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Abstract - 5*Ey is an important burnup indicator nuclide, especially for assays of longer-cooled fuel assem-
blies, given its comparatively longer half-life of 8.593 years and its high-energy gamma emissions. However,
recent integral benchmarking studies based on spent fuel assay data reveals evidence of a systematic bias in
the thermal-region ">*Eu (n,y) '3 Eu capture cross-section, wherein evaluations within the ENDF/B-VIL.O and
VILI libraries underestimate the radiative capture cross-section in this region. As a result, "*Eu is consistently
overestimated in spent fuel benchmarking studies. In this study, a corrected evaluation of the *Eu capture
cross-section is presented, which is benchmarked across 14 spent fuel assay benchmarks. In general, the new
proposed evaluation shows about 5-6% better agreement with experimental data than the ENDF/B-VII.O and
VII. I evaluations for light water reactor data and an even greater improvement for the pressurized heavy water

reactor benchmark studied.

I. INTRODUCTION

154Eu is an important burnup indicator nuclide, given its
relatively energetic gamma emissions (996.3 keV, 1,004.8
keV, and 1,274.4 keV) and moderately long half-life (8.59
years). In as much, '*Eu is frequently used in conjunction
with ¥7Cs) as a passive indicator of spent fuel burnup [T,
especially for longer-aged assemblies (i.e., cooled for > 5000
days). The '3*Eu signature is therefore important to a number
of applications, including measurements used for spent fuel
burnup credit [2]] and for fuel assembly burnup estimation for
safeguards applications (including reconstruction of plutonium
content of irradiated assemblies) [3. 4]].

However, a number of recent benchmarking studies
employing the most recent ENDF nuclear data evaluations
(ENDF/B-VII.0 and VII.1) have uncovered evidence of sys-
tematic overestimation in the predicted inventories of **Eu
across a diverse set of assembly types, as evinced in Table
I54Eu is consistently over-predicted in spent fuel benchmark
studies, generally on the order of 10% or more; this stands
in marked contrast with relatively accurate calculations of
both actinoid inventories as well as other major burnup indi-
cator species, such as '*’Cs and '**Nd. Thus, in this paper I
present evidence of a systematic bias in calculated spent fuel
isotopic inventories arising from underestimation of the ther-
mal capture cross-section for the *Eu (n, y) '>3Eu reaction in
the most recent ENDF evaluations.

This study is based off of benchmarking studies from sev-
eral well-documented spent fuel destructive assay benchmarks
covering a range of fuel burnups and assembly types, including
a CANDU pressurized heavy water reactor (PHWR) assem-
bly as well as a number of different pressurized water reactor
(PWR) fuel assembly lattice types. The findings of this study
indicate that the overestimation effect arising from the thermal
radiative capture cross-section is both persistent as well as sen-
sitive to spectral effects (i.e., the effect is most pronounced in
more heavily moderated spectra with a lower average neutron
energy, such as in the CANDU PHWR assembly).

II. BACKGROUND & THEORY
1. >*Eu production and destruction

Because the direct fission yield of '**Eu from both 23U
and 2*Pu fission is vanishingly small and production of >*Eu
from beta decay is blocked by the stable isotope '>*Eu, the
dominant production channel for >*Eu is through neutron cap-
ture reactions; i.e., >*Eu is produced almost exclusively from
neutron captures by '>3Eu. As a result, >*Eu are proportional
to neutron exposure, similar to '3*Cs, another commonly-
employed burnup indicator species. Meanwhile, given the
long half-life of >*Eu, the dominant loss mechanism during
irradiation is through successive radiative capture by >*Eu
(producing '3°Eu).

In as much, over-estimation of the >*Eu inventories can
be narrowed down to one of two causes: over-production of
I54Eu (either directly by over-estimation of the rate of neutron
captures by '>*Eu or over-production of '>3Eu directly from
fission), or from under-estimation of losses of I34Ey from
capture reactions. In the case of over-estimations of >*Eu
driving over-predictions of '>*Eu (either due to overestimation
of 13Eu production or capture losses), one should expect to
see a correlated pattern of systematic overestimations of >3 Eu
inventories. Conversely, a relatively good agreement of >Eu
predictions with benchmark data would imply an issue with
the '3*Eu loss channel. As I will illustrate in the following
section, evidence strongly points to this latter explanation.

