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90Zr has magic neutron number, 
hard to evaluate (like 56Fe, 23Na...)
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Low level density means wide resonance spacing, 
and resonances that go very high in energy
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Testing by KAPL and others tell us 
that must get angular distributions 
correct to get leakage right

 ENDF/B-VI.8
• (n,el) fluctuating cross 

sections fit to data
• (n,el) angular distributions
• No other secondary 

distributions
• did well in testing

 ENDF/B-VII.0
• EMPIRE based, so all 

secondary distributions
• no fluctuations
• did poorly in testing

 ENDF/B-VII.1
• Fitted EMPIRE, so ..

- All secondary distributions
- fluctuations included

• did well in testing
• bug in EMPIRE meant 

evaluation was a 
“Frankenevaluation”, we 
glued in JENDL-4.0 
angular distributions
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Try one more 
time...
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Zooming in: 
those fluctuations aren’t overlapping 
resonances, they can be fully resolved 
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Could we extend the 90Zr RRR, then 
compute angular distributions from 
the RRR parameters?

 In ENDF/B-VII.0, JENDL-4.0, ... RRR’s are given as 
MLBW, not unitary so angular distribution iffy

 We are likely missing many smaller resonances

 There is only one RRR set, from A.R. de L. 
Musgrove, J. A. Harvey, et. al., how well do we trust 
it?  
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Full R matrix theory isn’t going to 
work, but what about an URR 
treatment?

 We don’t know all the resonances, so we could treat 
using URR prescription

                    where pdf defined by     ,    , etc.

 Will need average resonance parameters from RRR
 Will need the average cross sections either 

• from URR or 
• from Optical Model + Hauser-Feschbach calculation
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Can’t we just use EMPIRE’s extensive 
collection of fudge factors?

 TOTRED: total XS multiplier
 FUSRED: reaction XS multiplier
 FCCRED: direct collective XS multiplier
 FCORED: DWBA collective XS multiplier
 CINRED: compound inelastic XS multiplier, reaction XS fixed
 CELRED: compound elastic XS multiplier, reaction XS floats 
 CELCOR: compound elastic XS multiplier, reaction XS fixed
 ELARED: shape elastic XS multiplier
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EMPIRE’s fudge factors can do almost 
anything we want to the average cross 
sections

 With all the fudge factors
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Use this to put a 
fluctuation in the 
reaction cross section

Use this to adjust 
amount of fluctuation 
in compound elastic

What about angular dists?
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After spinning my wheels over these 
resonances, I went back to basics

 Want the cross section

 and angular distributions extracted from the 
differential cross section

 We can settle for just the P1 term
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For the angular distributions, let’s go 
back to Blatt and Biedenharn

 Differential cross section is

 where
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Blatt and Biedenharn impractical for 
either RRR or URR

 We don’t have the complete RRR set, so can’t just 
write down the distribution

 A URR-like approach is unrealistic
• For cross sections, have pdf 

• Wouldn’t an angular version be something like

no one has ever made such a thing and no code could use it

 So, must settle for average angular distribution
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The average neatly separates into 
direct and compound parts

 Direct part computed in EMPIRE, TALYS, CoH

 Compound part not computed in EMPIRE yet *

so, it is treated as isotropic in EMPIRE
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Given EMPIRE’s limitations, we still 
get non-trivial angular distributions
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Pel(µ|E) =
d�el/dµ

�el
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Drives the shape 
of the angular 
distribution

Builds fluctuations 
into distribution
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Introduction
Because of its low (n,γ) 
cross section and corrosion 
resistance, zirconium is an 
important structural material 
used in many reactor 
applications:
✴Nuclear fuel rod cladding
✴Moderator (in form of ZrH)
✴Inert material in fuel matrix
Despite Zr’s technological 
importance, it is notoriously difficult to evaluate.  90Zr has a closed 
neutron shell so 
✴Nearby nuclei have low level densities and Hauser-Feshbach 

theory requires high level densities
✴(n,el) and (n,tot) cross sections exhibit large fluctuations at high 

energies 
The ENDF/B-VI.8 evaluation remedied this by simply fitting 
experimental data, ignoring many of the outgoing particle 
distributions.  Later, the ENDF/B-VII.0 evaluation was created using 
EMPIRE, providing the particle distributions, but ignoring the 
structure in (n,tot) and (n,el).  The ENDF/B-VII.1 evaluation 
attempted to capture the best of both evaluations by tuning EMPIRE 
calculations to data.  Problems with (n,el) neutron angular 
distributions forced us to replace them with ones from JENDL-4.0.  
Here, we detail improvements to Zr for use in ENDF/B-VII.2. 

