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Abstract. This study presents an analysis of the ARIANE GU3 sample, in terms of nuclide inventory, as
well as sample rod and assembly decay heat. The validation of a number of CASMO5 and library versions
are performed with regards to the measured nuclide inventory, taking into account two dimensional lattice
simulations. Uncertainties due to various sources (nuclear data, operating conditions and manufacturing
tolerances) are also provided, and are combined with biases into expanded uncertainties. This study is similar
to a previous one on the GU1 sample and fit in the framework of code validation, as well as in the estimation
of code predictive power for spent fuel characterization.

1 Introduction

Nuclide inventory, as well as decay heat, are two impor-
tant quantities for the characterization of spent nuclear
fuel (SNF). Up to now, they are seldom measured given
the large amount of SNF worldwide, and the reliance on
simulation is essential for obtaining best-estimate values
of these quantities. Moreover, the estimation of the source
term in case of a hypothetical severe accident is of major
importance, and the isotopic concentration for a large
number of nuclides is highly relevant. These two aspects of
the inventory for short and long periods of time after shut-
down often involve different nuclides, which can hardly be
measured. Consequently, the validation of the simulation
codes (transport, depletion, activation) and their associ-
ated nuclear data libraries is a necessary step in order
to establish their predictive power (range of applicability,
uncertainties and biases).
The present study contributes to such validation efforts

for the CASMO5 transport code [1–4]. The calculated
nuclide inventory for the relocated Post Irradiation Exam-
ination sample GU3 from the ARIANE program [5] will
be presented and compared to measurements, and cal-
culated uncertainties as well as biases will be proposed.
One particularity of the present study consists of using
the same simulation input files with five code versions
and six nuclear data libraries. This allows to estimate the
spread due to code versions, as well as due to nuclear
data libraries, which might be covered by calculated
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uncertainties from input variations. Also, an attempt to
link such nuclide predictive power to calculated (and not
measured) decay heat will be established in the last part
of this study.
Within this framework, this GU3 analysis is similar to

the one for the ARIANE GU1 sample study [6]. Both ana-
lytical work are based on the same approach, using the
same nuclear data, simulation tools, and assumptions for
the uncertainties on operating conditions and manufac-
turing tolerances. This allows a direct comparison for the
results from both samples, taking into account that the
main differences between the Pressurized Water Reactor
(PWR) UO2 GU1 and GU3 samples are the burnup val-
ues (about 59 and 52 MWd/kgU, respectively) and the
initial UO2 enrichments (3.5% and 4.1%, respectively).
This study is also providing an additional case for the

European Horizon 2020 project EURAD project, dedi-
cated to “spent fuel characterization and its evolution
until disposal” in Work Package 8 [7]. The sample GU3 is
also of interest as it was selected by the OECD Working
Party on Nuclear Criticality Safety (WPNCS) subgroup
7 for sensitivity and uncertainty analysis. The present
study will therefore provide additional results within these
international efforts.
In the following, the characteristics of the GU3 sam-

ple and its irradiation conditions are presented, followed
by concise recalls of the simulation tools (see Ref. [6]
for more details). Finally, results in terms of C/E-1 (C
and E being the calculated and measured quantities) and
∆C (uncertainties being one standard deviation, or 1σ)
will be presented for nuclide inventory, followed by the
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Fig. 1. Radial locations of the rod containing the GU3 sample in both assemblies (in red), before and after relocation (respectively
left and right figures).

calculation of decay heat and its uncertainties. An esti-
mation of the decay heat biases will be proposed, based
on the nuclide inventory prediction. For the sake of sim-
plification, quantities known as “expanded uncertainties”
will be provided for both the calculated nuclide inventory
and decay heat, combining biases and uncertainties from
input variations. As many tabulated values are included
in this study, they are separated from the main text and
presented in appendices from Tables A.1–B.8.

2 The GU3 sample

The GU3 sample is one of the samples from the ARIANE
program [5]. It is made of UO2 fuel with an enrichment
of 4.1% in 235U and is part of a 15×15 fuel PWR assem-
bly. This particular sample was irradiated at the Gösgen
power plant for three consecutive cycles: 16, 17 and 18.
It was located in the same assembly for the two first
cycles (assembly 16-01, with an average segment burnup
of 38 MWd/kgU at the end of the second cycle), and
then relocated in a different assembly for the last cycle
(assembly 17-01, rod E14), see Figure 1 for an overview
of the sample location within the assemblies. The assem-
bly 17-01 was already irradiated prior receiving the rod
containing the GU3 sample for one cycle and reached an
segment burnup of about 20 MWd/kgU before receiving
the relocated rod. The sample was located in a vertical
location not close to a spacer. As observed in this figure,
the location of GU3 is relatively close to the assembly side.
Additionally, the rod relocation imposes GU3 to a hetero-
geneous environment over the full irradiation period. The
locations of the assemblies containing GU3 in the full core
of Gösgen are presented in Figure 2.
This figure illustrates the heterogeneous environment

around the hosting assemblies, but preliminary studies
taking into account the full core conditions (similar to the
GU1 study) have shown that the impact is not statistically
significant on the sample nuclide inventory. When taking
into account realistic surrounding assemblies, the segment

burnup distribution is not symmetric anymore, and a
number of nuclide concentrations is changing, especially
242mAm, 242,243Cm and to some extent 135Cs. These iso-
topes did not show such differences in the case of the GU1
sample, indicating that changes can be affected by numer-
ous parameters. Differences between reflective boundaries
and realistic surrounding can affect more strongly short-
lived isotopes due to changes in neutron flux at the end of
irradiation, but concentrations of such isotopes were not
measured.

2.1 GU3 and GU3’ measurements

As mentioned in the ARIANE report, the irradiated sam-
ple GU3 was analyzed in two different laboratories: in ITU
(Germany): these measurements refer to the GU3 sam-
ple, and in SCK.MOL (Belgium), referring to the GU3’
sample. The measurement periods are different for both
samples, but are nevertheless similar (with cooling times
of about 2 years for both samples). In the present study,
results from both GU3 and GU3’ are compared with the
calculated compositions, simply taken into account their
different cooling periods. The goal in the double measure-
ment of the sample was for cross checking the nuclide
inventory from both laboratories. As presented later and
confirmed in the ARIANE report, it is generally believed
that the results for GU3’ (SCK.MOL) are more reliable
than the ones for GU3 (ITU). Different comments in the
ARIANE reports support such observations:

– for a number of isotopes (147Pm, Ru isotopes), the
GU3 results are rejected as results indicates spurious
errors, overestimated absolute content, or underesti-
mated uncertainties (the trend of 147Pm and 106Ru
as a function of burnup for various ARIANE samples
confirms this rejection),

– the GU3 sample indicates a ratio of the fractions
in residue significantly lower than 1, meaning that
either 101Ru is underpredicted, or that 106Ru is
overpredicted,
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Fig. 2. Locations of the assemblies 16-01 (cycles 16 and 17) and 17-01 (cycle 18) containing the GU3 sample. The positions of
both assemblies are indicated by a cross. The colors are proportional to the assembly burnup obtained from SIMULATE-3 at the
end of each cycle (EOC).

– the deduced FIMA from the GU3 sample is 5 to
6% lower than the one from SCK.CEN, whereas the
value from SCK.CEN agrees within 1.5% with the
calculated value,

– in the case of 133Cs, its trend as a function of sample
burnup indicates an overestimation for GU3 and an
underestimation of its uncertainty.