2. 3Eu & "*Eu radiative capture cross-section evalua-
tions

Figures g] and [2] illustrate the radiative capture cross-
sections for '**Eu and '>*Eu across different nuclear data eval-
uations. With the exception of the transition from ENDF/B-
VIL.O to VII.1 (wherein there is a 15% upward adjustment
in the *3*Eu (n, y) >*Eu thermal capture cross-section due to
new experimental data incorporated into the evaluation), the
I53Eu radiative capture cross-section is effectively unchanged
between evaluations. Thus, while enhanced capture by >>Eu
in the ENDF/B-VII.1 evaluation would explain a small com-
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TABLE 1. Calculated to experiment (C/E) ratios for '>*Eu from recent spent fuel benchmarking studies using ENDF/B-VILO0 and
VII.1 data; ENDF/B-VIIL.O and VII.1 C/E data adapted from evaluations in [S]] with original benchmarking studies indicated.

# — Average C/E

Assembly / Sample Type samples ENDF-VILO ENDF-VILI
TMI-1 NJO5YU [6]] B&W 15 x 15 (PWR) 5 0.021 1.1151 1.1311
Calvert Cliffs MKP-109 [7] CE 14 x 14 (PWR) 3 0.074 1.0647 1.0924
REBUS GKN-II [8] 18 x 18 (PWR) 1 0.017 1.1320 1.1448
ARIANE GU1 [8] 15 x 15 (PWR) 1 0.020 1.1283 1.1391
Vandellds 1T [9] Westinghouse 17 x 17 (PWR) 3 0.104 1.0971 1.1209
Pickering-A 19558C [10] CANDU 28-element (PHWR) 1 0.050 1.1623 1.2641
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Fig. 1. 5Eu (n, y) '>*Bu capture cross-section for ENDF/B-
V.2, VL.8, VIL.O, and VII.1 evaluations [|13}14]. Note that the
ENDEF/B-VIIL.1 evaluation shows a 15% change in the thermal
capture cross-section based upon new measurements included
in the evaluation.

Mughabghab points out that the 1840 barn thermal capture
cross-section reported by Sekine et. al. assumes a !/, Wescott
factor of unity, wheras the correct value would be g,, = 1.237
[S]; thus, the true thermal capture cross-section (rather than
the Maxwellian-weighted value) would be around 1488 +
73 barns [3]]. For comparison, historical evaluated values of
the 2200 ™/s cross-section are reported in Table |lI} here, one
will observe that the corrected Sekine value lies just over the
-0 uncertainty bounds from the original value reported by

10° 10I" 10I'3 1(;'2 10I" 10° 10' 1(I)2 1(;3 1<IJ" 1(I)5 1(I)6 11I)7 1tl)B

Energy (eV)
Fig. 2. *Eu (n,y) >’Eu capture cross-section for ENDF/B-
V.2, VL8, VILO, and VIIL.1 evaluations. [13|[14]. The '**Eu
thermal capture cross-section (below 0.1 eV) is approximately
37% lower in ENDF/B-VIIL.O and VII.1 evaluations as com-
pared to ENDF/B-VL.8.

Mughabghab [12]]. This Wescott-corrected value will serve
as a basis of comparison for proposed revisions to the cross-
section value discussed in the next section.

TABLE II. Measured and evaluated 2200 ™/s capture cross-
sections (o) for **Eu

Evaluator Type oy, (bn)  Uncert. (bn)
Hayden et. al. [15] Exp. 880 —
Vertebnyj et. al. [16] Exp. 1250 160
Sekine et. al. [11] Exp. 1840 90
Mughabghab [[12]] Calc. 1340 130

3. Evaluated modifications to the >*Eu radiative capture
cross-section

Based on the differences in the ENDF/B-VI.8 evaluation
(performed by R. Q. Wright) and ENDF/B-VII.0, one amend-
ment to the >*Eu thermal capture cross-section that could be
inferred would be to restore the resolved resonance treatments
evaluated by Wright, including a bound state at -0.71 eV and
adjusting the first resolved resonance at 0.190 eV (hereafter
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referred to as the “Wright” evaluation). An alternative evalua-
tion, proposed by Mughabghab, would be to shift the location
of the first resolved resonance from 0.195 eV to 0.188 eV
based on results reported by Anufriev [17]; this in turn would
also incorporate adjusting the neutron width (I',;) proportional

to \/LF i.e. by a factor of % = 1.018 (referred to hereafter

as “Mughabghab”). The modifications ot the ENDF resolved
resonance evaluations for each of these evaluations is explicitly
shown as Table [T

