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ARRA project (2009-2012)

Use of Covariances in a Consistent Data 
Assimilation for Improvement of Basic Nuclear 
Parameters in Nuclear Reactor Applications: From 
Meters to Femtometers

BNL - EMPIRE prior calculations, covariances for 
model parameters,  group-wise sensitivity matrices

INL - integral experiment sensitivities to group-wise 
cross sections, assimilation 

“It has been a bit forgotten that in all really creative thinking in reactor 
design, a working knowledge of nuclear reaction theory is required.”

E. Wigner
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Users often tune multi-group evaluated files to a 
certain type of integral experiments
Such adjusted file is only valid for a specific 
application
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Modern practice is to use nuclear reaction code 
constrained by experimental data to produce 
evaluation and covariances  
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Tuning is moved from multi-group file to 
reaction model parameters providing

evaluation constrained by differential and integral data 
and reaction theory
covariances
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In general, however, one should keep the list of perturbed parameters as short as
possible.

1.2 Evaluation of Sensitivity Coe�cients for Integral

Experiments

In order to evaluate the sensitivity coe�cients of the nuclear parameters to the integral
parameters measured in a reactor physics experiment, a folding procedure will be applied,
where the sensitivity calculated by empire, with the methodology outlined in the previous
step are folded with those calculated by eranos (i.e., multigroup cross section sensitivity
coe�cient to integral parameters).

Following this procedure, the sensitivities of integral experiments to nuclear parame-
ters pk are defined as:

�R

�pk
=

X

j

�R

��j

��j

�pk
(1.1)

Here, R is an integral reactor physics parameter (e.g., ke↵ , reaction rates, reactivity
coe�cient, etc.), and �j the multi-group cross section (the j index accounts for isotope,
cross section type and energy group). In general, to compute �j one can use empire
with an appropriate set of parameters pk to generate first an ENDF/B file for the specific
isotope and, successively, use njoy to obtain multi-group cross sections. As specified in
the previous section, one can compute the variation of the cross sections ��j resulting
from a variation of each parameter pk variation.

Specifically, the procedure consisted in the generation of the ��j corresponding to
fixed, well chosen, variations of each pk taken separately and therefore generating the
��j/�pk. Following each empire calculation, an ENDF/B file for the isotope under con-
sideration was generated and a subsequent run of njoy on this file generated multigroup,
infinite dilution, cross sections in the same energy structure (e.g., the 33 group energy
structure) that was used for the computation of the reactor physics integral parameters.
The multigroup cross section variations associated with the individual model parameter
that has been varied in the corresponding empire calculation were computed as a di↵er-
ence to the reference njoy calculation obtained using empire results calculated with the
central values of the parameters. These calculations covered the needs of a large number
of adjustments, using several experimental configurations and several integral experiments
(e.g., ke↵ , spectral indexes, reactivity coe�cients etc.) in each configuration. In parallel,
the cross section sensitivity coe�cients to integral parameter R = �R/�j were provided
by reactor physics calculations, using the standard Generalized Perturbation Theory in
the eranos code system. Folding the two contributions (from empire and eranos) we
obtained the sensitivity coe�cients of integral quantities to nuclear physics parameters
(see Eq. 1.1).
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Scope of the project

Investigate feasibility of the assimilation 
concept for priority materials

23Na - coolant
56Fe - structure material 
105Pd - fission product
235,238U, 239Pu - major actinides
242Pu - minor actinide

Clean integral experiments available 
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Assimilation of 23Na 

Apparently excellent result but 
failed ‘retrofitting test’
Lesson learned

non-linearity effects may distort the assimilation procedure and 
must be kept under control. 
cross section fluctuations represent a challenge (in 23Na treated 
via energy dependent scaling factor)

Marco T. Pigni, et al. Wonder 2009
Cadarache, France

Approach adopted for 23Na
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Figure 2.1: Calculated 23Na(n,tot) point-wise cross sections in the resolved resonance
region and fast neutron region along with experimental data.

are shown as an example. The resonance region is dominated by the resonance at 2.8
keV that is critical in the performance of the evaluation in integral testing. One notes
that the fluctuating behavior extends into the MeV region where the cross sections were
reproduced by applying an energy-dependent scaling to optical model calculations.

16

Table 2.1: Ratio of Calculation to Experiment (C/E) obtained for the integral experiments
using prior data computed by empire and posterior data resulting from the assimilation.

Detector prior C/E posterior C/E
EURACOS 32S 0.770 ± 0.085 0.997 ± 0.057
EURACOS 197Au 0.954 ± 0.102 0.946 ± 0.010
JANUS-8 32S 0.538 ± 0.022 1.000 ± 0.022
JANUS-8 197Au 1.010 ± 0.033 0.959 ± 0.028
JANUS-8 55Mn 1.158 ± 0.025 1.028 ± 0.023
JANUS-8 103Rh 0.960 ± 0.106 0.976 ± 0.047

determining the fast neutron range, when combined with the integral experiments sen-
sitive to both energy ranges introduces correlations among resonance and nuclear model
parameters.

2.1.3 Conclusions

It has been noted in Ref. [6] that the improvement in C/E is the result of very large
compensations after the parameters have been adjusted. The �2 test after adjustment
provided a perfect value of 0.99 per degree of freedom. At first sight the assimilation of
23Na exceeded all expectations, since relatively small adjustment of model parameters,
totally within quoted uncertainties, lead to the practically perfect reproduction of the
selected integral experiments - the very goal of the assimilation concept being achieved.
However, subsequent analysis of the results showed that the final objective has not yet
been fully satisfied.