As indicated, both results from GU3 and GU3’ are com-
pared to calculated values in the following, and simple
average C/E-1 over all measured isotopes as well as the
sample burnup show a better agreement with the GU3’
values (see Tabs. A.1 and A.2 for the original reported
measured values used in the present work).
Additionally, both laboratories report different values

of 148Nd, with a difference of almost 5%. In the following
however, the same simulation input conditions will be used
for both GU3 and GU3’; as demonstrated in next sections,
this is implying that the calculated 148Nd will agree well
with the value of one laboratory (SCK.MOL), and less
with the other one (ITU).
Finally, due to the differences between the reported iso-

topic concentrations, recommendations from the ARIANE
report and from the Oak Ridge National Laboratory
(ORNL) analysis can be found in references [5,8]. These
values are also reported in Tables A.1 and A.2 for com-
pleteness and their interest from WPNCS subgroup 7.
In the case of the ORNL recommendations, as some val-
ues were proposed at the end of the irradiation time, the
corresponding original concentrations from the ARIANE
report are reported instead at the time of measurement.
This facilitates the comparison between values, and avoid
unnecessary calculations linked to the isotope decays.

3 Simulation tools and calculation schemes

General information on the simulations tools and inputs
are presented in the following, first for the best-estimate
calculations, then for calculated uncertainties. For uncer-
tainties, three sources are considered: nuclear data,
operating conditions and manufacturing tolerances. The
reader is referred to the GU1 study for more details [6].

3.1 Nominal simulations

All quantities are obtained from the deterministic trans-
port code CASMO5, and simulations of specific two-
dimensional assembly lattices. The same input descrip-
tions are used for both GU3 and GU3’ cases (except
for the cooling times), as well as with different ver-
sions of CASMO5 and versions of libraries. As GU3
was irradiated in two different assemblies, their char-
acteristics are modeled, such as the geometry, initial
concentrations, irradiation histories, cooling periods and
relocation characteristics (see Sect. 3.2 for details). The
move of the concerned rod from one assembly to the
other is automatically performed with a specific CASMO5
procedure.
For all calculations, the standard libraries for deple-

tion chains are used (in CASMO5 nomenclature, the
option “EXT” is not used). The default depletion solver is
used for all calculations, namely the Chebyshev Rational
Approximation (or CRAM). This is the default calcula-
tion scheme, compatible between the different CASMO5
library versions. In the case of CASMO5 version 2.13
with the e7r1.202.586.bin library, both calculations with
and without the extended depletion chain were made.
A comparison between isotopic concentrations indicated
that most of them are not affected by the changes in the
depletion chains (with relative differences between con-
centrations being smaller than 0.5%). But the use of the
extended depletion chain allows to obtain the concentra-
tion of 151Eu, which is not accounted for, if the normal
depletion chain is used. Consequently, other Eu isotopes
are more affected (by consecutive neutron capture), with
relative changes up to 8% (for 153Eu).
A few different CASMO5 versions and nuclear data

libraries are used in this validation effort, with a total
of 12 different combinations, as presented in Table 1.
As mentioned, the same input files (description of the
sample irradiation) were used, developed with case num-
ber 1 from Table 1. The use of various libraries from
European, American and Japanese evaluations can theo-
retically provide an unbiased representation of the current
knowledge of nuclear data, possibly included in their
covariance matrices. Details and analysis will be provided
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Table 1. Summary of the different CASMO5 calculation schemes performed in the present study for the two-
dimensional GU3 calculations.

CASMO5 Library Processed Covariance Case
version library version library number
2.03.00 ENDF/B-VII.1 e7r1.201.586.bin ENDF/B-VIII.0, JEFF-3.3 1

JENDL-4.0
2.13.00 ENDF/B-VII.1 e7r1.201.586.bin 2
2.13.00 ENDF/B-VII.1 e7r1.202.586.bin 3
2.12.00 ENDF/B-VII.1 e7r1.202.586.bin 4
3.01.00L ENDF/B-VII.1 e7r1.202.586.bin 5
3.01.00L ENDF/B-VIII.0 e8r0.300.586.bin 6
3.01.00L JEFF-3.1.1 j311.200.586.bin 7
3.01.00L JEFF-3.2 jeff32.t12.202.586.bin 8
3.02.00 JEFF-3.2 jeff32.t12.202.586.bin 9
3.02.00 JENDL-4.0 j4r0.200.586.bin 10
3.02.00 ENDF/B-VII.1 e7r1.201.586.bin 11
3.02.00 ENDF/B-VIII.0 e8r0.300.586.bin 12

in the next sections. Note that in the case of the
ENDF/B-VII.1 library, the processed library used by
CASMO5 includes the 239Pu evaluation from the JENDL-
4.0 library instead of the original one. Library names in
Table 1 refer to the original CASMO5 names, indicat-
ing different releases of the processed libraries provided
with the code (for instance release 201, or 202 for the
ENDF/B-VII.1 library). To complement the estimation
of uncertainties, and similar to the previous GU1 study,
the effect of nuclear data, based on evaluated covariance
files, on all isotopic contents are also calculated with the
case number 1, as presented in Section 3.3.

3.2 Cycle and relocation calculations

For the present study, the assembly irradiations are simu-
lated considering reflective boundaries, therefore assuming
that the information for the neighboring assemblies is
not known with enough details (as it can be found in
the ARIANE report). First, the assembly 16-01 is irra-
diated during cycle 16 and 17, taking into account the
cooling time between these cycles and after cycle 17.
Independently, the assembly 17-01 irradiation is also sim-
ulated during cycle 17. Then, using the procedure called
“moverod” in CASMO5, the rod K13 from the assem-
bly 16-01 is moved to position E14 in assembly 17-01
(see Fig. 1). Finally, the simulation of the assembly 17-01
with the relocated rod is performed for cycle 18, followed
by the subsequent cooling times until the measurement
dates. For the calculation of the decay heat, the simu-
lated cooling periods are simply extended up to a few
hundred thousands of years. As an example of the calcu-
lated quantities, the k∞ for the three cycles of interest is
presented in Figure 3. In the present work, the irradiation
description is not taken directly from the ARIANE report.
Irradiation conditions for the CASMO5 input models are
directly obtained from the core simulator SIMULATE-3
(using the BOHR method developed at PSI [9]): simi-
lar to the GU1 sample case, all cycle information for the

Fig. 3. Calculated k∞ values during the three cycles of interest
for the CASMO5 assembly model.

Gösgen reactor are available from the in-house database
called CMSYS. Such database is usually used in the frame-
work of safety analysis for core follow-up calculations (see
details in Refs. [10–12]). Consequently, for each cycle, a
large number of burnup steps are considered, and for each
of them, the following parameters are changing: modera-
tor and fuel temperatures, power density, reactor pressure,
and eventually the control rod position. Typically, about
20 steps are considered for each cycle. Finally, to reach the
recommended 148Nd content (considered as a burnup indi-
cator), the segment burnup can eventually be adjusted; in
the present case, as the original calculated 148Nd con-
tent was in good agreement with the reported value from
the SCK.MOL (GU3’) measurement, no adjustment was
necessary.
Results for the sample nuclide inventory and the rod

and assembly decay heat will be presented in the following
sections.

3.3 Uncertainty propagation

In addition to the nominal cases with the different ver-
sions presented in Table 1, calculations are performed to
estimate the uncertainties on the isotopic concentrations
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as well as on the decay heat. The CASMO5 version 2.03
will be used in these cases (case number 1), and the uncer-
tainties on the input parameters and nuclear data are the
same as for the study of the GU1 sample.
For all varied input quantities, the method of uncer-

tainty propagation is simply based on Monte Carlo
sampling with the repetition of the same calculation
a large number of times (each time with a realization
of the sampled input quantities). Each effect (except
nuclear data being considered both all together as well
as individually) is separately studied.
For nuclear data, the covariance information from

the main three libraries are used in different calcula-
tions (ENDF/B-VIII.0 [13], JEFF-3.3 [14] and JENDL-
4.0 [15]). It is worth noticing that the effects of thermal
scattering and decay data are not included in this study.
For fission yields, the approach presented in references [12,
16,17] is applied (sampling based on uncertainties from
the evaluated libraries, plus a number of mass and charge
normalizations).
For operating conditions, the following four quanti-

ties are separately and independently varied: fuel and
moderator temperature (TFU and TMO, considering a
uniform distribution with a standard deviation of 2%),
the boron concentration (or BOR, also considering a uni-
form distribution with a standard deviation of 2%), and
finally the burnup value of each depletion step (DEP,
with a uniform distribution and a standard deviation of
0.25%). The variations are applied at the beginning of the
simulations and all values are changed accordingly (for
instance, all TMO are increased by 0.1% during a cycle
depletion).
For manufacturing tolerances, four quantities were con-

sidered: radii of the fuel rods and guide tubes (RAD, for 32
pins surrounding and including the GU3 sample), the fuel
pin and guide tube position shifts in the X and Y positions
(X-Y), the fuel density and 235U enrichment (DEN+ENR)
and the pin pitch (called PITCH). These four quantities
are varied given uniform distributions with a standard
deviation of 0.5%. All these standard deviations (except
for nuclear data) are based on expert knowledge, and were
also used in the study of the GU1 sample.
Contrary to the GU1 sample, two assemblies are used

during the GU3 irradiation. For the nuclear data, the
same perturbation factors are used for both assemblies.
For other quantities, for instance the fuel density, they
are randomly modified at the first assembly irradiation,
one assembly independently of the other.