The Resonance Region
For ENDF/B-VII.1, 90Zr and 91Zr resonances were re-evaluated 
giving these resonance integral and thermal cross sections:

Summary of new evaluation resonances:
✴90Zr: ENDF/B-VII.1
✴91Zr: ENDF/B-VII.1
✴92Zr: ENDF/B-VII.1 (JAEA and S. Mughabghab)
✴93Zr: Atlas of Neutron Resonances
✴94Zr: ENDF/B-VII.1
✴95Zr: JENDL-4.0 (JENDL-3), needs fixes to correct background
✴96Zr: Modified from ENDF/B-VII.1: scattering radius and negative 

energy resonance modified

Major Release: EMPIRE-3.1 (Rivoli)
✴New version of Coupled 

Channel code ECIS-2006
✴Coupled Channel code 

OPTMAN for soft-rotor 
calculations

✴Parity dependent ρ(J,E)
✴New parametrization of 

EGSM level densities
✴Addition of <μ>
✴Many bug fixes

ENDF/B-VII.1 Nuclear Data ... NUCLEAR DATA SHEETS M.B. Chadwick et al.

ENDF/B-VI.8 files evaluated in the 1970’s relied heav-
ily on experimental data and lacked quantities such as
double-di!erential cross sections and gamma production.
Therefore the preliminary version of ENDF/B-VII.0 fol-
lowed recommendations of the WPEC Subgroup 23 (but
this was not finally adopted for VII.0); in most cases
CSEWG adopted neutron resonances recommended by
Mughabghab [35] and JENDL-3.3 evaluations in the fast
neutron range, except 90Zr where CSEWG favored the
BROND-2 evaluation. These evaluations turned out to
perform worse than ENDF/B-VI.8, showing an undesir-
able drop in the reactivity when tested by KAPL and
Bettis [145]. Sensitivity studies indicated that this short-
age could be counteracted by increasing the elastic cross
section in 90Zr. The NNDC (BNL) performed a new eval-
uation of the fast neutron region in 90Zr using the EM-
PIRE code and dispersive optical model potential (OMP)
based on rigid-rotor couplings for 103Rh [85], which pro-
vided an acceptable description of the total cross section
on 90Zr and confirmed the higher elastic scattering cross
section, however rigid rotor is not a good approximation
for the structure of even-even Zr isotopes, and a better
OMP treatment was needed. This evaluation was ac-
cepted by KAPL and Bettis and adopted by CSEWG for
the final release of ENDF/B-VII.0.

Integral testing of ENDF/B-VII.0 performed after its
release revealed that the new set of Zr evaluations over
predicts reactivity in the TRIGA C132 and C133 bench-
marks by more than 500 pcm. In addition, new not
yet published measurements of the total cross section on
natural Zr performed by RPI indicated that ENDF/B-
VI.8 values were much closer to the new data than those
of ENDF/B-VII.0. Finally, continued testing at KAPL
showed that ENDF/B-VI.8 performance was still superior
compared to all modern libraries. This can be viewed as a
clear case in which a dated evaluation using little theory,
but tuned to the experimental data, is better than more
recent evaluations that used far more advanced modeling
but that pay less attention to the measurements.

In the old ENDF/B-VI.8 evaluation and in the exper-
imental data, there are pronounced fluctuations in the
total and elastic cross sections below 1 MeV indicating
either resonance structure or potentially insu"cient
level density for statistical model treatment, most likely
related to the closed neutron shell in 90Zr. In the new
evaluations we describe below, we attempt to preserve
the completeness of the model based evaluations without
losing the experimental information that cannot be
reproduced within statistical reaction theory. While
doing this, we make use of advanced approaches such
as coupled-channel soft-rotor optical potential and
microscopic, parity dependent level densities.