Applying each of the two proposed modifications in Ta-
ble [[1I] to the ENDF/B-VII.O and VII.1 resolved resonances
for "°*Eu, I developed new AMPX master continuous energy
(CE) libraries for use with the TRITON/NEWT discrete ordi-
nates transport sequence to evaluate the effect of modifying
the thermal capture resolved resonance parameters. While
TRITON/NEWT makes use of multi-group nuclear data in
its lattice physics treatment, the CENTRM module used to
process resonance self-shielding uses AMPX CE data to up-
date the multigroup libraries; thus, updating the AMPX CE
data used by TRITON was required to perform this evaluation.
This updated CE data is then propagated by CENTRM into
the calculation to produce updated multi-group libraries used
in the lattice physics calculation.

The updated pointwise cross-sections for the thermal res-
onance region are shown in Figure 3] Here, the primary differ-
ence between the evaluations is in the centroid and intensity of
the first resolved resonance and likewise the '/, thermal region
of the cross-section.

Eu-154 (n,gamma) 293 K x5

10000]

Cross Section (barns)

— ENDF/B-VII.1

— ENDF/B-VII.1 + mod-Mughabghab

— ENDF/B-VII.1 + mod-Wright
wh

Energy (eV) °

Fig. 3. Original ENDF/B-VIIL.O & VII.1 treatment for the
thermal region of the ">*Eu (n, y) '*Eu cross-section, along
treatments based on restoring the ENDF/B-VI.8 bound state
and first resolved resonance (“Wright”) and by shifting the lo-
cation of the first resolved resonance and adjusting the neutron
width proportionally (“Mughabghab”).

Note that previously-conducted integral benchmark evalu-
ations using the Wright treatment appear to overestimate '>*Eu
captures, leading to underestimation of the '’*Eu inventory
in most samples evaluated [5]. Conversely, the Mughabghab
treatment shows consistently improved agreement with exper-
imental values for both ENDF/B-VIIL.0O and VII.1 although
still producing noticable overestimates of '*Eu inventories for
most cases [3)]. As a result, this analysis will focus exclusively
upon the modifications to the '>*Eu thermal capture evaluation
proposed by Mughabghab.

4. Integral benchmarks evaluated

For this study, fourteen samples from six separate as-
semblies are evaluated, spanning a range of burnups from
27.35-64.6 SA—\;’[‘}for PWR assembly types, along with one
CANDU 28-element PHWR assembly with a discharge bur-
nup of 9.21 SY4 Details of each set of benchmark evaluations

MTU *
are described in the following subsections.

A. TMI-1 NJO5YU samples

Five benchmark samples were obtained from Three-Mile
Island Unit 1 (TMI-1) NJO5SYU from two separate pins: sam-
ples C2D1 and C2D2 taken from pin H6 (an interior pin), and
samples Al, B1, and B2 taken from pin D5, located next to a
control rod guide tube, corresponding to the samples studied
in [6]], as illustrated Figure @ For the first irradiation cycle
(Cycle 9), sixteen Aly-B4C control rods were present in the
guide tubes; these were removed in the second irradiation cy-
cle (Cycle 10). This removal was modeled using TRITON’s
material swap feature (new to SCALE 6.2), with the control
rod material swapped for an equivalent volume of moderator.

B,C control

Pin\DS

Fig. 4. TRITON lattice model for the TMI-NJO5YU samples
evaluated (from pins D5 and H6, as indicated on the figure).
B4C control rods were removed (using TRITON’s swap fea-
ture) following the first irradiation cycle.