4 Sample burnup and burnup indicators

As presented in the ARIANE report, the GU3 sample
burnup was estimated to be 52.5 MWd/kgU. Compared to
literature data, references [8,18] analyzed the GU3 sample
(among others) with the SCALE5 package and adopted
the ARIANE recommended value of 52.5 MWd/kgU. In
the present work, a few values are obtained from the
CASMO5 calculations due to the changes of libraries and
code versions (the change in transport solutions have a

larger impact than the nuclear data, given the small vari-
ations of burnup values). As both GU3 and GU3’ are
simulated with the same input descriptions (except cool-
ing times after irradiation), the same value for the sample
burnup is obtained. They will, nevertheless, correspond
to different agreement with the reported 148Nd contents
from both laboratories. It is worth noticing that the cur-
rent simulation models are relatively independent of the
reported experimental values: no adjustment was per-
formed, and the irradiation conditions were obtained from
a different source than the ARIANE report.
Taking into account the 12 cases from Table 1, the

average sample burnup corresponds to 52.1 MWd/kgU
with a standard deviation smaller than 0.1 MWd/kgU: it
does not significantly change using different CASMO5 or
libraries versions.
The use of the 148Nd concentration as a burnup indica-

tor is a general practice and is recommended as a standard
method [19]. The average calculated value is 0.621 mg/gU
(for both GU3 and GU3’), which can be compared to
the measured values of 0.596 for GU3, 0.626 for GU3’,
and 0.587 mg/gU for the recommendation of reference [8].
Based on the 148Nd concentration from ITU, the calcu-
lated sample burnup is 49.7 MWd/kgU, lower by almost
5% compared to the SCK.MOL and ARIANE values.
Consequently, this indicates that the present simulations
agrees better with the GU3’ (from SCK.MOL) reported
148Nd content as well as with the burnup value given in
the ARIANE report.
Other Nd isotopes can be used as indicators of the

sample burnup. Considering 143−146,150Nd isotopes can
confirm the measured value of 148Nd [20]. As presented
in the next section (see as well Tab. B.1), the agreement
between calculated and measured concentrations for these
Nd isotopes is better in the case of the GU3’ sample,
therefore confirming the GU3’ 148Nd content.
Finally, 137Cs is also considered as a reliable burnup

indicator, for reasons similar to 148Nd: low capture cross
section, and yields from 235U and 239Pu being approxi-
mately the same (leading to a linear relationship between
137Cs content and burnup [21]). The calculated concen-
tration for 137Cs also agrees well with the reported value
from GU3’, within almost one experimental standard
deviation.
Regarding the experimental uncertainty for the GU3’

148Nd concentration, a value of almost 0.3% is reported,
sensibly smaller than the GU3 value (' 1.2%). Such
small uncertainty leads to a burnup uncertainty of 0.1
MWd/kgU, similar to the spread of CASMO5 calculations
corresponding to Table 1. As presented in Section 6.2 and
Table B.6, the calculated uncertainty on 148Nd concentra-
tion is closer to 1%, corresponding to 0.5 MWd/kgU.
As a conclusion, a number of comparisons between

calculated and measured isotope concentrations (consid-
ered as burnup indicators) tends to indicate that the
deduced burnup value from the GU3’ measurements
(SCK.MOL) is closer to the simulated conditions. For the
rest of the analysis, concentrations from both laboratories
will be compared with the present calculations, but the
recommended sample burnup is 52.5 ± 0.5 MWd/kgU.
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Fig. 4. Comparisons between calculated and measured values from SCK.CEN (C/E-1) for each measured isotopes from different
calculations for the GU3’ sample; top: various CASMO5 versions with the ENDF/B-VII.1 library, bottom: same CASMO5 version
for four different libraries.

5 Post irradiation examination results

In the following, the calculated isotopic compositions with
the different CASMO5 versions are compared to the val-
ues of GU3 and GU3’. As this represents a large amount of
numbers, only values from case 1 of Table 1 are reported
in details, the other ones being only presented in terms
of average C/E values. For case 1 (CASMO5 version 2.03
with the ENDF/B-VII.1 library), results are presented in
terms of C/E-1 (in%) for each isotopes (see Fig. 4 and
Tabs. 2 and B.1).
First the nominal C/E ratios are compared (with-

out calculated uncertainties), then the effects of the
variations nuclear data, operating conditions and man-
ufacturing tolerances are assessed, with their individual
contributions.

5.1 Nominal calculations

The C/E-1 values for each measured isotopic concentra-
tions are presented in Figure 4 in the case of the GU3’

(SCK.CEN) sample. Numerical values for both GU3 and
GU3’ are given in Table B.1. For 99Tc, 95Mo, 125Sb,
101,106Ru, 103Rh and 109Ag, the sum of dissolved and
residue quantities are added. Generally, the amounts of
isotopes left in the residue of the GU3 sample are higher
than for GU3’. The values for different CASMO5 code ver-
sions are plotted, but only the ones for CASMO5 version
2.03 with the library release 201 are given in the tables.
As observed, all CASMO5 values are similar, except for
244Pu and 109Ag. This was already observed for the GU1
sample [6] for 244Pu, and was interpreted as the intro-
duction in the standard depletion chain (for the latest
library release 202) of the 244mAm production and decay.
As 244mAm decays to 244Pu, it contributes to increase the
amount of 244Pu, therefore improving the C/E value. One
should notice anyway that the concentration of 244Pu is
relatively small, being 104 times less than 239Pu. In the
case of 109Ag, such effect was not noticed for the GU1
sample, as the C/E-1 was larger than +500%. It is due
to the CASMO5 change in the fission yield of 241Pu for
109Pd (which decays to 109Ag).
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Table 2. Comparison of average C/E-1 (in%) between different types of calculations for GU3 and GU3’, see text for
details.

Code Library case GU3’ (SCK) GU3 (ITU) Reference [8]
52 isotopes 45 isotopes 45 isotopes 50 isotopes
AC/FP AC/FP AC/FP AC/FP

CASMO5 2.03 ENDF/B-VII.1 1 −2/+3 +1/+2 −1/+1 +2/+1
CASMO5 2.13 ENDF/B-VII.1 2 −3/+1 +0/+1 −2/+0 +1/-0
CASMO5 2.12, 2.13 ENDF/B-VII.1 3,4 −2/+1 +0/+1 −2/+0 +1/+3
CASMO5 3.01, 3.02 ENDF/B-VII.1 5,11 −3/+1 +0/+1 −2/+0 +1/+3
CASMO5 3.01, 3.02 ENDF/B-VIII.0 6,12 −3/+1 −0/+0 −3/+0
CASMO5 3.01 JEFF-3.1.1 7 −10/+5 −4/+2 −6/+1 −2/+6
CASMO5 3.01, 3.02 JEFF-3.2 8,9 −3/+1 −1/+1 −4/+0 −0/+3
CASMO5 3.02 JENDL-4.0 10 −2/+2 +1/+2 −2/+1 +2/+4
SCALE [18] SCALE-6 −1/+2
WIMS [22] JEFF-3.1 −1/+8 −4/−1
VESTA [23] ENDF/B-VII.0 −1/−2 −5/+13
VESTA [23] ENDF/B-VII.1 +0/−4 −5/+11
VESTA [23] ENDF/B-VIII.0 +0/−2 −5/+14
VESTA [23] JEFF-3.1 −2/+0 −6/+13
VESTA [23] JEFF-3.2 +0/+0 −6/+14
VESTA [23] JEFF-3.3 +1/−1 −5/+14
TRITON [8] SCALE-5.1 +1/+6