Introduction of the assimilated model parameters in the empire code and recalculat-
ing the cross sections revealed that the latter di↵er from those which were predicted by
the assimilation procedure. Therefore, their use in the direct calculation of the integral
experiments resulted in discrepancies, which brought us back to the level of performance
observed for the ENDF/B-VII.0 cross sections. There was an improvement in reproduc-
ing di↵erential cross sections (e.g., much better reproduction of the (n,2n) reaction) but
performance of the new file in calculating the integral experiments was mixed and did not
appear to be unquestionably better. Our conclusion was that non-linearity e↵ects were to
be blamed for the di↵erence between cross sections predicted by the basically linear as-
similation procedure and actual model calculations, which are naturally non-linear. This
e↵ect could be minimized by an iterative assimilation starting with the reduced pertur-
bation of the parameters. Unfortunately, this approach would be very time consuming
due to the lengthy calculations of the integral experiments (over two days on the NNDC
cluster). This was not possible within the scope of the current project but we are deter-

21
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Assimilation of 56Fe 

Hopeless resonance-like structure up to 8 MeV
Poor prior - better CC omp needed
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Figure 2.10: Inelastic cross sections for neutrons scattered from 56Fe. empire calculations
are compared with experimental data and ENDF/B-VII.1 evaluation.
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Figure 2.11: Cross sections for neutrons inelastically scattered to the first excited level
in 56Fe. empire calculations are compared with experimental data and ENDF/B-VII.1
evaluation.
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Figure 2.8: Total cross sections for neutrons interacting with 56Fe. empire calculations
are compared with experimental data and ENDF/B-VII.1 evaluation.
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Figure 2.9: Elastic cross sections for neutrons scattered from 56Fe. empire calculations
are compared with experimental data and ENDF/B-VII.1 evaluation.
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C/E after assimilation of 56Fe 

Certain improvement achieved but VII.0 
performs better
Poor prior - better CC omp needed

Table 2.4: Initial and new C/E before and after data assimilation.

Experiment C/E ± � (before) C/E ± � (after)
10B(n,� ) slope ZPR3-54 0.853 ± 0.030 1.012 ± 0.022
235U(n,f) slope ZPR3-54 0.907 ± 0.030 1.015 ± 0.013

239Pu(n,f) slope ZPR3-54 0.889 ± 0.030 0.996 ± 0.013
238U(n,f) slope ZPR3-54 1.455 ± 0.030 1.284 ± 0.014
32S(n,p) slope EURACOS 0.879 ± 0.093 1.197 ± 0.055

197Au(n,�) slope EURACOS 1.288 ± 0.098 1.054 ± 0.032
115In(n,n’) slope EURACOS 0.327 ± 0.156 0.455 ± 0.042

103Rh(n,n’) slope EURACOS 0.478 ± 0.071 0.511 ± 0.010

Table 2.5: Parameter variations and standard deviations obtained by data assimilation.

Parameter Variation (%) Init. Std. Dev. (%) Final Std. Dev. (%)
Scat. Rad.a -13.25 5.1 2.1
�n Bound Levelb 1.9 4.0 3.7
�g Bound Levelb -2.1 5.0 4.8
�n 277 keVc -1.1 8.0 8.0
�n 317 keVc -2.2 8.0 8.0
�n 361 keVc -2.9 8.0 8.0
�n 381 keVc -3.0 8.0 8.0
�n 665.6 keVc 1.3 8.0 8.0
Real well volumed 15.1 3.0 2.2
Nuclear radius Real Surf.e 10.5 3.0 2.9
Imag. & Real Surf.f 10.8 5.0 4.9
TOTREDg -0.9 1.0 1.0
FUSREDh -2.0 1.3 1.2

aNuclear scattering radius.
bBound Level resonance.
cResonance peak energy.
dOptical model real well depth and real volume of target nucleus.
eOptical model nuclear radius and real surface of target nucleus.
fOptical model imaginary and real surface of target nucleus.
gOptical model scaling of total cross sections due to intrinsic model uncertainty.
hOptical model scaling of absorption cross sections due to intrinsic model uncertainty.

31
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56Fe - posterior parameters

Unphysical changes 
in the parameters

Table 2.4: Initial and new C/E before and after data assimilation.

Experiment C/E ± � (before) C/E ± � (after)
10B(n,↵) slope ZPR3-54 0.853 ± 0.030 1.012 ± 0.022
235U(n,f) slope ZPR3-54 0.907 ± 0.030 1.015 ± 0.013

239Pu(n,f) slope ZPR3-54 0.889 ± 0.030 0.996 ± 0.013
238U(n,f) slope ZPR3-54 1.455 ± 0.030 1.284 ± 0.014
32S(n,p) slope EURACOS 0.879 ± 0.093 1.197 ± 0.055

197Au(n,�) slope EURACOS 1.288 ± 0.098 1.054 ± 0.032
115In(n,n’) slope EURACOS 0.327 ± 0.156 0.455 ± 0.042

103Rh(n,n’) slope EURACOS 0.478 ± 0.071 0.511 ± 0.010

Table 2.5: Parameter variations and standard deviations obtained by data assimilation.