B. Calvert Cliffs MKP-109 samples

Calvert Cliffs assembly D047 was a Combustion Engi-
neering 14 x 14 (CE 14 x 14) PWR assembly measured as
part of a U.S. campaign designed to measure moderate-burnup
assemblies representative of many assemblies currently kept in
on-site storage [[/l]. The Calvert Cliffs measurements consisted
of three samples taken from rod MKP-109, an interior rod
(illustrated in Figure [3)), covering a sample burnup range of
274 ](\}4—% to 44.3 SA—% As seen in Figure assembly D047
is modeled as a half-lattice model with reflective boundary
conditions owing to symmetry; the TRITON lattice model was
constructed based on sample inputs provided in [7].
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TABLE III. Evaluated modifications to the ENDF/VILO / VII.1 '*Eu (n, )'>° Eu resolved resonance parameters, based on the
ENDF/B-VI.8 thermal-region behavior (“Wright”) and changes proposed by Mughabghab (“Mughabghab’). Note that the
changes based on ENDF/B-VI.8 (“Wright”) introduces an additional bound state at -0.71 eV not present in the VIL.O or VIIL.1

evaluations.
Evaluation E (eV) [J] T I, r,
Wright -0.7100000 2.5 0.1264160 4.160000E-4  0.1260000
0.1900000 3.5 0.1600595 5.950000E-5 0.1600000
Mughabghab  0.1880000 2.5 0.1500731 7.307365E-5 0.1500000
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Fig. 5. TRITON half-assembly lattice model for the Calvert
Cliffs rod MKP-109 samples evaluated.

Assembly D047 was irradiated over the course of four cy-
cles, although simplifying the analysis, there were no burnable
poisons or gadolinia (Gd,03-UQ;) rods in the assembly. The
cycle powers used to produce the benchmark evaluation were
corrected from their nominal values published in [7, [18} [19]]
to match inventories of *8Nd [[5]], used as strong indicator of
the total number of fissions (and therefore actual fuel burnup)
[20].

C. REBUS GKN-II sample

The REBUS program. comprised of an international col-
laboration of institutes from Belgium, France, Germany, Japan,
and the United States, focused on code validation measure-
ments used for burnup credit in spent fuel storage applications,
employing critical experiments conducted on spent fuel rod
segments [8]. Of these, rod M11 from assembly 419 of the
Gemeinschaftskernkraftwerk Unit IT (GKN-II) reactor in Ger-
many (an 18 X 18 PWR assembly employing UO, fuel) was
measured for its isotopic content. Key characteristics of this
assembly include the presence of 12 gadlonia rods with 7.0 wt.
9% Gd; O3 content (with an initial uranium enrichment of 2.6 wt.
%) and 24 guide tubes [8]. The measured rod (M11) was lo-
cated relatively toward the interior of the assembly, away from
flux-distorting features such as gadlonia rods and guide tubes
(as seen in Figure[7)), rendering the benchmark relatively free
of possible biases that may confound isotopic comparisons.

D. ARIANE GUI sample

The ARIANE program represented an international col-
laborative effort (coordinated by Belgonucleaire and involving

Rod M11

Gd203'U02
7 rods

Fig. 6. TRITON lattice model for the REBUS GKN-II sample
(from rod M11) evaluated. Note the presence of gadolinia
burnable absorber (Gd;03-UQ;,) rods present in the assembly.

participant laboratories and utilities from Belgium, Germany,
Japan, Netherlands, Switzerland, the U.K., and the U.S.) in-
tended to expand available isotopic measurements from spent
fuel assemblies used for validation of reactor physics and de-
pletion codes [8]. Three UO, samples were measured by the
ARTANE program (samples GU1, GU3, and GU4) from the
Gosgen reactor located in Switzerland. However, due to sub-
stantial irregularities in the irradiation histories of samples
GU3 and GU4, these samples were not considered for this
study. GU3 and GU4 were irradiated within assembly 1601
for cycles 16 and 17 and subsequently transferred to a assem-
bly 1701, which began cycle 18 with an average burnup of
about 20.0 % [8]. It was determined that the complexity of
this operating history introduced the potential for significant
confounding factors which may render benchmarks from these
samples less useful for establishing the accuracy of the *Eu
inventories, especially compared to less complex irradiation
histories.

E. Vandellos-11I samples

Three samples were evaluated from the Vandell6s-II re-
actor from Spain as part of a program to evaluate especially
high-burnup fuel samples [9]. This analysis focuses on three
samples taken at different axial locations (samples E58-088,
E58-148, and E58-263) from rod WZR0058, taken from as-
sembly EC45. Rod WZR0058 was part of a Westinghouse
17 x 17 assembly; this rod was irradiated as part of assembly
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PinM13 [

Fig. 7. TRITON quarter-assembly lattice model for the
ARIANE GU1 assembly sample evaluated.