As a last general comment for the calculations, the
agreement for the metallic fission products, which are dif-
ficult to dissolve, is not as good as for the other fission
products or for the actinides. This is also not specific to
the GU3 sample and is common to many (if not all) PIE
samples.
A global comparison for average C/E values is presented

in Table 2 between the present results and a selection
from the literature. Numbers presented in this table are
simple average of C/E-1 ratios based on the individual
values given in these references. In the case of the GU3’
sample, two averages are presented: one with all measured
isotopes (in total, 52 isotopes), and one with 45 isotopes
for a direct comparison with GU3 (for GU3, 45 isotopes
were measured and not 52). Not presented in this table
are the spread of the individual C/E-1 ratios: such spread
can be quantified by standard deviations, varying from 15
to 40%.
The first remark concerns results from similar pro-

cessed libraries and CASMO5 versions: all average values
are relatively close, given the mentioned changes (244Pu
and 109Ag). Compared to other studies, various levels of
agreements can be obtained depending on the isotope of
interest. For the present work, the average C/E-1 values
indicate a slight tendency for a better agreement with
the experimental values from the GU3’ sample. Recom-
mended values from reference [8] and ARIANE values lead
to results alike. In the case of the GU3 sample and the
CASMO5 calculations, the largest differences are obtained
for 244,245Cm and a number of metallic fission prod-
ucts (among which 95Mo, 101,106Ru, 103Rh), see tabulated
values in Table B.1.
It is interesting to note that in the present calculations,

the agreement with 148Nd is better for the GU3’ sample.

Still, in the case of GU3, values from Table 2 indicate
an agreement almost as good as for GU3’. This is due
to compensation from individual isotopes: for actinides,
values for 243Am and 244,245Cm strongly differ between
GU3 and GU3’, but average C/E-1 are finally close. This
indicates that average numbers as presented in such table
are of limited help for a detailed understanding. Following
individual comparisons of ratios as presented in Table B.1,
a better agreement seems to be obtained with the reported
values from GU3’ (SCK.CEN sample). The recommen-
dation from reference [8] also leads to good agreement,
following from a choice of measured values between GU3
and GU3’.
As a final test calculation in favor of the measurements

from GU3’, the calculation presented in case 1 can be
repeated, but with a lower target sample burnup in order
to match the GU3 148Nd content. In such calculation, the
sample burnup is 49.7 MWd/kgU and the average C/E-1
values for the GU3 sample are −5/−3 for the actinides
and fission products, respectively. These average values
are not as good as the ones from Table B.1, being −1 and
+1.
The comparison with simulations presented in other

references should be done with care. As mentioned, the
same conditions for the simulation of GU3 and GU3’ were
applied in this work, hence leading for instance to dif-
ferent levels of agreement with 148Nd. In references [22]
and [23], different simulation conditions or renormaliza-
tion factors were applied for GU3 and GU3’. In the
case of reference [22] for instance, the agreement with
both GU3 and GU3’ 148Nd values leads to C/E ratios
of 1.0.
The VESTA results as presented in reference [23], show

better agreement for GU3’ than for GU3. It is especially
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true for fission products, which come from a large over-
estimation for 99Tc, 95Mo and 101Ru, explaining an
overestimation of +10 to 15%. As noted in reference [23],
the ITU values are suspected to exhibit measurement
issues as the estimated VESTA burnup of the ITU sam-
ple, based on combined values of the Nd isotopes (sum of
the 145Nd, 146Nd and 148Nd), is of the order of 6 to 7%
below the reported ARIANE burnup value.
In the following, the uncertainties due to various input

parameters for each isotopic concentration are presented.
Calculations are performed for the GU3’ sample and sim-
ilar results are expected for GU3, as only the cooling
periods are (modestly) varying between the two simula-
tions. The calculation case is number (1) from Table 1.
Because the same approach was followed for the GU1
sample [6], present uncertainties are also compared to this
sample.

5.2 Uncertainties due to nuclear data

The effect of the evaluated nuclear data covariances
(cross sections, nubar, fission spectra and fission yields)
is assessed by repeating many times the same calculation,
each time with a different realization of random values.
This method was already applied for various samples, SNF
and full core calculations, based on a modified version of
CASMO5 with the tool SHARK-X. This tool allows to
randomly vary nuclear data such as cross sections, based
on covariance matrices; details are provided for instance
in references [6,24–26] (interested readers can also find
details on other applications of stochastic methods for
spent fuel in Refs. [27–30]). As for the previous studies,
the variations of nuclear data are performed in 19 energy
groups, being adequate for PWR calculations, and rela-
tive perturbation factors are applied for each group. The
nominal library is ENDF/B-VII.1 and perturbation fac-
tors are obtained for the three libraries ENDF/B-VIII.0,
JEFF-3.3 and JENDL-4.0 [13–15]. Global results for each
measured isotopes of the GU3’ sample at the time of mea-
surements are presented in Tables B.2 and B.3, together
with a comparison for the GU1 sample.
One can first notice that there are relatively important

differences when using the three covariance files from the
above libraries, both for GU1 and GU3. This is not the
case for the main actinides, but 238,240,242Pu as well as
243Cm have uncertainties varying up to a factor 2. Fis-
sion products can present stronger differences, especially
for isotopes highly sensitive to fission yield uncertain-
ties (109Ag, 125Sb, 133−135Cs, 154Sm). For 155Eu and
155Gd, there are no covariance information for the nat-
ural elements Eu and Gd in JENDL-4.0, which lower the
calculated uncertainties on their concentrations.
In addition to the uncertainties due to the covariance

files in libraries, Tables B.2 and B.3 also contain other
variations in the 5th and 6th columns. They both represent
the spread of the calculated data, either in terms of a stan-
dard deviation, or in terms of differences between extreme
C/E-1 values. It is another quantification of the spread of
data; if the nuclear data covariances correctly represent
the unknown knowledge, and if nuclear data libraries are

independent, then the separation between extreme ratios
is not expected to be too far from the uncertainties due
to nuclear data (the term “too far” being roughly equiva-
lent to “less than a factor 3”). For instance, in the case of
148Nd, the uncertainties due to nuclear data are between
0.4 and 0.6%, whereas the extreme values are 2.2% apart;
this indicates that the spread of C from the nuclear data
covariances and the extreme values are “weakly” consistent
(three times the calculated uncertainty, or 3σ is lower than
2.2%). In the case of 137Cs, the extreme values are sepa-
rated by 1.6%, and the calculated uncertainties are larger
than twice this value. It indicates that the knowledge
represented by the nominal values is more alike among
libraries than their associated uncertainties. Finally, the
last case corresponds to spreads of extreme values sim-
ilar to the calculated uncertainties, such as for 239Pu.
The most striking differences are observed for 244Pu, Cm
isotopes, 106Ru, 150,152Sm, 153,154Eu.
Such uncertainties are essential components to the total

calculated uncertainties for each isotopes. As it is pre-
sented in the next sections, nuclear data uncertainties are
often (or even systematically) the main contributors to
the total isotopic uncertainties, and consequently to the
decay heat uncertainties.