Parameter Variation (%) Init. Std. Dev. (%) Final Std. Dev. (%)
Scat. Rad.a -13.25 5.1 2.1
�n Bound Levelb 1.9 4.0 3.7
�g Bound Levelb -2.1 5.0 4.8
�n 277 keVc -1.1 8.0 8.0
�n 317 keVc -2.2 8.0 8.0
�n 361 keVc -2.9 8.0 8.0
�n 381 keVc -3.0 8.0 8.0
�n 665.6 keVc 1.3 8.0 8.0
Real well volumed 15.1 3.0 2.2
Nuclear radius Real Surf.e 10.5 3.0 2.9
Imag. & Real Surf.f 10.8 5.0 4.9
TOTREDg -0.9 1.0 1.0
FUSREDh -2.0 1.3 1.2

aNuclear scattering radius.
bBound Level resonance.
cResonance peak energy.
dOptical model real well depth and real volume of target nucleus.
eOptical model nuclear radius and real surface of target nucleus.
fOptical model imaginary and real surface of target nucleus.
gOptical model scaling of total cross sections due to intrinsic model uncertainty.
hOptical model scaling of absorption cross sections due to intrinsic model uncertainty.
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56Fe lesson learned 

Integral experiments alone do not ensure 
restoring agreement with differential data if the 
prior is of poor quality. 
A practical, necessarily approximative, method 
should be developed for treating fine energy 
fluctuations that can’t be treated in terms of 
the reaction theory 
Possible discrepancies among differential and 
integral experiments might make consistent 
assimilation difficult or impossible. 
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Assimilation of 105Pd

Pretty good prior
Integral experiment 
PROFIL-1 sensitive to 
capture <=> should be 
easy!

2.3 Assimilation of 105Pd

2.3.1 EMPIRE calculations

The empire calculations and corresponding fitting were much simpler in the case of
105Pd, since the newer version of empire code (revision 2869) was able to provide a very
good agreement with experimental data by using the default input file with only minor
modifications. The input file that best described data employed spherical optical model
calculations, using the Zhang et al. [21] 105Pd-specific spherical optical potential (indexed
as 523 in RIPL-3 library). The standard empire-specific level densities were adopted.
These level densities were adjusted to discrete levels and to the RIPL-3 experimental
average s-wave neutron resonance spacings. Multi-step direct (MSD) calculations were
enabled above 3.1 MeV using ORION+TRISTAN code. Heidelberg multi-step com-
pound (MSC) calculations were also enabled. The exciton model with Iwamoto-Harada
cluster emission (PCROSS) for the pre-equilibrium was enabled with mean free path
multiplier set to 1.5. Also, the HRTW width fluctuation correction was enabled up to 3.0
MeV. Default �-strength functions were adopted (MLO1 modified Lorentzian).
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Figure 2.15: Total cross sections (assimilation prior) calculated by empire using input
parameters obtained after fitting experimental data using Kalman filter (green curve).
Evaluation from ENDF/B-VII.1 library (red curve) and experimental data from EXFOR
(blue points) are plotted for comparison.

The cross sections obtained with this input file correspond to the assimilation prior
and are shown in Figures 2.15, 2.16, 2.17 and 2.18, for total, capture, inelastic and (n,2n)
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Figure 2.16: Capture cross sections (assimilation prior) calculated by empire using input
parameters obtained after fitting using Kalman filter (green curve). Evaluation from
ENDF/B-VII.1 library (red curve) and experimental data from EXFOR (blue points) are
also plotted for comparison.

reactions, respectively.
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Figure 2.17: Inelastic cross sections (assimilation prior) calculated by empire using input
parameters obtained after fitting using Kalman filter (green curve). Evaluation from
ENDF/B-VII.1 library (red curve) is also plotted for comparison.
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Figure 2.18: (n,2n) cross sections (assimilation prior) calculated by empire using input
parameters obtained after fitting using Kalman filter (green curve). Evaluation from
ENDF/B-VII.1 library (red curve) is also plotted for comparison.
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105Pd - prior parameter correlations
Table 2.6: Correlations among parameters (in units of %) in assimilation prior for 105Pd. See text for discussion of
the values presented below. Correlations above 50% and 25% are highlighted in red and yellow, respectively.

Parameter 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

1 UOMPRV-011a 100
2 UOMPVV-011a -99 100
3 UOMPRS-011a -72 67 100
4 UOMPWS-011a 89 -89 -78 100
5 UOMPRW-011a 0 0 0 0 100
6 UOMPWV-011a 0 0 0 0 0 100
7 TOTRED-000b 0 0 0 0 0 0 100
8 FUSRED-000b 0 0 0 0 0 0 0 100
9 ATILNO-000c -4 4 2 -5 0 0 0 0 100