EC45 for three consecutive cycles (cycles 7-10) before being
removed and placed into the rebuilt assembly EF05, which had
a previous assembly-average burnup of 26.5 ](\},[—% [O]. Three
other samples were available in this benchmark (including
sample E58-700 from WZRO0058, sample 165-2a from rod
WZtR165, and sample 160-800 from rod WZtR160), how-
ever these samples were not evaluated as part of this study
due to inconsistencies in the calculated isotopic inventories
(including major actinides and burnup indicator species like
148Nd), potentially due to problems with the assay measure-
ments themselves [9]. The TRITON lattice models used for
modeling rod WZR0058 in cycles 7-10 and cycle 11 are pre-
sented as Figure [§]and[9] respectively.

WZR0058
(cycles 7-10)

Fig. 8. TRITON lattice model for the Vandell6s-II WZR0058
pin, cycles 7-10. Per [9]], the neighboring quarter assembly
was also modeled for cycles 7-10 in order to capture neighbor
assembly effects, due to the location of pin WZR0058 at the
edge of the assembly. Likewise note that pin WZR0058 was
subsequently removed and placed into the rebuilt assembly
EFOS5 for cycle 11.

Despite the overall complexity of the Vandellds irradia-
tion history (similar to samples GU3 and GU4 of the ARIANE
assembly which were not modeled), a reasonable agreement
was obtained for major isotopes of both uranium and pluto-
nium as well as burnup indicators such as '“*Nd and !¥7Cs,
with agreements within 2% for '“8Nd and well within the 2-o-

WZR0058
(cycle 11)

Fig. 9. TRITON quarter-assembly lattice model for the rebuilt
Vandell6s-II EF05 assembly for the WZR0058 pin, irradiated
in cycle 11.

confidence bounds defined for the uranium and plutonium
measurements [9]], indicating a good overall agreement of the
model ot the experimental assay.

F. Pickering-A 19558C / CANDU-28 element sample

Fuel bundle 19958C (irradiated in the Pickering-A reac-
tor) is a 28-element CANDU PHWR assembly employing
natural uranium fuel elements with Zircaloy-4 cladding, em-
ploying a heavy-water (D,0O) moderator, with the fuel lattice
depicted as Figure [I0] using a nominal assembly power his-
tory provided in [21]. Each ring of the assembly was modeled
as a separate fuel material with a uniquely-calculated Dan-
coff Factor in order to accurately represent the differences
in the neutron flux and element powers for each ring (given
the unique geometry of CANDU fuel bundles); details of this
model are provided in [10].

Fig. 10. TRITON assembly lattice model for the Pickering-A
(bundle 19958C) CANDU 28-element PHWR bundle evalu-
ated.

In the destructive chemical assay benchmark outlined in
[21) 22) 23], a single outer-ring fuel element was assayed
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Fig. 11. C/E values for ’'Eu, ’*Eu, ’*Eu, and "’Eu for the TMI-1 assembly NJO5YU benchmark for each nuclear data

evaluation considered.

to provide benchmarking data for lattice physics depletion
studies. The lattice used for the purposes of this depletion
study is the same as that as evaluated in [10]; thus, for a
more extended discussion of this validation effort, including
modeling details, the reader is directed to this paper.

ITI. RESULTS AND ANALYSIS

1. Evaluation of Eu isotopes for individual spent fuel
benchmarks

Figures [[THI6|illustrate the difference between calculated
and experimentally measured isotopes of europium for each
of the benchmarks considered. For each benchmark, this
difference is expressed as the ratio of calculated-to-expected
(C/E).

For the TMI-1 NJO5YU samples (Figure [TI), one ob-
serves a consistent and substantial increased agreement with
the experimental benchmark for '3*Eu with the thermal-region
modification for both ENDF/B-VII.0 and VII.1, wherein calcu-
lated '>*Eu inventories drop by approximately 6.5% following
the thermal-region correction for both ENDF/B-VII.O and
VIL1 (as seen in Table [[V] with an average C/E of approxi-
mately 5-6% for the corrected evaluations, which while still
outside of the 2-0- confidence bounds is a significant improve-
ment. One will note the slight increase in C/E values for >*Eu
when moving from the ENDF/B-VIL.O to the VII.1 evalua-
tion, explainable from the increase in the '>3Eu capture cross-
section within the VII.1 evaluation. Similarly, as observed
in Figure corrections to the bias in the *Eu produce a
slight increase in the over-prediction of the '>>Eu inventory, an
effect which is consistently observed across most of the other
samples evaluated; this is attributable to the increased capture
by '>*Eu, producing more ' Eu.

