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New Zr evaluations for ENDF/B-VII.1

 EMPIRE evaluation
 Leakage problems 
 Resolution:  fixed with JENDL-4
 Improved testing
 Next steps



About Zr and the evaluations

 Zr is a corrosion resistant material with low thermal 
neutron absorption cross section, so it is ideal in 
many reactor applications

 90Zr is magic so has low level density & lots of 
fluctuations

 1970‘s ENDF/B-VI.8 evaluations
• fits of cross sections
• no gamma production, no double differential data

 2000’s ENDF/B-VII.0 evaluations
• EMPIRE based
• model based cross sections did not reproduce fluctuations
• after release, learned performed poorly in TRIGA C132, 

C133 benchmarks
3



H.I. Kim, S. Mughabghab and R. 
Capote re-evaluated Zr isotopes with 
EMPIRE, fitting ENDF/B-VI.8 (n,tot) 
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Strange (n,el) angular 
distributions 
changed leakage
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Figure 117: zr90[152]: Einc =0.35 MeV
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Figure 118: zr90[153]: Einc =0.15 MeV
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Figure 119: zr90[154]: Einc =15.0 keV
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Figure 120: zr90[155]: Einc =8.0 keV
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Figure 121: zr90[156]: Einc =0.8 keV
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Figure 122: zr90[157]: Einc =80.0 eV
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Figure 123: zr90[158]: Einc =8.0 eV
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Figure 124: zr90[159]: Einc =0.8 eV
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E = 8 eV

E = 15 keV

Backward peaked 
at low energy?!?

Reported by C. Lubitz, T. Trumbull

Note: This keeps low 
energy neutrons from 
leaking out by scattering 
them back into the 
system, increasing keff 
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Given the short time-scale before 
ENDF/B-VII.1 due, we looked to other 
libraries

 Since the double differential (n,el) cross section is

 We can preserve the excellent (n,el) total cross 
section by replacing only the             in file 4  

 JENDL-4 used Koning-Deleroche OMP, a reasonable 
substitute given that we are at a closed shell

 FUDGE made this substitution simple 
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d�(E)

d⌦
= (2⇡)�1�(E)P (E|µ)



You call it a Franken-evaluation, we 
say that it is a strong case for organ 
donation
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Agreement 
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fantastic

Shape of 
distribution 
now makes 
sense



Said took this opportunity to start 
updating the resonances

 90Zr all new
 91Zr first pass at fixes
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Zirconium evaluations

H. I. Kim, S. Mughabghab, M. W. Herman, R. Capote, A. Trkov, and R. Arcilla
(Dated: September 21, 2011)

A. Zr

Rationale for new evaluation

Zirconium is used in fuel rods cladding due to its
corrosion-resistance and low thermal neutron absorption
cross-section. It is also considered in advanced reac-
tor design studies as a moderator (in the form of zir-
conium hydride) and as inert matrix fuel material. The
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; in
most cases CSEWG adopted neutron resonances recom-
mended by Mughabghab [1] 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, show-
ing an undesirable drop in the reactivity when tested
by KAPL and Bettis [2]. Sensitivity studies indicated
that this shortage could be counteracted by increasing
the elastic cross section in 90Zr. The NNDC (BNL) per-
formed a new evaluation of the fast neutron region in 90Zr
using the EMPIRE code and dispersive optical model
potential for 105Pd [3], which provided acceptable de-
scription of the total cross section on 90Zr and confirmed
the higher elastic scattering cross section. This evalua-
tion was accepted 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 supe-
rior compared to all modern libraries. This can be viewed
as a clear case in which a dated evaluation using little the-
ory but hooked to the experimental data is better than
more recent evaluations using far more advanced model-
ing but paying 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 re-
lated to the closed neutron shell in 90Zr. In the new eval-
uations we describe below, we attempt to preserve the
completeness of the model based evaluations without los-
ing the experimental information that cannot be repro-

TABLE I. Calculated thermal cross sections (�T ) and reso-
nance 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

duced within 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 I summarizes the thermal cross section
and resonance integrals for the two evaluations.

90Zr: The ENDF/B.VII.0 thermal capture cross sec-
tion, 77 mb, was taken from the Atlas recommendations
[1]. 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 measurements of Lone [4].
A more recent measurement by Nakaruma et al. [5] re-
ported 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. There-
fore, we removed the bound level at -234 eV but otherwise
adopted the ENDF/B-VII.0 resonances. 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 measured value of 14+8

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

91Zr: As mentioned above, to be consistent 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 [1].
This is consistent within two standard deviations of [5].
We also adopted resonance parameters below 20 keV and
an e↵ective scattering radius of 7.2 fm from Mughabghab
[1]. We assume average radiative widths of 127 meV
and 223 meV for those s- and p-wave resonances, re-
spectively, for whose widths were not determined from
measurements [1, 6, 7]. We assigned ` values that had
not been determined from measurements by applying the
Bayesian approach while undetermined J values were as-
signed randomly to follow the 2J+1 rule. With these
parameters, we compute the Wescott factor for capture
as gw = 1.0031. In the unresolved resonance region, we
deduce an average level spacing and strength functions
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Benchmarking of new evaluations
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B7.0

B7.1

J4 + B7.0 

Benchmarking by A. Trkov
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Next steps

 Said to finish redoing all resonances
• 91Zr to get major RRR upgrade: fit most of fluctuations with 

extended RRR instead of tuned EMPIRE calc.
• 92-94Zr could use updates
• 95Zr crap (URR only)

 Redo EMPIRE calculations with new soft-rotor OMP
 Make sure distributions are well behaved
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