Resonance region

New resonance region evaluations were developed for 90Zr
and 91Zr. Table XX summarizes the thermal cross section
and resonance integrals for the two evaluations.

90Zr: We are changing the recommended 90Zr ther-

TABLE XX: Calculated thermal cross sections (!T ) and res-
onance integrals (I!) for 90Zr and 91Zr.

90Zr 91Zr
Reaction !T (barn) I! (barn) !T (barn) I! (barn)
Total 5.50762 - 11.0729 -
Elastic 5.49765 - 9.85728 -
Capture 9.97256!10!3 0.132506 1.21566 6.0062

mal capture cross section significantly, but we note that
since we change both 90,91Zr capture cross sections the
overall e!ect on natZr thermal capture is approximately
unchanged for ENDF/B-VII.1 (190 mb) compared to
ENDF/B-VII.0 (182 mb) - (the Atlas recommended ele-
mental value is 185±3 mb). The ENDF/B.VII.0 thermal
capture cross section, 77 mb, was taken from the Atlas
recommendations [35]. This value was obtained by the
subtraction method, so a thermal capture cross section of
0.830 ± 0.083 b for 91Zr was adopted, based on the mea-
surements of Lone [146]. A more recent measurement by
Nakaruma et al. [147] reported a low limit of 1.30±0.04 b
for the thermal capture cross section of 91Zr indicating
that the derived thermal capture cross section for 90Zr is
over-estimated. Therefore, we removed the bound level
at -234 eV but otherwise adopted the ENDF/B-VII.0 res-
onances. The computed thermal capture cross section
from the positive-energy resonances is 10 mb, which is in
good agreement within the uncertainty limits with a mea-
sured value of 14+8

!4 mb [146]. We truncated the resolved
resonance region at 53.5 keV.

91Zr: See the note at the beginning of the previous
subsection on our essentially not changing the elemental
capture cross section. As mentioned above, to be consis-
tent with the natural zirconium capture cross section, we
derived a thermal capture cross section of 1.216 b using
two bound levels to describe the thermal capture cross
section and bound coherent and incoherent scattering
lengths [35]. This is consistent within two standard
deviations of [147]. We also adopted resonance param-
eters below 20 keV and an e!ective scattering radius
of 7.2 fm from Mughabghab [35]. We assume average
radiative widths of 127 meV and 223 meV for those s-
and p-wave resonances, respectively, for whose widths
were not determined from measurements [35, 127, 148].
We assigned ! values that had not been determined from
measurements by applying the Bayesian approach while
undetermined J values were assigned randomly to follow
the 2J+1 rule. With these parameters, we compute
the Westcott factor for capture as gw = 1.0031. In
the unresolved resonance region, we deduce an average
level spacing and strength functions for s-wave by
fitting of reduced widths of resolved resonances to the
Porter-Thomas distribution. We adopted the strength
function for p-wave from [148] and the average radiative
widths for s- and p-wave neutrons of 127 meV and 223
meV, respectively were obtained from [35, 127, 148]. For
d-wave neutrons, we obtain a capture width of 148.6
meV from the geometric mean of the s- and p-wave
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The Fast Region
✴Revised experimental database (see panel below)
✴Preserve H.I. Kim’s original Zr tunings as prior for fits 
✴Revised fitting procedure (see panel below)
✴Angular distributions computed within EMPIRE:

The Experimental Cross Section Database
Below is the numbers of data points and data sets (if greater than 
one).  Cells in yellow are collections of sets used only for validation.

natZr 90Zr 91Zr 92Zr 93Zr 94Zr 95Zr 96Zr
(n,tot) 59966* 

(37 sets)
17408+ 
(9 sets)

22472+ 
(4 sets)

695+ 
(6 sets)

84+ 
(4 sets)

5917**

(n,el) 65 
(16 sets)

24 
(9 sets)

2 21 
(6 sets)

1

(n,γ) 8308
(14 sets)

4955
(7 sets)

4960
(9 sets)

4911
(6 sets)

16
(3 sets)

95
(3 sets)

18
(15 sets)

(nn1’) 109
(3 sets)

104

(n,2n) 19 
(3 sets)

288 
(54 sets)

2 
(2 sets)

46 
(14 sets)