10 ATILNO-010c -40 40 26 -35 0 0 0 0 1 100
11 ATILNO-020c 0 0 0 0 0 0 0 0 0 0 100
12 ATILNO-030c 0 0 0 0 0 0 0 0 0 0 0 100
13 GTILNO-000d 30 -30 -20 26 0 0 0 0 -1 -38 0 0 100
14 GTILNO-010d 2 -2 -1 2 0 0 0 0 0 1 0 0 -5 100
15 GTILNO-020d 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100
16 GTILNO-030d 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100
17 TUNEPE-100e 4 -4 -3 4 0 0 0 0 0 1 0 0 -10 -1 0 0 100
18 TUNE-000f 6 -6 -4 7 0 0 0 0 -99 -2 0 0 2 0 0 0 0 100
19 TUNE-011f 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100
20 TUNE-010f 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100
21 PCROSS-000g -25 25 17 -23 0 0 0 0 1 68 0 0 36 2 0 0 5 -1 0 0 100
22 RESNOR-100h 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100
23 RESNOR-200h -1 1 1 -1 0 0 0 0 0 -24 0 0 5 0 0 0 1 0 0 0 0 0 100
24 RESNOR-300h 0 0 0 0 0 0 0 0 0 -5 0 0 0 0 0 0 0 0 0 0 0 0 0 100

aOptical model parameters
bScaling parameters
cLevel density parameters
dSingle particle level density parameters in PCROSS
ePreequilibrium decay width parameter
fEquilibrium decay width parameters
gMean free path multiplier in PCROSS
hResponse function parameters
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Strong anti-correlation 
between CN level 
density and  gamma 
strength function 
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105Pd - assimilation results

TUNE-ATILNO anti-correlation keeps capture 
cross section constant! 
Assimilation required modification of the 
covariance matrix (increasing gamma-strength 
uncertainty keeping CN level density constrained)

Table 2.7: Old and new C/E before and after adjustment for 106Pd build up in the 105Pd
sample of PROFIL-1

Experiment old C/E ± � new C/E ± �
PROFIL-1 0.835 ± 0.028 0.990 ± 0.027

Table 2.8: 105Pd parameter variations and standard deviations obtained by data assimi-
lation.

Parameter Variation (%) Init. % Std. Dev. Final % Std. Dev.
TUNE000a 69.253 40.00 10.77
ATILNO000b -2.573 1.49 0.43
FUSRED000c 0.353 2.00 1.99

aScaling �-strength function in 106Pd (compound)
bLevel density parameter for 106Pd (compound)
cScaling factor for fusion (reaction) cross section

were not large enough to allow for the e↵ective assimilation. Reproducing build up of the
106Pd in the PROFIL-1 experiment required higher capture cross sections that could be
attained within the original covariances. An attempt to increase the uncertainties (while
preserving correlations) resulted in the unphysically low level density parameter (parame-
ter 9 in Tab. 2.6) compensated by the increase of the �-strength in the compound nucleus
(parameter 18 in Tab. 2.6) due to their complete anti-correlation. More plausible results
were obtained by increasing uncertainty for the �-strength function without increasing
the level density counterpart.

The C/E results are presented in Table 2.7 before and after adjustment. A significant
improvement was obtained with respect to the initial discrepancy; however, the normal-
ized �2 after adjustment was 3.23, which still is quite a large value. Table 2.8 provides
parameter variations and related standard deviations before and after the assimilation for
the three most important parameters. As it can be seen, both TUNE000 and ATILNO000
required changes that significantly exceed their initial standard deviations, which explains
the large value of �2.

Since the build up of 106Pd is proportional to the integral of capture cross section
weighted with the neutron flux the assimilation is changing capture cross section through
modifying �-ray strength function and level densities in the compound nucleus. Contri-
butions of these parameters to the relative change of C/E are shown in Table 2.9. The
first two quantities are, as shown in Tab. 2.6, strongly anti-correlated, which leaves a lot
of room for compensation. Therefore, if at least one of the two parameters is not well
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105Pd - assimilation results (cont.)

Assimilation concept worked!  Violence had to be done 
to the differential covariance matrix to fit integral data.
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Figure 2.24: Comparison between prior (green) and post (red) capture cross sections
obtained through the assimilation of 105Pd.

2.3.6 Lesson learned

• In relatively simple cases, like build up of 106Pd in PROFILE-1 that depends on a
single reaction it is possible that all sensitivity is concentrated on a couple of model
parameters. If these parameters happen to be anti-correlated assimilation may
exploit this feature to drive both parameters out of the physical range. To ensure
that assimilation is meaningful it is necessary that at least one of the parameters is
well restrained by the di↵erential data.

• If assimilation is not possible without increasing properly defined prior uncertainties
it either means that the model is not adequate or flexible enough, or that di↵erential
and integral experiments are not consistent.
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105Pd - assimilation results

posterior disagrees 
with differential data 
differential and 
integral experiments 
discrepant
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105Pd - lesson learned

If two parameters happen to be strongly anti-
correlated assimilation may exploit this feature 
to drive both parameters out of the physical 
range. 
If assimilation is not possible without 
increasing properly defined prior uncertainties 
it either means that the model is not adequate 
or flexible enough, or that differential and 
integral experiments are inconsistent. 
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Assimilation of 235U (1st round)

GODIVA

2.4 Assimilation of 235U

We have performed two rounds of assimilation for the two major actinides (235U and
239Pu). The first round was completed in 2011 while the second is still in progress -
new priors using the recently released version of the empire code have been prepared
along with the sensitivity matrices and covariances for the model parameters. Actual
assimilation will be done by INL in the near future (this round was not foreseen to be an
INL milestone). Only for 239Pu has direct assimilation been performed at BNL. In this
section we summarize the first round of assimilation for 235U and focus on empire results
from the second round.

2.4.1 First Round of Assimilation

A first round of data assimilation for 235U was performed in 2011, using the experimental
data of the LANL sphere GODIVA as described in the FY11 Deliverable ARRA Consistent
Assimilation report (Ref. [7]). A total of 52 nuclear parameters were used then in empire
for characterizing the evaluation of the 235U cross sections. The covariance matrix of these
parameters were provided as well as the sensitivity of them in terms of multigroup cross
sections, and a statistical adjustment was carried out. Table 2.10 shows the C/E before
and after adjustment with related uncertainties, obtained at that time.