Sample 87-63
Burnup: 44.34 GWd/MTU

; + . +

Eu-153 Eu-154

Sample 87-72
Burnup: 37.12 GWd/MTU

Eu-155

Sample 87-81 Isotope
Burnup: 27.35 GWd/MTU
1.2 Evaluation
@ ENDFVILO
1.1 @ ENDFVIL1
y . B ENDF VIL.O + mod-Mughabghab
1.0 A ENDF VII.1 + mod-Mughabghab

Eu-153 Eu-154 Eu-155
Isotope

Fig. 12. C/E values for 153gy, 134Ey, and '53Eu for the Calvert
Cliffs rod MKP-109 benchmark for each nuclear data evalua-
tion considered.

Figure shows the evaluated benchmarks for '3*Eu,
154y, and > Eu for the three Calvert Cliffs samples from rod
MKP-109. Similar to the TMI-1 samples, one observed im-
proved agreement with experimental benchmark values using
the corrected '>*Eu evaluation of about 6-6.3%, placing each
sample evaluation well within the 2-0- uncertainty bounds; this
is summarized as Table M As before, the ENDF/B-VII.1 eval-
uation exhibits slightly higher '3*Eu inventories; likewise, the
154Eu data correction introduces nominally higher ( 1-1.5%)
inventories of '3 Eu.

Figure [T3] illustrates the trends in Eu isotopes for the
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TABLE IV. C/E values for '3*Eu for all evaluated samples and each nuclear data evaluation for TMI-1 assembly NJOSYU.

C/E
Sample O meas. ENDF VIO + ENDF VILI +
ENDF VILO — ENDF VIL1 mod-Mughabghab  mod-Mughabghab
AG536-C2D1  0.0220 | 1.1048 1.1193 1.0384 1.0550
AG536-C2D2  0.0200 | 1.1242 1.1388 1.0574 1.0731
AG616-A1 0.0200 | 1.1281 1.1497 1.0629 1.0860
AG616-B1 0.0200 | 1.1486 1.1622 1.0769 1.0936
AG616-B2 0.0210 | 1.0700 1.0855 1.0048 1.0221
Average 1.1151 1.1311 1.0481 1.0660

TABLE V. C/E values for '*Eu for all evaluated samples and each nuclear data evaluation for Calvert Cliffs rod MKP-109.

C/E
Sample O eqs. ENDF VII.O + ENDF VIL1 +
ENDF VILO - ENDF VILI mod-Mughabghab  mod-Mughabghab
87-81 0.0880 | 1.0395 1.0757 0.9852 1.0230
87-72 0.0640 | 1.0537 1.0822 0.9920 1.0194
87-63 0.0700 | 1.1009 1.1193 1.0275 1.0550
Average 1.0647 1.0924 1.0016 1.0325

Vandellés-IT rod WZR0058 samples. Here again one observes
a consistently improved agreement for '>*Eu across all sam-
ples using the modified '*Eu thermal-region evaluation, with
average improvements of 4.5 and 6.3% for ENDF/B-VIIL.0 and
VIL1, respectively; these results are summarized as Table [V1]

Sample E58-088
Burnup: 42.50 GWd/MTU

‘ | : +

Sample E58-148
Burnup: 54.80 GWd/MTU

O 1.0 H
0.9 . . =
0.8
T T T
Eu-153 Eu-154 Eu-155
Sample E58-260 Isotope
Burnup: 64.60 GWd/MTU
1.2
Evaluation
ENDF VII.O

ENDF VII.1
ENDF VII.0 + mod-Mughabghab
ENDF VII.1 + mod-Mughabghab

C/
T
>HO®

|y

T
Eu-153

T T
Eu-154 Eu-155

Isotope

Fig. 13. CJ/E values for '3Eu, *Eu, and ""’Eu for the
Vandellés-II WZR0058 assembly benchmark for each nuclear
data evaluation considered.

Notably, the change to ' Eu inventories for the Vandellds

samples resulting from the correction to the '>*Eu is remark-
ably small (generally on the order of 1% or less), potentially
owing to the relatively high burnup of these samples (thereby
cancelling out the effect on '>3Eu via increased capture rates).