(n,3n) 1
(n,p) 274

(37 sets)
76

(22 sets)
79

(27 sets)
57

(26 sets)
1

(n,t) 1
(n,3He) 1 1
(n,np) 6 5 4 1
(n,nα) 5 1

Several sets were removed from this collection:
* EXFOR #40883003 V.V. Filippov & EXFOR #30134003 E. Islam, et 

al.: Bad normalization
* EXFOR #22560002 G. Deconninck: No Δσ(E) given
+ EXFOR #40935 M.B. Fedorov, et al.: Poor target characterization 
**EXFOR #13754002 A.R. De L. Musgrove, J.A. Harvey, W.M. Good: 

Target was contaminated with ZrO2

Fitting the cross sections
✴Use KALMAN code to fit the isotopic cross section data, including 

model parameter only covariances.  A sample covariance:

✴Use standalone Bayesian update code to include natZr(n,tot) data, 
including the induced cross-material covariance.  Generates 
modified EMPIRE inputs with TOTRED rescaling: changes (n,rxn) 
=(n,tot)-(n,shape el).  Prescription build fluctuations into <μ> too.

✴Could fit natZr(n,2n), natZr(n,el) or natZr(n, γ) too, but:
✴(n,shape-el) given by the optical model, so must be subtracted
✴(n,comp-el) varies with (n,rxn) and (n,γ), so must be subtracted
✴Neither the (n,γ) nor the (n,el) data is good enough to resolve any 

fluctuations
✴Use natZr(n,2n), natZr(n,el) or natZr(n, γ) to validate process, not to fit
✴Use natZr angular distributions to validate, not to fit.

What’s next?
✴Finalize tuning of prior parameters in preparation for KALMAN fits
✴Finalize KALMAN fits
✴Finalize natZr(n,tot) fits, using KALMAN fits as starting point for 

Bayesian updates
✴Assorted fixes to resonance parameters & fast region matching
✴Assemble final ENDF files
✴Testing in ZPR, TRIGA and KAPL benchmarks
✴Anticipate finalizing evaluation Summer 2013
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Abstract
We have performed a new combined set of evaluations for 90-96Zr, including new resolved resonance 
parameterizations from Said Mughabghab for 90,91,92,94,96Zr and fast region calculations made with 
EMPIRE-3.1.  Because 90Zr is a magic nucleus, 90Zr is nearly spherical.  Therefore, all even-even 
nuclei in the evaluation set were evaluated using EMPIRE's OPTMAN coupled channels code and a 
new soft-rotor optical model potential.  This then led to improved (n,el) angular distributions, helping 
to resolve improper leakage in the older ENDF/B-VII.1β evaluation in KAPL proprietary, ZPR and 
TRIGA benchmarks.  Another consequence of 90Zr being a magic nucleus is that the level densities 
in both 90Zr and 91Zr are unusually low causing the (n,el) and (n,tot) cross sections to exhibit large 
fluctuations above the resolved resonance region.  To accommodate these fluctuations, we 
performed a simultaneous constrained generalized least-square fit to (n,tot) for all isotopic and 
elemental Zr data in EXFOR, using EMPIRE's TOTRED scaling factor.  TOTRED rescales reaction 
cross sections so that the optical model calculations are unaltered by the rescaling and the correct 
competition between channels is maintained.  In this fit, all (n,tot) data in EXFOR was used for Ein > 
100 keV, provided the target isotopic makeup could be correctly understood, including spectrum 
averaged data and data with broad energy resolution.  As a result of our fitting procedure, we have 
full cross material and cross reaction covariance for all Zr isotopes and reactions.
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Introduction
Because of its low (n,γ) 
cross section and corrosion 
resistance, zirconium is an 
important structural material 
used in many reactor 
applications:
✴Nuclear fuel rod cladding
✴Moderator (in form of ZrH)
✴Inert material in fuel matrix
Despite Zr’s technological 
importance, it is notoriously difficult to evaluate.  90Zr has a closed 
neutron shell so 
✴Nearby nuclei have low level densities and Hauser-Feshbach 

theory requires high level densities
✴(n,el) and (n,tot) cross sections exhibit large fluctuations at high 

energies 
The ENDF/B-VI.8 evaluation remedied this by simply fitting 
experimental data, ignoring many of the outgoing particle 
distributions.  Later, the ENDF/B-VII.0 evaluation was created using 
EMPIRE, providing the particle distributions, but ignoring the 
structure in (n,tot) and (n,el).  The ENDF/B-VII.1 evaluation 
attempted to capture the best of both evaluations by tuning EMPIRE 
calculations to data.  Problems with (n,el) neutron angular 
distributions forced us to replace them with ones from JENDL-4.0.  
Here, we detail improvements to Zr for use in ENDF/B-VII.2. 