Table 2.10: C/E before and after adjustment for GODIVA experiments

Experiment C/E ± � (before) C/E ± � (after)
ke↵ 0.9907 ± 0.002 1.0010 ± 0.002

238U(n,f)/235U(n,f) 1.0527 ± 0.013 1.0357 ± 0.004
239Pu(n,f)/235U(n,f) 0.9917 ± 0.018 0.9771 ± 0.003
237Np(n,f)/235U(n,f) 1.0703 ± 0.017 1.0536 ± 0.003
233U(n,f)/235U(n,f) 0.9964 ± 0.019 0.9820 ± 0.004

A significant improvement was obtained on the discrepancies on ke↵ while for the fission
spectral indices improvements (but still not good agreement with experimental values)
are observed for the 238U and 237Np, while for 239Pu and 233U a certain degradation is
observed. The �2 test after adjustment provided a normalized (to the number of degrees
of freedom) value of 4.05; with major contributions coming from the 238U (contribution of
2.01) and 237Np (contribution of 2.36) spectral index integral parameters. Table 2.11 shows
the obtained parameter variations before and after the first round of data assimilation for
the parameters that mostly a↵ect the assimilation.

Only the ‘FUSRED000’ parameter variation indicated by the data assimilation slightly
exceeds the 1 � initial uncertainty, while the other variations stay within that range. Table
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Table 2.11: 235U parameter variations and standard deviations obtained by data assimi-
lation.

Parameter Variation (%) Init. Std. Dev. (%) Final Std. Dev. (%)
FUSRED000a 1.402 1.257 0.878
TOTRED000b 0.461 0.966 0.917
ATILNO000c -0.236 0.950 0.946
DELTAF000d -0.025 0.649 0.621
VB000e -0.006 0.133 0.118
UOMPVV011f 0.033 0.116 0.116
UOMPRS011g 0.072 0.834 0.834
UOMPWS011h -0.110 2.023 2.022
TUNE000i -0.099 1.908 1.908

aFactor multiplying the reaction (fusion, absorption, compound nucleus formation) cross section.
bFactor multiplying total cross section.
cAsymptotic level density parameter in Compound Nucleus.
dPairing energy in the level dens. at saddle point in compound nucleus (first chance fission).
eHeight of the second hump in the fission barrier in Compound Nucleus.
fReal depth of the Optical model potential for n + target.
gSurface imaginary Optical model potential radius for n + target.
hSurface imaginary Optical Model potential depth for n + target.
iFactor on the gamma emission width in Compound Nucleus (scales capture).

2.12 reports the contribution of the parameter variations of Table 2.11 to the relative
change of the C/E of the GODIVA ke↵ . The largest, dominating, contribution is provided
by the ‘FUSRED000’ parameter.

The new standard deviations obtained by the first round of data assimilation were
applied to reevaluate the uncertainty of the GODIVA ke↵ . A reduction of 13.8% was
observed, mostly coming from the fission cross section contribution.

After applying to the empire prior input the parameter changes obtained in the
first-round assimilation, new post-assimilation cross sections were calculated. Figure 2.25
compares both prior and post fission cross sections for this first round of 235U assimilation.

2.4.2 Second Round of Assimilation

2.4.2.1 EMPIRE calculations

For the second round of assimilation of 235U, a much newer and much more powerful
version (revision 3094) of empire code was employed. This new version of empire is
able to furnish reasonable cross-section results, when compared to experimental data, for
most reactions and for most materials, with hardly any modifications to the input file.
This gives the possibility of obtaining a much better prior calculation for the assimilation.
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235U (1st round) - assimilated fission
92-U-235(n,f)

Incident Energy (MeV)

C
ro

ss
 S

e
ct

io
n
 (

b
a
rn

s)

10-1 1 10
1

92-U-235(n,f)
First-round assimilation prior
First-round assimilation post
EXFOR

Figure 2.25: Comparison between prior and post fission cross sections obtained through
the first round of assimilation of 235U.

this new input file as a starting point for employing the Kalman fitting routine kalman to
optimize the agreement with experimental data and to calculate covariances. A total of 81
parameters were selected for variation with kalman. Those parameters modify di↵erent
features of the physical models, such as those related to optical model, level density,
equilibrium decay width scaling, excitation energy shift, response functions, giant dipole
resonance, fission level density, fission vibrational enhancement, fission level density at
saddle point, fission barrier heights and widths. After fitting, an “optimal” set of empire
parameters was obtained, generating input files that, after an empire run, could best
describe experimental data. The cross sections obtained from this calculation correspond
to the prior-assimilation curves and are shown in Figures 2.26, 2.27, 2.28 and 2.29, for
total, elastic, fission and capture reactions, respectively.