In Figure[T4] the benchmark results for each nuclear data
evaluation is presented for the REBUS GKN-II sample. For
this sample, the decrease in the over-prediction of '>*Eu is
consistent with prior samples, showing a decreased prediction
of 3*Eu of about 6.5% (as seen in Table a significant
improvement.

Sample GKN-II
Burnup: 59.66 GWd/MTU
11 . Evaluation
[ ENDF VIL.0
ENDF VII.1

ENDF VII.0 + mod-Mughabghab
ENDF VII.1 + mod-Mughabghab

BH
>HOee

8

Eu-153

Eu-154
Isotope

Eu-155

Fig. 14. C/E values for 1535y, 154Eu, and '5°Eu for the REBUS
GKN-II benchmark for each nuclear data evaluation consid-
ered.

Figure [T3] illustrates the benchmarks for europium iso-
topes performed for the ARIANE GU1 sample. The improve-
ment in the '>*Eu predictions using the corrected evaluation
are slightly greater than other samples at about 7.6-7.7% for
ENDEF/B-VIIL.0 and VII.1, respectively (as indicated in Ta-
ble[VTI). A notable feature of the GU1 sample is its proximity
to a water hole in the assembly evaluated in the ARIANE
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TABLE VI. C/E values for '’*Eu for all evaluated samples and each nuclear data evaluation for Vandellés-II rod WZR0058.

Sample

O—meas.

C/E
ENDF VIO + ENDF VILI +
mod-Mughabghab mod-Mughabghab

ENDF VII.O ENDF VIIL1

E58-088  0.0590 | 1.0749 1.1037 1.0355 1.0487
E58-148 0.0310 | 1.0885 1.1080 1.0435 1.0447
E58-260  0.0655 | 1.1275 1.1509 1.0775 1.0815

Average 1.0970 1.1209 1.0522 1.0583

TABLE VII. C/E values for '*Eu for each nuclear data evaluation for the REBUS GKN-II and ARIANE GU1 samples.

C/E
Sample O meas. ENDF VII.O + ENDF VIL1 +
ENDF VILO - ENDF VILI mod-Mughabghab  mod-Mughabghab
REBUS GKN-II  0.0172 | 1.1320 1.1448 1.0652 1.0800
ARIANE GU1 0.0195 | 1.1283 1.1391 1.0509 1.0630

benchmark; this would imply a softer spectrum in this region
(and therefore, a greater sensitivity to the thermal-region be-
havior of the '3*Eu capture cross-section). This hypothesis
is further borne out in analysis of the Pickering-A CANDU
PHWR sample, which shows both the greatest overestimation
of *Eu as well as the largest difference in the overestimation
resulting from the corrected evaluation.

Sample GU1
Burnup: 53.33 GWd/MTU

1.15 ‘

Evaluation
1.10 @ ENDFVILO
. ENDF VII1
W 1,05 ‘ [ ENDF VII.0 + mod-Mughabghab
o A ENDF VII.1 + mod-Mughabghab
1004 W
0.95 . #
T T T
Eu-153 Eu-154 Eu-155

Isotope

Fig. 15. C/E values for 1535y, 154Ey, and '%Eu for the
ARIANE benchmark for each nuclear data evaluation con-
sidered.

Finally, Figure |16|shows the benchmarks for >*Eu and
155Eu for the Pickering-A CANDU 28-element bundle sample.
Here, the change between nuclear data evaluations is most ex-
treme of all samples, owing to the highly thermalized spectrum
of the CANDU assembly; i.e., because of the higher relative
thermal neutron population in the deuterium-moderated core,
effects in the thermal region of the cross-section are expected
to be comparatively more pronounced, as is observed here,
with a 6.9% and 8.4% change for the corrections to ENDF/B-
VILO and VII.1, respectively (illustrated in Table

In general, one will observe that while the corrected eval-
uation for the CANDU PHWR sample again produces substan-
tially improved agreement with the experimental benchmark,
the calculated values still lie well outside of the 2-0- bounds
for the corrected ENDF/B-VII.1 evaluation, implying that

Sample Pickering-A 19558C
Burnup: 9.21 GWd/MTU

1.30 |

Evaluation
1.25 A @ ENDFVILO
120 4 @ ENDFVIL1
w [ ENDF VII.0 + mod-Mughabghab
O 1.15 A ENDF VII.1 + mod-Mughabghab

1.10

1.05

T T
Eu-154 Eu-155

Isotope

Fig. 16. C/E values for '**Eu and 'Eu for the Pickering-A
CANDU 28-element assembly benchmark for each nuclear
data evaluation considered.

the proposed correction may yet still underestimate the true
thermal-region capture cross-section.