The Resonance Region
For ENDF/B-VII.1, 90Zr and 91Zr resonances were re-evaluated 
giving these resonance integral and thermal cross sections:

Summary of new evaluation resonances:
✴90Zr: ENDF/B-VII.1
✴91Zr: ENDF/B-VII.1
✴92Zr: ENDF/B-VII.1 (JAEA and S. Mughabghab)
✴93Zr: Atlas of Neutron Resonances
✴94Zr: ENDF/B-VII.1
✴95Zr: JENDL-4.0 (JENDL-3), needs fixes to correct background
✴96Zr: Modified from ENDF/B-VII.1: scattering radius and negative 

energy resonance modified

Major Release: EMPIRE-3.1 (Rivoli)
✴New version of Coupled 

Channel code ECIS-2006
✴Coupled Channel code 

OPTMAN for soft-rotor 
calculations

✴Parity dependent ρ(J,E)
✴New parametrization of 

EGSM level densities
✴Addition of <μ>
✴Many bug fixes

ENDF/B-VII.1 Nuclear Data ... NUCLEAR DATA SHEETS M.B. Chadwick et al.

ENDF/B-VI.8 files evaluated in the 1970’s relied heav-
ily on experimental data and lacked quantities such as
double-di!erential cross sections and gamma production.
Therefore the preliminary version of ENDF/B-VII.0 fol-
lowed recommendations of the WPEC Subgroup 23 (but
this was not finally adopted for VII.0); in most cases
CSEWG adopted neutron resonances recommended by
Mughabghab [35] and JENDL-3.3 evaluations in the fast
neutron range, except 90Zr where CSEWG favored the
BROND-2 evaluation. These evaluations turned out to
perform worse than ENDF/B-VI.8, showing an undesir-
able drop in the reactivity when tested by KAPL and
Bettis [145]. Sensitivity studies indicated that this short-
age could be counteracted by increasing the elastic cross
section in 90Zr. The NNDC (BNL) performed a new eval-
uation of the fast neutron region in 90Zr using the EM-
PIRE code and dispersive optical model potential (OMP)
based on rigid-rotor couplings for 103Rh [85], which pro-
vided an acceptable description of the total cross section
on 90Zr and confirmed the higher elastic scattering cross
section, however rigid rotor is not a good approximation
for the structure of even-even Zr isotopes, and a better
OMP treatment was needed. This evaluation was ac-
cepted by KAPL and Bettis and adopted by CSEWG for
the final release of ENDF/B-VII.0.

Integral testing of ENDF/B-VII.0 performed after its
release revealed that the new set of Zr evaluations over
predicts reactivity in the TRIGA C132 and C133 bench-
marks by more than 500 pcm. In addition, new not
yet published measurements of the total cross section on
natural Zr performed by RPI indicated that ENDF/B-
VI.8 values were much closer to the new data than those
of ENDF/B-VII.0. Finally, continued testing at KAPL
showed that ENDF/B-VI.8 performance was still superior
compared to all modern libraries. This can be viewed as a
clear case in which a dated evaluation using little theory,
but tuned to the experimental data, is better than more
recent evaluations that used far more advanced modeling
but that pay less attention to the measurements.

In the old ENDF/B-VI.8 evaluation and in the exper-
imental data, there are pronounced fluctuations in the
total and elastic cross sections below 1 MeV indicating
either resonance structure or potentially insu"cient
level density for statistical model treatment, most likely
related to the closed neutron shell in 90Zr. In the new
evaluations we describe below, we attempt to preserve
the completeness of the model based evaluations without
losing the experimental information that cannot be
reproduced within statistical reaction theory. While
doing this, we make use of advanced approaches such
as coupled-channel soft-rotor optical potential and
microscopic, parity dependent level densities.