Figure 2.30 compares the fission cross section obtained from the empire input used
to provide the prior-assimilation curves for the second round of assimilation to that of the
first round of assimilation. As it may be seen in Figure 2.30, the starting point for the
assimilation of 235U in this second round is in a much better agreement with experimental
data than the one used in the first round. Considering that the first round already
produced encouraging results, it is reasonable to assume that even better results may be
expected from this second-round assimilation. The final step of assimilation (obtaining
new uncertainties and post parameters and cross sections) is still pending for this second
round.
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235U (1st round) - lesson learned

A single integral experiment can be successfully 
assimilated even with a poor prior. 
Here, keff=1 was obtained by scaling fission 
(fusion) cross sections regardless of differential 
data. 
More integral experiments with diverse 
characteristics should help.
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Assimilation of 239Pu (1st round)Table 2.18: Calculation to experiment ratios (C/E) before and after adjustment to
JEZEBEL experiments in the first round of the 239Pu assimilation

Experiment prior C/E ± � post C/E ± �
k e↵ 0.9857 ± 0.002 0..9998 ± 0.002
Fis.238U/Fis.235U 0.9561 ± 0.009 0.9598 ± 0.002
Fis.239Pu/Fis.235U 0.9708 ± 0.020 0.9917 ± 0.003
Fis.237Np/Fis.235U 0.9988 ± 0.017 1.0010 ± 0.001
Fis.233U/Fis.235U 1.0003 ± 0.017 1.0002 ± 0.001

Table 2.19: empire parameters varied during the assimilation of 239Pu with Jezebel. Each
parameter varied is listed along with the % variation from the assimilation and the initial
and final % uncertainties. All parameter energies in units of MeV.

Parameter Variation Prior Std. Dev. Posterior Std. Dev.
(%) (%) (%)

VA000a -0.141 0.134 0.121
FUSRED000b 0.432 0.951 0.612
LDSHIF010c 0.299 0.705 0.692
DELTAF000d -0.120 0.671 0.668
ATILNO010e -0.076 0.965 0.958
VB000f -0.079 0.480 0.479
ATLATF000g 0.128 1.240 1.239
TOTRED000h -0.0831 0.918 0.815
HA000i -0.155 0.474 0.471

aHeight of first fission barrier hump in 240Pu.
bFactor multiplying reaction (fusion, absorption, compound nucleus formation) cross sections.
cShift (LDSHIFT-1) of the level densities in target at the point of discrete levels.
dPairing energy used in the level densities at the saddle point in 240Pu.
eFactor multiplying asymptotic level density parameter in the target.
fHeight of the second fission barrier hump in 240Pu.
gFactor multiplying asymptotic level density parameter at the saddle point in 240Pu.
hFactor multiplying total cross section.
iWidth of the first fission barrier hump in 239Pu.
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JEZEBEL

Consistent improvement (except 238U/235U) 
VII.1 and assimilated file equivalent on keff  but...
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239Pu (1st round) - assimilated fission

... NOT for differential experimentsFigure 2.45: Comparison of the post-assimilation fission cross sections for 239Pu com-
pared with the respective prior, ENDF/B-VII.1 (equal to ENDF/B-VII.0) and selected
experimental data.

Table 2.19 shows the parameter variations and standard deviations obtained by the
data assimilation (using a prior obtained with an older version of empire). One can
notice that only the VA000 parameter variation slightly exceeds the initial uncertainty,
while the other variations stay within that range.

It is interesting to note that the new standard deviations of Tab. 2.19 obtained after
the data assimilation produce a reduction of the evaluated uncertainty of the JEZEBEL
ke↵ of 18.7% mostly coming from the fission cross section contribution. This is already an
indication of the potential gain, in terms of uncertainty reduction, that the data assimi-
lation can produce. One should expect more reductions when other integral experiments
are included in the data assimilation process.
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239Pu (1st round) - assimilated parameters

Assimilation distributed over several parameters

Table 2.18: Calculation to experiment ratios (C/E) before and after adjustment to
JEZEBEL experiments in the first round of the 239Pu assimilation

Experiment prior C/E ± � post C/E ± �
ke↵ 0.9857 ± 0.002 0..9998 ± 0.002
Fis.238U/Fis.235U 0.9561 ± 0.009 0.9598 ± 0.002
Fis.239Pu/Fis.235U 0.9708 ± 0.020 0.9917 ± 0.003
Fis.237Np/Fis.235U 0.9988 ± 0.017 1.0010 ± 0.001
Fis.233U/Fis.235U 1.0003 ± 0.017 1.0002 ± 0.001

Table 2.19: empire parameters varied during the assimilation of 239Pu with Jezebel. Each
parameter varied is listed along with the % variation from the assimilation and the initial
and final % uncertainties. All parameter energies in units of MeV.

Parameter Variation Prior Std. Dev. Posterior Std. Dev.
(%) (%) (%)

VA000a -0.141 0.134 0.121
FUSRED000b 0.432 0.951 0.612
LDSHIF010c 0.299 0.705 0.692
DELTAF000d -0.120 0.671 0.668
ATILNO010e -0.076 0.965 0.958
VB000f -0.079 0.480 0.479
ATLATF000g 0.128 1.240 1.239
TOTRED000h -0.0831 0.918 0.815
HA000i -0.155 0.474 0.471

aHeight of first fission barrier hump in 240Pu.
bFactor multiplying reaction (fusion, absorption, compound nucleus formation) cross sections.
cShift (LDSHIFT-1) of the level densities in target at the point of discrete levels.
dPairing energy used in the level densities at the saddle point in 240Pu.
eFactor multiplying asymptotic level density parameter in the target.
fHeight of the second fission barrier hump in 240Pu.
gFactor multiplying asymptotic level density parameter at the saddle point in 240Pu.
hFactor multiplying total cross section.
iWidth of the first fission barrier hump in 239Pu.
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239Pu (1st round) - lesson learned

Perfect agreement with integral parameter can 
be obtained without satisfactorily reproducing 
differential data. 