5.3 Partial effects of nuclear data

Partial effects of nuclear data can be calculated by simply
varying either the fission yields (called FY), or the rest
(cross sections, nubar and fission spectra, called XS), and
by repeating the CASMO5 calculations with the selected
set of random inputs. For both categories, 200 random
samples were used, providing an error on the standard
deviation of about 7%. By doing so, the cross effects of
simultaneously varying these quantities are not captured,
and the sum of the effects might not be equal to the val-
ues presented in Table B.2. These separated effects of FY
and XS are presented in Figure 5, as relative contributions
to the total uncertainties (varying together FY and XS).
As mentioned, their root-sum-of-squares (RSS) might be
greater than 100% (100% being equal to the total uncer-
tainty when simultaneously varying FY and XS) due to
cross correlations (and covariances), and to the fact that
a limited number of samples was realized. A similar study
was done for the GU1 sample and results are alike. Natu-
rally, actinides are mainly affected by XS, whereas fission
products can be sensitive to both XS and FY. Globally the
same ratios were observed for the GU1 sample, indicat-
ing that the differences in these samples (burnup, initial
enrichment, cooling time and relocation) do not play a
major role in the XS and FY contributions.
The effect of the sample burnup can still change the

235U and 239Pu contributions to the integrated fission
events. In reference [6], it was noticed that the main con-
tributors to the fission rates are 235U, 239Pu, 241Pu and
238U, with 44, 38, 10 and 8% of the total integrated fission
events, respectively. In the case of GU3, as the sample
burnup is lower (about 52 compared to 59 MWd/kgU),
the contributions are changed to 50, 35, 7 and 8% for
these four actinides, respectively. This change between
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Fig. 5. Relative contributions of the cross sections (called XS) and fission yields (called FY) to the total uncertainties based on
the ENDF/B-VIII.0 covariance library.

Fig. 6. Top: relative contributions of fission yields (called FY) to the total FY uncertainties for fission products of the GU3 sample.
Bottom: same for the GU1 sample [6].

235U and 239Pu is indeed reflected in Figure 6, showing for
the FY the main individual contributors to the uncertain-
ties for each measured fission product. Actinides are not

represented as they are scarcely affected by FY. It can be
observed that the difference between GU1 and GU3 is a
lower 235U contribution for GU1. As the FY uncertainties
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Fig. 7. Top: relative contributions of cross sections, nubar and fission spectra (called XS) to the total XS uncertainties for fission
products and the GU3 sample. Bottom: same for the GU1 sample [6].

are different for these two actinides, the fission product
uncertainties will therefore be different between GU1 and
GU3.
In the case of the various XS contributions, the vari-

ations are presented in Figure 7 for actinides and fission
products affected by the XS covariances (the other iso-
topes, mainly depending on FY covariances, are not
presented). As it was noticed in reference [6], capture cross
sections are the main contributors to the uncertainties on
these isotope concentrations; in the case of actinides, the
uncertainties due to the fission cross sections (as well as
nubar and fission spectra) are of second order. For fission
products, many capture cross sections can affect a specific
isotope concentration: the ones participating to the pro-
duction of an isotope (for instance for 133Cs, 143,145Nd),
in addition to the ones for their disappearance (as in the
case of 103Rh, 151,152Sm, 153Eu).
Additionally, three capture cross sections for actinides

affect actinide concentrations: 238U(n,γ), 239Pu(n,γ)
and for heavier actinides, 242Pu(n,γ). This can be
observed for both samples. Marginally, other capture
cross sections can change specific isotopes, such as
235U(n,γ)236U, 237Np(n,γ)238Np (decaying to 238Pu), and

241Am(n,γ)242Am (partially decaying to 242Cm). Similar
trends are observed for GU1 and GU3.

5.4 Uncertainties from operating conditions and
manufacturing tolerances

Apart from the uncertainties due to nuclear data, other
effects due to unknowns of operating conditions can
modify the nuclide inventory. Details of the varied
parameters and their standard deviations are given in
Section 3.3. Calculated uncertainties for each isotope are
presented in Tables B.4 and B.5. The first remark is
that generally, the uncertainties due to nuclear data are
the dominant ones. For actinides, the moderator den-
sity ( related to the moderator temperature) is also an
important source of uncertainties, followed by the pin
pitch. For fission products, nuclear data are again the
first source of uncertainties. The RSS comparison between
GU1 and GU3 (and GU3’) does not indicate significant
differences, pointing out that the differences between both
samples (initial enrichment, sample burnup, cooling time
and relocation effect) are not impacting the calculated
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uncertainties (notwithstanding the mass balance effect of
2% for GU1 which is not reported in these tables).
Such RSS uncertainties are compared in the follow-

ing with biases from the measurement, and are also
consistently propagated to decay heat calculations.

5.5 Other uncertainty sources

A number of sources of uncertainties is not considered in
this study: decay data (half lives, energy release, decay
types, branching ratios), as well as bowing effects, impact
of simulated irradiation steps (how concentrations are
changing when using less detailed irradiation history) and
calculation methods. Therefore the present study is not
exhaustive in terms of uncertainty sources.

6 Summary of PIE C/E and uncertainties

The complete list of isotopic uncertainties are presented in
Tables B.2–B.5. As for the GU1 sample, a range of uncer-
tainties for nuclear data is provided, given that different
library covariances lead to different isotopic uncertainties.
A summary of uncertainties (both calculated and exper-
imental), as well as biases are presented in Table B.6. A
number of remarks is proposed in the following.

6.1 Comparison of uncertainties

All the calculated uncertainties are combined using
the RSS for each isotopes, under the name ∆Cmax in
Table B.6. For this, only the maximum uncertainties for
nuclear data is used. This quantity neglects the cross
effects of simultaneously varying all the quantities. Among
them, as noticed before, the nuclear data uncertainties
are the largest components. The reported experimental
uncertainties correspond to the GU3’ (SCK.CEN) sam-
ple, being in general larger than for GU3. They strongly
vary between isotopes, and combining them with ∆Cmax

(with the RSS) can lead to quantities larger than the bias.
In such cases, uncertainties can be used to explain the ori-
gin of the biases (e.g. for 235,236U and 238−242Pu). In other
cases, differences between biases and calculated uncertain-
ties are still large (see 234U, 244Pu and a number of fission
products). In the following, as for the GU1 sample, the
bias values C/E-1 can be taken into account to provide a
unique uncertainty per isotope, called in the next section
the “expanded uncertainty”.

6.2 Expanded uncertainties

Results in Tables B.2–B.6 provide experimental and cal-
culated uncertainties (∆E and ∆C) as well as biases
(δ = C/E−1) as three independent quantities. This is
useful for the understanding of the effects of each contri-
bution; it can also help to calculate global uncertainties,
combining these three sources of information, as expressed
in the guidelines of the National Institute of Standards
and Technology [31] and in Guide to the Expression of
Uncertainty in Measurement [32]. Details can be found

in these two references and in reference [6]; consider-
ing one standard deviation of a Normal distribution, two
expanded uncertainties∆expanded can be calculated, called
RSSU (being the RSS of ∆E, ∆C and δ) and SUMU
(being an asymmetric range of uncertainty).
They are presented in Table B.6, together with different

quantities. Only the maximum values due to nuclear data
are used, but such calculations can also be done with the
minimum values. As observed, the values ∆expanded can
strongly differ from ∆C if the bias (or ∆E) is large. They
also differ between GU1 and GU3, as biases δ and ∆E are
different for these samples.
Such expanded uncertainties can prove useful in the

assessment of prediction power if they are obtained for a
number of samples, but are of limited use when considered
individually, as they reflect the characteristics of a partic-
ular case. It is nevertheless a convenient way to combine
information, as uncertainties alone cannot be statistically
significant when biases exist.
In the following, the assembly decay heat will be calcu-

lated, together with expanded uncertainties, taking into
account the isotope biases and uncertainties.

7 Decay heat and decay heat uncertainties

Similar to the assembly containing the GU1 assembly, the
decay heats of the assembly and rod hosting the GU3
sample can be calculated based on the previous CASMO5
models. Three cases will be considered: the actual assem-
bly 17-01 with the relocated rod, the assembly 17-01
without the relocated rod, and finally only the rod con-
taining the GU3 sample (which has a higher burnup than
the rest of the assembly 17-01). Details are provided in
the following and in Tables B.7 and B.8.