Resonance region

New resonance region evaluations were developed for 90Zr
and 91Zr. Table XX summarizes the thermal cross section
and resonance integrals for the two evaluations.

90Zr: We are changing the recommended 90Zr ther-

TABLE XX: Calculated thermal cross sections (!T ) and res-
onance integrals (I!) for 90Zr and 91Zr.

90Zr 91Zr
Reaction !T (barn) I! (barn) !T (barn) I! (barn)
Total 5.50762 - 11.0729 -
Elastic 5.49765 - 9.85728 -
Capture 9.97256!10!3 0.132506 1.21566 6.0062

mal capture cross section significantly, but we note that
since we change both 90,91Zr capture cross sections the
overall e!ect on natZr thermal capture is approximately
unchanged for ENDF/B-VII.1 (190 mb) compared to
ENDF/B-VII.0 (182 mb) - (the Atlas recommended ele-
mental value is 185±3 mb). The ENDF/B.VII.0 thermal
capture cross section, 77 mb, was taken from the Atlas
recommendations [35]. This value was obtained by the
subtraction method, so a thermal capture cross section of
0.830 ± 0.083 b for 91Zr was adopted, based on the mea-
surements of Lone [146]. A more recent measurement by
Nakaruma et al. [147] reported a low limit of 1.30±0.04 b
for the thermal capture cross section of 91Zr indicating
that the derived thermal capture cross section for 90Zr is
over-estimated. Therefore, we removed the bound level
at -234 eV but otherwise adopted the ENDF/B-VII.0 res-
onances. The computed thermal capture cross section
from the positive-energy resonances is 10 mb, which is in
good agreement within the uncertainty limits with a mea-
sured value of 14+8

!4 mb [146]. We truncated the resolved
resonance region at 53.5 keV.

91Zr: See the note at the beginning of the previous
subsection on our essentially not changing the elemental
capture cross section. As mentioned above, to be consis-
tent with the natural zirconium capture cross section, we
derived a thermal capture cross section of 1.216 b using
two bound levels to describe the thermal capture cross
section and bound coherent and incoherent scattering
lengths [35]. This is consistent within two standard
deviations of [147]. We also adopted resonance param-
eters below 20 keV and an e!ective scattering radius
of 7.2 fm from Mughabghab [35]. We assume average
radiative widths of 127 meV and 223 meV for those s-
and p-wave resonances, respectively, for whose widths
were not determined from measurements [35, 127, 148].
We assigned ! values that had not been determined from
measurements by applying the Bayesian approach while
undetermined J values were assigned randomly to follow
the 2J+1 rule. With these parameters, we compute
the Westcott factor for capture as gw = 1.0031. In
the unresolved resonance region, we deduce an average
level spacing and strength functions for s-wave by
fitting of reduced widths of resolved resonances to the
Porter-Thomas distribution. We adopted the strength
function for p-wave from [148] and the average radiative
widths for s- and p-wave neutrons of 127 meV and 223
meV, respectively were obtained from [35, 127, 148]. For
d-wave neutrons, we obtain a capture width of 148.6
meV from the geometric mean of the s- and p-wave
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The Fast Region
✴Revised experimental database (see panel below)
✴Preserve H.I. Kim’s original Zr tunings as prior for fits 
✴Revised fitting procedure (see panel below)
✴Angular distributions computed within EMPIRE:

The Experimental Cross Section Database
Below is the numbers of data points and data sets (if greater than 
one).  Cells in yellow are collections of sets used only for validation.

natZr 90Zr 91Zr 92Zr 93Zr 94Zr 95Zr 96Zr
(n,tot) 59966* 

(37 sets)
17408+ 
(9 sets)

22472+ 
(4 sets)

695+ 
(6 sets)

84+ 
(4 sets)

5917**

(n,el) 65 
(16 sets)

24 
(9 sets)

2 21 
(6 sets)

1

(n,γ) 8308
(14 sets)

4955
(7 sets)

4960
(9 sets)

4911
(6 sets)

16
(3 sets)

95
(3 sets)

18
(15 sets)

(nn1’) 109
(3 sets)

104

(n,2n) 19 
(3 sets)

288 
(54 sets)

2 
(2 sets)

46 
(14 sets)