There is no substitute for a good prior!
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Assimilation of 239Pu (2nd round)

New version of EMPIRE with improved fission 
parametrization (M. Sin)
Overall very good prior 
EMPIRE calculated PFNS included in assimilation
Direct assimilation on JEZEBEL’s  keff using MCNP 
performed at BNL.
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239Pu (2nd round) assimilated fission
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Figure 2.48: The pre-assimilation fit to di↵erential fission data for 239Pu data shown in
solid black with the post-assimilation shown in cyan. Also shown are a sample of the
experimental data fitted with empire (grey points) and the ENDF/B-VII.1 evaluation
(green line). Note the small di↵erence between the prior and post-assimilation curves
compared to the uncertainties and scatter of the di↵erential data. These small di↵erences
introduced by the assimilation are enough to bring calculated ke↵ into agreement with
the experiment.

16) the parameter that shifts the excitation energy in level densities in the target nucleus
(index 47).

2.6.5 Conclusions

The first round of assimilation for 239Pu has been successful, showing the potential of
the method to improve integral performance of the file and reduce associated uncertain-
ties on the calculated integral through reduction of uncertainties for the reaction model
parameters. We note, however, that this improvement in the integral performance was
obtained with a file which is visibly inferior to ENDF/B-VII.0 when compared to di↵eren-
tial data. It illustrates a long standing issue of error compensation when “good agreement
is obtained for bad reasons”.
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Prior keff = 1.00516 (8)
Post  keff = 0.99959 (8)
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239Pu (2nd round) - assimilated parameters

The change required for 
assimilation is very 
small in comparison to 
the uncertainties of the 
experimental data sets.
Tiny changes in the 
parameters are well 
within the prior 
uncertainties of the 
parameters

Table 2.22: Results of direct assimilation of 239Pu. empire parameters varied are listed
with values before and after assimilation of integral experiment JEZABEL. Parameters
which had the default value of 1.0 and were not varied during assimilation are not listed.

Parameter Name pre-assimilation post-assimilation
ATILNO-000 1.083 1.0851
ATILNO-001 0.907 0.9034
ATILNO-020 0.938 0.9380
ATILNO-030 0.988 0.9880
TUNEFI-010 0.833 0.8327
TUNE-000 2.228 2.2230
FUSRED-000 0.970 0.9700
RESNOR-000 1.320 1.3200
FISVF1-000 1.000 0.9995
FISVF1-010 1.000 1.0005
FISVF2-000 1.000 1.0042
FISVE1-000 1.000 0.9985
FISVE2-000 1.000 0.9995
FISHO1-000 1.000 0.9992
FISHO2-000 1.000 0.9992
FISAT1-000 0.917 0.9157
FISAT2-000 0.971 0.9717
FISAT2-010 0.981 0.9810
FISDL1-000 1.000 0.9999
FISDL2-000 1.000 0.9999
LDSHIF-000 1.100 1.0990
LDSHIF-010 1.063 1.0647
LDSHIF-020 0.917 0.9170
PFNALP-000 0.963 0.9613
PFNRAT-000 0.928 0.9279
PFNERE-000 0.999 1.0002
PFNTKE-000 0.984 0.9853

16, displaying the obvious anticorrelation between the parameters controlling the heights
of the first and second, respectively, fission barrier of the compound nucleus. Another
strong correlation is observed between the fission level density at the saddle point for the
compound nucleus, with index 37, and the level-density parameter for the target nucleus,
indexed with the number 2. Finally, the last pair of parameters with strong correlation
(50%) is formed by the fission-barrier-height parameter for the compound nucleus (index
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239Pu (2nd round) - post-assimilation 
covariance matrixTable 2.23: Correlations among reaction model parameters (in %) resulting from the direct assimilation post for 239Pu. See text for

discussion of the values presented below. Columns and rows with all o↵-diagonal correlations below 10% were omitted in order to fit the
page. Correlations above 50% and 25% are highlighted in red and yellow, respectively.

Parameter 1 2 3 5 6 7 9 10 11 12 13 14 16 17 18 20 23 24 26 34 37 38 46 47 48 50 51 52 53
1 ATILNO-000a 100
2 ATILNO-010a 4 100
3 ATILNO-020a -2 0 100
5 TUNEFI-010b 0 1 4 100
6 TUNEFI-000b -1 2 -1 0 100
7 TUNE-000c -19 -2 1 0 -1 100
9 TOTRED-000d 0 0 0 0 0 0 100