2. Analysis of trends in **Eu as a function of sample bur-
nup

A comparison of the '>*Eu inventories for PWR bench-
marks is illustrated as a function of burnup in Figure|l7| Here,
several trends are apparent: first, that the over-prediction in
I54Eu inventories exhibits a linear relationship to the sample
burnup, with higher burnups showing a higher over-prediction
in '>*Eu inventories. This behavior would be consistent with
an underestimation in the capture cross-section (i.e., the under-
estimation in '3*Eu capture reactions grows with cumulative
exposure).

While the modified ENDF/B-VII.1 evaluation shows a
slightly higher C/E value compared to VII.O (due to the mod-
ification of the '>Eu thermal capture cross-section / produc-
tion rate of '>*Eu), in general the modifications based on
Mughabghab produce a significantly improved agreement to
experimental data, on the order of 5-8% across all samples.

Furthermore, the corrected evaluations for ENDF/B-VII.0
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TABLE VIIL. C/E values for '>*Eu for each nuclear data evaluation for the Pickering-A 19558C CANDU 28-element sample.

Sample

O-meas.

C/E
ENDF VIO + ENDF VILI +
mod-Mughabghab  mod-Mughabghab

ENDF VII.0O ENDF VII.1

Pickering-A 19558C  0.0500 ‘ 1.1623 1.2641 1.0936 1.1803
Eu-154 C/E variation with burnup
1.20
1.15 i
1.10 - /,, ¥ e Evaluation
" T i @ ENDFVILO
G 1.05 I e & A @ ENDF VIIA
o M2 B ENDF VIO + mod-Mughabghab
- A

1.00

0.95 +

0.90 -

ENDF VII.1 + mod-Mughabghab

25 30 35 40 45 50
Burnup (GWd/MTU)

60 65

Fig. 17. C/E values for '*Eu for all PWR-based fuel benchmarks and evaluations considered (i.e., all benchmarks save for the
CANDU 28-element assembly), evaluated as a function of sample burnup. One will observe that discrepancies in the predicted
134Eu follow a linear trend with burnup, especially for the original ENDF/B-VILO and VII.1 evaluations.

and VII.1 show a decreased slope for the correlation of the
bias in '3*Eu inventories and burnup compared to the present
evaluations, implying that the corrected evaluation mitigates
some of the biases introduced as a function of burnup.

IV. CONCLUSIONS

Based on the series of integral spent fuel benchmarks
presented within this study, there exists compelling evidence
for an under-estimation of the ">*Eu thermal radiative cap-
ture cross-section in the ENDF/B-VII.0 and VII.1 evaluations,
leading to a consistently observed bias in calculated '*Eu in-
ventories. In particular, a wide range of spent fuel benchmarks
representing a diverse series of PWR lattice types and final
discharge burnups show consistent biases in the predictions
of '>*Eu using modern nuclear data, ranging from 7.5-15%.
Proposed modifications to the thermal capture cross-section,
such as an adjustment of the first resolved resonance to 0.188
eV (and proportional adjustment ot the neutron width) largely
appear to correct this overestimation by approximately 6—8%,
although some residual over-estimation of '**Eu remains, par-
ticularly for samples with highly thermalized spectra such as
CANDU PHWR assemblies.

From this study, a subsequent re-evaluation (potentially
including new irradiation experiments) of the '>*Eu capture
cross-section would appear to be warranted in order to both
confirm and help to refine future evaluations. In particular,

given the importance of >*Eu for spent fuel burnup measure-
ment, the existence of a systematic bias in the nuclear data
could have potentially significant deleterious consequences
for the development and validation of passive gamma-based
spent fuel measurement and assay systems. Further, over-
estimations in the '>*Eu will lead to moderate unnecessary
conservatism for dry cask storage dose and shielding evalua-
tions. In as much, a corrected evaluation would offer broad
benefit to multiple nuclear data user communities.
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