(n,3n) 1
(n,p) 274

(37 sets)
76

(22 sets)
79

(27 sets)
57

(26 sets)
1

(n,t) 1
(n,3He) 1 1
(n,np) 6 5 4 1
(n,nα) 5 1

Several sets were removed from this collection:
* EXFOR #40883003 V.V. Filippov & EXFOR #30134003 E. Islam, et 

al.: Bad normalization
* EXFOR #22560002 G. Deconninck: No Δσ(E) given
+ EXFOR #40935 M.B. Fedorov, et al.: Poor target characterization 
**EXFOR #13754002 A.R. De L. Musgrove, J.A. Harvey, W.M. Good: 

Target was contaminated with ZrO2

Fitting the cross sections
✴Use KALMAN code to fit the isotopic cross section data, including 

model parameter only covariances.  A sample covariance:

✴Use standalone Bayesian update code to include natZr(n,tot) data, 
including the induced cross-material covariance.  Generates 
modified EMPIRE inputs with TOTRED rescaling: changes (n,rxn) 
=(n,tot)-(n,shape el).  Prescription build fluctuations into <μ> too.

✴Could fit natZr(n,2n), natZr(n,el) or natZr(n, γ) too, but:
✴(n,shape-el) given by the optical model, so must be subtracted
✴(n,comp-el) varies with (n,rxn) and (n,γ), so must be subtracted
✴Neither the (n,γ) nor the (n,el) data is good enough to resolve any 

fluctuations
✴Use natZr(n,2n), natZr(n,el) or natZr(n, γ) to validate process, not to fit
✴Use natZr angular distributions to validate, not to fit.

What’s next?
✴Finalize tuning of prior parameters in preparation for KALMAN fits
✴Finalize KALMAN fits
✴Finalize natZr(n,tot) fits, using KALMAN fits as starting point for 

Bayesian updates
✴Assorted fixes to resonance parameters & fast region matching
✴Assemble final ENDF files
✴Testing in ZPR, TRIGA and KAPL benchmarks
✴Anticipate finalizing evaluation Summer 2013
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Abstract
We have performed a new combined set of evaluations for 90-96Zr, including new resolved resonance 
parameterizations from Said Mughabghab for 90,91,92,94,96Zr and fast region calculations made with 
EMPIRE-3.1.  Because 90Zr is a magic nucleus, 90Zr is nearly spherical.  Therefore, all even-even 
nuclei in the evaluation set were evaluated using EMPIRE's OPTMAN coupled channels code and a 
new soft-rotor optical model potential.  This then led to improved (n,el) angular distributions, helping 
to resolve improper leakage in the older ENDF/B-VII.1β evaluation in KAPL proprietary, ZPR and 
TRIGA benchmarks.  Another consequence of 90Zr being a magic nucleus is that the level densities 
in both 90Zr and 91Zr are unusually low causing the (n,el) and (n,tot) cross sections to exhibit large 
fluctuations above the resolved resonance region.  To accommodate these fluctuations, we 
performed a simultaneous constrained generalized least-square fit to (n,tot) for all isotopic and 
elemental Zr data in EXFOR, using EMPIRE's TOTRED scaling factor.  TOTRED rescales reaction 
cross sections so that the optical model calculations are unaltered by the rescaling and the correct 
competition between channels is maintained.  In this fit, all (n,tot) data in EXFOR was used for Ein > 
100 keV, provided the target isotopic makeup could be correctly understood, including spectrum 
averaged data and data with broad energy resolution.  As a result of our fitting procedure, we have 
full cross material and cross reaction covariance for all Zr isotopes and reactions.

TRIGA Reactor with UZrH fuel

<μcm> for 90Zr(n,n1’)

<μcm> for 90Zr(n,el)

Covariance 
for 96Zr(n,γ)

EMPIRE-3.1 (Rivoli) 
released Jan. 2012

Fuel bundle with 
Zr cladding
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What next

 I’ve proved we can make an evaluation that 
• has fluctuations
• has decent angular distributions

 The next step is to actually finish the evaluation!
• Already have experimental database set up
• Roberto Capote has been tweaked the OMP
• Trying to get KALMAN and latest EMPIRE to cooperate
• Then rework my Bayesian update code that folds in natZr(n,tot) 

data
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