7.1 Calculated decay heats and uncertainties

The CASMO5 models for the three proposed cases can be
used to calculate decay heats up to a million year, using
the SNF-lite module of CASMO5. Values from 100 000
to a million years are for indication only, as SNF-lite is
not recommended up to 100 000 years. With the same
variations of nuclear data and parameters, the nominal
calculations and the uncertainties on decay heats are
consistent with the calculations of the GU3 isotopic com-
positions. Regarding the nominal values, the three decay
heats are presented in Figure 8 (top). As observed, the
three cases (assembly 17-01 with and without relocation,
and the GU3 rod) present different, but close decay heats
(relatively to their mass). The original assembly (without
rod relocation) and the one with relocation do not present
a strong difference, as only one fuel rod out of 205 was
replaced (maximum difference of about 20% at the end
of irradiation). For the GU3 rod, a higher decay heat can
be observed (due to the higher rod burnup compared to
the assembly), and the maximum difference can reach a
factor 2.
Regarding the calculated uncertainties, some differences

can be observed (Fig. 8 middle for nuclear data), but the
impact of the three cases is minimal (values are provided
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Fig. 8. Calculated decay heats for the assembly (with and
without relocation) hosting the GU3 sample and the relocated
rod (top); uncertainties due to nuclear data (middle and bot-
tom figures), with the ENDF/B-VIII.0 library. The five most
important contributors for the uncertainties are also presented.

in Table B.7, with a comparison for the GU1 sample).
Whereas both total uncertainties for GU1 and GU3 are
also similar, values for GU1 are systematically higher.
As presented in Figure 8 bottom, the origins of such
(small) differences depend on the cooling time and on
the main involved isotopes. If the uncertainties in the
case of the GU3 assembly are mainly due to five isotopes,
more are involved for GU1: to an increased burnup value
corresponds a larger number of isotopes influencing the
uncertainties due to nuclear data.
Apart from this difference, the uncertainties due to

nuclear data are mainly affected by the same isotopes for
both sample cases: 134Cs, 137mBa, 241Am, and 239,240Pu.
As explained for GU1, the JEFF-3.3 library provides
smaller uncertainties (especially for the period where
fission products are the main contributors). The par-
tial contributions presented in Figure 8 do not show
possible anti-correlations between uncertainties from dif-
ferent isotopes; this explains that the contribution from
240Pu alone is larger than the total uncertainty (240Pu is
anti-correlated with 239Pu).
Compared to other sources of uncertainties, nuclear

data are still the predominant one; the moderator

temperature (TMO) and the pin pitch also contribute in
a non-negligible way to the total uncertainties for cer-
tain cooling periods. When combining all uncertainties
(Tab. B.7), the RSS reaches a maximum of about 6%
below 10 years of cooling. But such value does not taken
into account possible isotopic biases as found in the pre-
vious section. Such isotope biases can be propagated to
decay heat and expanded uncertainties are proposed in
the following section.
Finally, uncertainties from decay data were not con-

sidered in this study (branching ratios, energy release,
half-lives); this can impact the decay heat uncertainties
at various cooling time.

7.2 Expanded uncertainties

As noticed, the concept of expanded uncertainties is
useful to combine in a simple manner both biases and
uncertainties. As for the isotopic contents, they are cal-
culated for the decay heat and results are presented in
Table B.8. Biases on decay heat are not known, as such
decay heat was not measured. But biases on isotopic con-
tents will reflect into biases for decay heat, proportionally
to the importance of specific isotopes over cooling time.
For instance, an underestimation for the concentration of
239Pu can result in an underestimation for the decay heat,
at least during the cooling time where 239Pu is contribut-
ing to such decay heat. Therefore, the biases on the decay
heat due to a number of isotopes are calculated taking
into account the biases for isotopic contents, as well as
their contributions as a function of cooling time.
The impacts of the ten most important isotopes are

presented in Table B.8. For a number of them (134Cs,
244Cm, 238,239,240Pu, 241Am, 234U and 237Np), the impact
of their difference between measurements and calculations
is directly proportionally reported. For other isotopes such
as 106Rh and 90Y, only their parent nuclei are measured
(106Ru and 90Sr). Assuming that the decay data for these
isotopes are correct (direct beta decay), the biases from
the parent nuclei is applied to their decay products.
As observed in Table B.8, the expanded uncertainties

can be up to three times larger than the (direct) calculated
uncertainties. Such values are for this assembly only, and
different values were obtained for the GU1 assembly. It
can also help to realize that direct calculated uncertainties
are not the only contributors to the estimation of not-
measured decay heat. But this study, as well as the one
for GU1, does not provide uncertainties in the case of
SNF where no measurements were performed (isotopic
compositions or decay heat). The question of decay heat
uncertainties in the lack of measurements is therefore not
answered in this study.

8 Conclusion

This work presents the analysis of the GU3 sample
from the ARIANE program, in terms of nuclide inven-
tory, as well as decay heat. Calculations are based on
CASMO5 with a detailed irradiation history coming
from core follow-up calculations. Results from various
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code versions and nuclear data libraries are presented.
Some differences are observed for the nuclide inventory,
explained by specific changes in the processed nuclear
data libraries. Uncertainties due to nuclear data, oper-
ating conditions and manufacturing tolerances are also
obtained, for both the isotopic inventory and decay heat.
Results are presented in terms of expanded uncertainties,
combining biases and uncertainties. Such consistent cal-
culations between nuclide inventory and decay heat leads
to a maximum uncertainty on the decay heat of less than
10% below 100 years of cooling time.
This study complements our understanding of spent
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supported by national and international interests.

This work was partly supported by swiss nuclear, the association
of the Swiss nuclear power station operators, with the COLOSS
project. It was also partly funded by the European Union’s
Horizon 2020 Research and Innovation Programme under grant
agreement No 847593.

Author contribution statement

All the co-authors have equally contributed to the calcu-
lations, analysis and writing. PSI has focused on creating
the CASMO model, whereas the IRSN and Studsvik
performed additional calculations.

References

1. J. Rhodes, K. Smith, D. Lee, CASMO-5 development and
applications, in Proceedings of the PHYSOR-2006 confer-
ence, ANS Topical Meeting on Reactor Physics, Vancouver,
BC, Canada, September 10-14, September 10-14 (2006),
B144

2. E.L. Georgieva, J. Hykes, R.M. Ferrer, J. Rhodes, CASMO5
isotopic comparison to the ARIANE mixed-oxide pres-
surized water spent fuel measurements, in Proceedings of
the PHYSOR 2018 conference: Reactor Physics paving the
way towards more efficient systems, Cancun, Mexico, April
22-26, 2018 (2018) 1171

3. J. Li, D. Rochman, A. Vasiliev, H. Ferroukhi, J. Herrero,
A. Pautz, M. Seidl, D. Janin, Bowing effects on isotopic
concentrations for simplified PWR assemblies and full cores,
Ann. Nucl. Energy 110, 1023 (2017)

4. T. Yamamoto, M. Suzuki, Y. Ando, H. Nagano, Valida-
tion of decay heat calculation results of ORIGEN2.2 and
CASMO5 for light water reactor fuel, J. Nucl. Sci. Technol.
49, 910 (2012)

5. ARIANE International Programme Final Report. Belgo-
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Appendix A: Tabulated measured and
recommended nuclide inventory

In the following, the isotopic compositions from the ARI-
ANE report (measured and recommended), as well as the
recommended values from reference [8] are presented. In
reference [8] the recommended values are given in the
units of g/gUinitial and are converted to mg/gU at the
time of measurements using equation (10) of the same
report. Some of the recommended concentrations in the
ORNL report are provided at the end of life (EOL), which
is not convenient for their usage in the present work. In
Table A.1, they are indicated with a ∗, and are given
at the time of measurements, as these values can be
directly found in the ARIANE report. Consequently, in
these cases, only values in mg/gU are reported.
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Appendix B: Tabulated calculated nuclide inventory and uncertainties

Table B.1. Nominal C/E-1 values and experimental uncertainties in% (as one standard deviation) for the GU3 and
GU3’ samples. Calculations are performed with CASMO5 version 2.03 and the e7r1.201.586.bin library, except for
151Eu (CASMO5 version 2.13 with the e7r1.202.586.bin library).

