are calculated with the statistical Hauser-
Feshbach code CoH [29] using the fission barrier heights
and curvatures listed in Table II. For each parameter
set k in Eqs. (6) and (7), CoH is called twice: (Step
1) The fission barrier heights and curvatures are sam-
pled K = 4, 000 and K = 2, 000 times, for 239Pu and
235U respectively, within their 3% uncertainty following
a Gaussian probability distribution function. Those sam-
pled parameter values are used to calculate Pfi with CoH.
(Step 2) All model parameters of Table I are sampled
K = 4, 000/2, 000 times. To this end, the sampled fission
barrier parameters of (Step 1) are fixed, and the resulting
Pfi are used to calculate hTKE(E

inc

)i by Eq. (4). The
combined sampled parameters of (Step 1) and (Step 2)
form the input parameter vector pk that CoH uses to
calculate �i(pk) in Eqs. (6) and (7).
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FIG. 2. (Color online) The sampled fission probabilities and
1-� error bars are shown in comparison to ENDF/B-VII.0
values [52] for 239Pu and those computed from ENDF/B-VII.1
fission cross section for 235U. The latter are given for Einc 
20 MeV.

B. Experimental Data and Covariances

A vector N with experimental data of [3, 5, 40, 42–
46] is considered for the 239Pu evaluation. These data
cover an outgoing energy range from 25 keV to 13.87 MeV
and an incident energy range from thermal to 15 MeV.
Studies on these experimental data and the estimation
of their covariances Cov

N are exhaustively discussed in

5
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Sampling from grouped cov. reproduces 
original mean values and unc. well for 235U. 
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Sampling from grouped cov. reproduces 
original mean values and unc. well for 239Pu. 
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Jezebel and Godiva simulated keff unc. change 
negligibly if grouped vs original cov. are used. 

Godiva keff unc. with original covariances: 51.2 pcm  
Godiva keff unc. with grouped covariances: 51.7 pcm   
è bias of 0.9% 
 
Jezebel keff unc. with original covariances for Einc > 5 MeV: 5.0 pcm  
Jezebel keff unc. with grouped covariances for Einc > 5 MeV: 4.8 pcm  
Approximate total Jezebel keff unc.: 73 pcm 
è bias of 0.4% 
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Summary 

•  Provide reasonable evaluated uncertainties of the 235U 
and 239Pu PFNS given the evaluation input.  

 Evaluated uncertainties were rescaled with 
 constant factor.   

                                 
•  Provide evaluated 235U and 239Pu PFNS covariances in 

ENDF-6 format such that evaluated information is 
preserved and benchmarks are affected little. 

           Evaluated covariances were grouped into broad 
 Einc-bins. This grouping preserves mean values       
 and unc. when sampling from grouped cov. and         
 biases Jezebel and Godiva keff unc. negligibly. 