10 FUSRED-000d 0 0 0 0 0 0 -98 100
11 RESNOR-000e -5 15 -7 1 0 2 1 0 100
12 FISVF1-000f -3 47 -12 2 8 -3 0 0 17 100
13 FISVF1-010f -2 -13 22 -2 0 1 0 0 -47 -7 100
14 FISVF1-020f 2 6 -21 -1 0 -1 0 0 0 0 -5 100
16 FISVF2-000f -13 -38 17 -3 12 4 0 0 -19 -67 6 3 100
17 FISVF2-010f -2 -5 -21 19 -1 0 0 0 -2 -16 -26 2 22 100
18 FISVF2-020f 0 3 -24 -1 0 0 0 0 0 -2 1 -29 4 6 100
20 FISVE1-000g -1 -2 0 0 -1 -1 0 0 0 17 0 0 9 0 0 100
23 FISVE2-000g -2 7 -2 0 -1 -1 0 0 0 0 0 0 18 -2 0 -1 100
24 FISVE2-010g 0 0 5 -2 0 0 0 0 0 2 -1 0 -3 12 0 0 0 100
26 FISHO1-000h 4 3 1 0 2 1 -1 0 6 34 0 -2 3 0 0 1 2 0 100
34 FISAT1-000i -1 10 -3 1 -1 -1 0 0 1 3 -3 1 20 -4 0 -1 -2 0 -1 100
37 FISAT2-000i -2 67 21 -3 -2 0 0 0 -4 -2 10 7 20 20 8 0 -4 -3 3 -3 100
38 FISAT2-010i 2 -1 37 -3 0 -1 0 0 4 7 -12 12 -10 17 17 0 1 -3 -1 2 -14 100
46 LDSHIF-000j 21 0 0 0 0 4 0 0 2 3 0 -1 2 0 0 0 1 0 -4 0 1 0 100
47 LDSHIF-010j -9 -18 5 -1 -7 -1 1 0 -17 -13 -15 7 50 7 3 -10 -6 -1 11 -6 8 -2 2 100
48 LDSHIF-020j 0 1 1 -6 0 0 0 0 1 3 -5 -4 -3 30 -8 0 0 -3 0 0 -2 -1 0 -1 100
50 PFNALP-000k 0 -1 0 0 0 0 0 0 2 -1 1 -1 3 0 0 0 0 0 0 0 0 -1 0 0 0 100
51 PFNRAT-000k 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 65 100
52 PFNERE-000k -1 2 -1 0 0 1 0 0 -2 1 -1 1 -4 0 0 0 0 0 0 0 0 1 0 -1 0 -65 -1 100
53 PFNTKE-000k -1 1 0 0 0 0 0 0 -2 1 -1 1 -4 0 0 0 0 0 0 0 0 1 0 -1 0 -24 44 88 100

aLevel density parameters
bFission decay width parameters
cEquilibrium decay width parameter
dScaling parameters
eResponse function parameter
fHeights of fission barriers
gVibrational enhancements of fission level density at saddle point
hWidth of fission barriers
iFission level densities at saddle point
jShifts of excitation energy
kPrompt fission neutron spectra parameters
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PFNS

Little correlations between 
PFNS and x-sec parameters
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239Pu (2nd round) - assimilated capture
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Figure 2.49: The capture of 239Pu

2.6.6 Lesson learned

• Previously learned lessons are confirmed - perfect agreement with an integral pa-
rameter can be obtained without satisfactorily reproducing the di↵erential data.
There is no substitute for a good prior.

• Successful assimilations lead to the reduction of uncertainties in the reaction model
parameters and consequently also in the calculated integral result.
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Figure 2.50: The total cross section of 239Pu
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Figure 2.51: The elastic cross section of 239Pu
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239Pu (2nd round) - assimilated elastic
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Figure 2.52: The inelastic cross section of 239Pu
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Figure 2.53: (239Pu (n,2n)
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239Pu (2nd round) - assimilated inelastic
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239Pu (2nd round) - lesson learned

Successful assimilations when starting with 
good prior
Reduction of uncertainties in the model 
parameters and consequently also in the 
calculated integral result
Little correlations among x-sec and PFNS 
parameters
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Assimilation priors for 235U and 238U 
(2nd round)
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Figure 2.37: The prior fission cross section for 238U, shown with ENDF/B-VII.1 and
experimental data for comparison.
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Figure 2.38: The prior fission cross section for 238U, compared with ENDF/B-VII.1 be-
tween 2 and 20 MeV where ENDF/B-VII.1 is a standard.
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Figure 2.28: Fission cross section prior (green curve) as calculated by empire using pa-
rameters obtained from kalman fit. ENDF/B-VII.1 evaluation (red curve) and EXFOR
experimental data (blue points) are shown for comparison.
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Figure 2.29: Capture cross section prior (green curve) as calculated by empire using pa-
rameters obtained from kalman fit. ENDF/B-VII.1 evaluation (red curve) and EXFOR
experimental data (blue points) are shown for comparison.
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Both standards and reproduced within about 2% 
(standards uncertainties)
14 levels coupled in 238U calculations 
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Benchmarking new priors for 
235U and 238U 
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Benchmarking new priors for 
235U and 238U 
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Benchmarking new priors for 
235U and 238U 
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Benchmarking new priors for 
235U and 238U 
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Benchmarking new priors for 
235U and 238U 
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Assimilation priors for 235U and 238U  
- lesson learned

Fully model based priors of a 
quality comparable to modern 
evaluations are possible!
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Conclusions

Assimilation pitfalls 
non-linearity
fluctuations in cross sections
selection of experimental data
PPP
anti-correlations driving parameters out of physical range

Assimilation prerequisites   
realistic covariances and correlations among measurements 
good physics/modeling resulting in good prior
realistic weighting of differential and integral experiments 
verity of experiments probing different aspects 

Assimilation is feasible 

Wednesday, November 7, 12



Mike Herman

Conclusions

Changes much smaller than experimental cross section 
or model uncertainties are sufficient for a good prior to 
reproduce integral measurements. Thus:

differential data based evaluation is unlikely to predict 
integral experiment within its precision
integral data are not sufficient to turn a bad prior into a 
good one
only all experimental information combined with the 
state of the art modeling may provide a right answer
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