Measurement Recommendation Measurement Recommendation
GU3 GU3’ reference [8] GU3 GU3’ reference [8]
(ITU) (SCK) (ITU) (SCK)

234U +43 +44 +43 235U +3.4 +3.0 +3.0
236U +0.6 +0.7 +0.7 238U +0.0 +0.0 +0.0
237Np −16 −14 −15 238Pu −3.7 −5.8 −3.7
239Pu −0.1 −0.4 −0.3 240Pu +2.1 +2.2 +2.2
241Pu −2.6 −3.1 +5.0 242Pu −0.0 −0.0 −0.9
244Pu – −73 – 241Am +13 +14 +12
242mAm – +8.5 +8.5 243Am −12 −1.0 −1.0
242Cm − −6.1 −6.1 243Cm − +38 +38
244Cm −25 −11 −11 245Cm −23 −8.6 −11
246Cm − −20 −20
90Sr +4.7 +5.4 +4.7 95Mo +22 −11 +22
99Tc +8.6 −8.5 +6.0 101Ru −0.5 −12 −0.5
106Ru −48 −3.6 −3.6 103Rh +29 +23 +28
109Ag − −35 −35 125Sb − +63 +63
129I −14 −17 – 133Cs +1.2 +7.2 +4.1
134Cs −11 −1.6 −3.8 135Cs +0.8 +5.4 +3.5
137Cs +2.6 +1.7 +2.6 144Ce +6.0 +3.9 −4.1
147Pm −10 +23 +23 142Nd +18 +0.5 +0.5
143Nd +11 +3.1 +3.1 144Nd +6.0 −0.4 −0.4
145Nd +7.9 +1.1 +1.1 146Nd +4.7 −0.5 −0.5
148Nd +5.5 +0.5 +0.5 150Nd −0.8 −0.1 −0.1
147Sm +4.6 +9.2 +9.2 148Sm −6.7 −4.0 −4.0
149Sm −20 +9.6 +9.6 150Sm +5.6 +5.6 +5.6
151Sm −0.7 +0.1 +0.1 152Sm +9.3 +6.2 +6.2
154Sm +19 +10 +10 151Eu – +57 –
153Eu −2.7 −1.7 −1.7 154Eu +0.6 +6.0 +1.3
155Eu −13 −8.3 −14 155Gd +0.0 +14 +12
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Table B.2. Uncertainties ∆C from nuclear data libraries for the GU3’ sample for the actinide isotopic concentrations
(CASMO5 v2.03 calculations). Numbers in italics are for the GU1 sample. For the 5th and 6th columns, see Section 5.2
for details. All values are in%.

ENDF/B-VIII.0 JEFF-3.3 JENDL-4.0 Cmax−Cmin

E σCASMO5

GU3’ (GU1) GU3’ (GU1) GU3’ (GU1) GU3’ GU3’
12 cases 12 cases

234U 2.3 (0.6) 2.2 (2.8) 7.9 (9.9) 5.0 1.2
235U 1.2 (2.3) 1.6 (3.2) 1.8 (4.1) 4.5 1.5
236U 0.8 (0.5) 1.7 (1.6) 1.2 (1.3) 2.5 0.8
238U 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 0.0
237Np 3.3 (-) 3.9 (-) 4.0 (-) 2.0 0.6
238Pu 4.8 (2.7) 9.4 (13) 7.0 (9.4) 7.9 2.6
239Pu 1.8 (1.9) 1.7 (1.9) 2.2 (2.6) 2.0 0.5
240Pu 4.3 (4.2) 2.5 (2.5) 4.4 (4.9) 2.3 0.7
241Pu 3.2 (3.4) 3.1 (3.5) 3.4 (3.9) 2.9 0.8
242Pu 4.8 (5.0) 8.5 (8.6) 8.6 (8.7) 3.6 1.0
244Pu 8.9 (8.1) 8.1 (8.2) 9.2 (8.7) 28 13
241Am 3.4 (3.5) 3.1 (3.6) 3.9 (4.4) 4.6 1.5
242mAm 3.8 (4.0) 3.2 (4.2) 4.5 (4.4) 4.0 1.5
243Am 8.5 (7.5) 7.7 (7.6) 9.0 (8.7) 6.9 2.0
242Cm 3.6 (3.3) 2.7 (3.0) 4.1 (3.5) 6.5 1.8
243Cm 11 (11) 16 (17) 12 (12) 31 8.5
244Cm 9.7 (8.6) 9.3 (9.0) 10 (9.7) 12 3.1
245Cm 15 (13) 14 (14) 15 (15) 56 12
246Cm 24 (13) 21 (21) 24 (24) 56 16
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Table B.3. Same as Table B.2 but for fission products.

ENDF/B-VIII.0 JEFF-3.3 JENDL-4.0 Cmax−Cmin

E σCASMO5

GU3’ (GU1) GU3’ (GU1) GU3’ (GU1) GU3’ GU3’
12 cases 12 cases

90Sr 0.7 (0.7) 1.4 (1.3) 0.7 (0.7) 2.8 0.6
95Mo 0.9 (0.8) 0.7 (0.7) 0.9 (0.8) 1.2 2.9
99Tc 1.4 (1.6) 0.8 (0.8) 1.6 (1.8) 1.2 0.4
101Ru 2.8 (3.2) 0.9 (1.0) 3.1 (3.4) 1.3 0.5
106Ru 1.5 (1.4) 1.7 (1.8) 1.5 (1.4) 4.0 0.5
103Rh 1.7 (2.0) 1.7 (1.8) 1.3 (1.5) 3.8 1.0
109Ag 21 (21) 4.4 (4.5) 20 (19) 43 13
125Sb 18 (18) 27 (30) 30 (32) 36 10
129I 3.0 (-) 6.1 (-) 3.5 (-) 5.0 1.8
133Cs 28 (27) 2.3 (2.4) 30 (29) 3.3 0.8
134Cs 29 (27) 4.6 (4.3) 30 (28) 5.8 1.8
135Cs 7.1 (5.0) 20 (19) 7.6 (5.2) 4.0 1.3
137Cs 6.7 (6.2) 3.6 (3.5) 6.9 (6.5) 1.6 0.4
144Ce 0.4 (0.4) 0.6 (0.6) 0.5 (0.4) 1.3 0.3
147Pm 2.5 (2.6) 1.2 (1.3) 1.3 (1.5) 2.8 0.8
142Nd 5.1 (4.2) 5.0 (4.3) 0.8 (1.4) 2.0 0.7
143Nd 2.0 (2.4) 3.6 (5.1) 0.9 (1.4) 2.1 0.7
144Nd 1.2 (0.9) 2.2 (1.9) 0.4 (0.5) 1.6 0.5
145Nd 2.0 (2.3) 0.9 (1.0) 0.4 (0.5) 1.8 0.5
146Nd 1.7 (1.7) 0.7 (0.8) 0.3 (0.4) 1.3 0.4
148Nd 0.4 (0.4) 0.6 (0.6) 0.4 (0.4) 2.2 0.6
150Nd 0.4 (0.4) 0.9 (0.9) 0.5 (0.5) 1.8 0.4
147Sm 2.2 (2.5) 1.2 (1.3) 1.2 (1.4) 2.1 0.7
148Sm 1.8 (1.5) 1.9 (2.0) 1.0 (1.0) 1.9 0.6
149Sm 1.7 (1.7) 3.5 (3.4) 1.6 (1.8) 4.8 1.2
150Sm 1.2 (1.1) 1.3 (1.5) 1.0 (1.0) 9.5 3.0
151Sm 2.7 (2.4) 12 (13) 2.0 (2.1) 17 5.4
152Sm 2.6 (2.5) 3.8 (3.9) 1.2 (1.1) 13 4.4
154Sm 1.6 (1.7) 7.3 (7.8) 1.7 (1.7) 7.9 2.0
153Eu 3.3 (3.3) 2.1 (2.1) 1.1 (1.1) 10 3.5
154Eu 2.8 (1.9) 2.3 (2.2) 1.3 (1.5) 8.5 2.6
155Eu 24 (19) 24 (20) 1.1 (1.0) 3.6 1.0
155Gd 23 (19) 23 (20) 1.1 (1.0) 4.6 1.2
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Table B.4. Summary of all uncertainties in% (or 1σ) for the GU3’ sample considered in this study for actinides.
For nuclear data (ND), the range from Tables B.2 and B.3 is presented here. The “Sum” column corresponds to√∑

i ∆2(Ci) for calculated uncertainties. The sum for the GU1 sample is also indicated (without the systematic effect
of 2% for the mass balance). See text for the description of the columns.

ND TFU TMO BOR RAD ENR (X-Y) DEP PITCH Sum SumGU1

min−max +DEN min−max min−max
234U 2.3−7.9 0.0 0.3 0.0 0.1 0.1 0.2 0.2 0.5 2.3−7.9 0.9−10
235U 1.2−1.8 0.2 1.8 0.0 0.6 0.6 1.0 0.4 1.1 2.8−3.1 5.4−6.3
236U 0.8−1.7 0.0 0.3 0.0 0.0 0.2 0.1 0.1 0.1 0.9−1.7 0.7−1.7
238U 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0−0.0 0.0
237Np 3.3−4.0 0.1 0.9 0.0 0.2 0.3 0.2 0.2 1.1 3.7−4.2 –
238Pu 4.8−9.4 0.0 1.8 0.0 0.2 0.4 0.4 0.4 2.0 5.6−10 3.5−13
239Pu 1.7−2.2 0.2 1.6 0.0 0.2 0.1 0.4 0.0 1.6 2.9−3.2 2.8−3.3
240Pu 2.5−4.4 0.1 1.0 0.0 0.1 0.1 0.2 0.1 0.6 2.8−4.5 2.6−5.0
241Pu 3.1−3.4 0.2 1.8 0.0 0.2 0.3 0.2 0.1 1.5 3.8−4.2 4.0−4.5
242Pu 4.8−8.6 0.1 1.0 0.0 0.5 0.7 0.6 0.4 0.9 5.1−8.7 5.2−8.8
244Pu 8.1−9.2 0.1 1.8 0.0 0.7 0.9 1.1 0.7 1.9 8.7−9.7 8.7−9.3
241Am 3.1−3.9 0.2 1.8 0.0 0.2 0.3 0.3 0.1 2.7 4.5−5.1 4.2−5.0
242mAm 3.2−4.5 0.3 3.2 0.1 0.4 0.3 0.7 0.2 3.6 5.8−6.6 6.3−6.6
243Am 7.7−9.0 0.1 1.3 0.0 0.6 0.7 0.7 0.5 1.7 8.1−9.3 7.7−9.0
242Cm 2.7−4.1 0.1 1.8 0.0 0.3 0.5 0.2 0.3 1.6 3.7−4.8 3.4−3.9
243Cm 11−16 0.1 2.6 0.1 0.3 0.6 0.3 0.5 2.7 12−16 12−16
244Cm 9.3−10 0.1 2.4 0.1 0.6 0.9 1.0 0.8 3.1 10−11 9.3−10
245Cm 14−15 0.1 4.9 0.1 0.5 0.9 1.1 0.9 4.8 16−17 14−16
246Cm 21−24 0.1 2.9 0.1 0.9 1.2 1.6 1.2 4.1 21−25 14−24
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Table B.5. Same as Table B.4, but for fission products.

ND TFU TMO BOR RAD ENR (X-Y) DEP PITCH Sum SumGU1

min−max +DEN min−max min−max
90Sr 0.7−1.4 0.0 0.1 0.0 0.2 0.2 0.2 0.1 0.3 0.8−1.4 0.9−1.5
95Mo 0.7−0.9 0.0 0.1 0.0 0.2 0.2 0.2 0.2 0.5 0.9−1.1 0.9−1.0
99Tc 0.8−1.6 0.0 0.2 0.0 0.2 0.2 0.2 0.2 0.3 0.9−1.7 1.0−1.7
101Ru 0.9−3.1 0.0 0.2 0.0 0.2 0.3 0.2 0.2 0.4 1.1−3.1 1.3−3.5
106Ru 1.5−1.7 0.0 0.7 0.0 0.3 0.4 0.3 0.2 0.4 1.8−1.9 1.6−2.0
103Rh 1.3−1.7 0.1 0.5 0.0 0.2 0.2 0.1 0.1 0.4 1.4−1.8 1.6−2.1
109Ag 4.4−21 0.1 0.9 0.0 0.3 0.4 0.3 0.3 0.9 4.6−21 4.7−21
125Sb 18.0−30 0.0 0.5 0.0 0.2 0.3 0.3 0.2 0.4 18−30 18−32
129I 3.0−6.1 0.0 0.5 0.0 0.2 0.3 0.2 0.2 0.6 3.1−6.1 –
133Cs 2.3−30 0.0 0.2 0.0 0.2 0.2 0.2 0.2 0.3 2.3−30 2.4−29
134Cs 4.6−30 0.0 1.0 0.0 0.3 0.4 0.5 0.3 1.1 4.9−30 4.5−28
135Cs 7.1−20 0.1 1.6 0.0 0.1 0.2 0.2 0.2 1.6 7.5−20 5.3−19
137Cs 3.6−6.9 0.0 0.2 0.0 0.2 0.3 0.3 0.2 0.5 3.6−6.9 3.6−6.5
144Ce 0.4−0.6 0.0 0.4 0.0 0.2 0.2 0.3 0.0 0.6 0.9−1.0 0.9−1.0
142Nd 0.8−5.1 0.1 0.4 0.0 0.4 0.5 0.7 0.4 1.0 1.7−5.3 2.5−4.7
143Nd 0.9−3.6 0.1 0.7 0.0 0.1 0.2 0.0 0.1 0.5 1.3−3.7 1.9−5.2
144Nd 0.4−2.2 0.0 0.4 0.0 0.3 0.3 0.5 0.3 0.7 1.1−2.4 1.1−2.2
145Nd 0.4−2.0 0.0 0.2 0.0 0.2 0.2 0.2 0.1 0.3 0.7−2.0 0.7−2.4
146Nd 0.3−1.7 0.0 0.2 0.0 0.2 0.3 0.3 0.2 0.6 0.8−1.9 1.0−1.9
148Nd 0.4−0.6 0.0 0.2 0.0 0.2 0.3 0.3 0.2 0.5 0.9−0.9 0.9−1.0
150Nd 0.4−0.9 0.0 0.4 0.0 0.2 0.3 0.3 0.2 0.6 1.0−1.2 0.9−1.2
147Pm 1.2−2.5 0.0 0.5 0.0 0.1 0.1 0.1 0.0 0.4 1.4−2.6 1.4−2.6
147Sm 1.2−2.2 0.0 0.5 0.0 0.1 0.1 0.1 0.1 0.5 1.4−2.4 1.3−2.5
148Sm 1.0−1.9 0.0 0.6 0.0 0.2 0.4 0.4 0.3 1.1 1.7−2.4 1.6−2.4
149Sm 1.6−3.5 0.1 2.0 0.0 0.1 0.1 0.2 0.0 2.0 3.3−4.5 2.5−3.9
150Sm 1.0−1.3 0.0 0.3 0.0 0.2 0.3 0.3 0.2 0.5 1.3−1.5 1.2−1.7
151Sm 2.0−12 0.1 3.0 0.0 0.2 0.1 0.3 0.1 1.7 4.0−12 3.7−13
152Sm 1.2−3.8 0.0 1.0 0.0 0.2 0.3 0.2 0.1 0.4 1.6−4.0 1.5−4.0
154Sm 1.7−7.3 0.0 0.6 0.0 0.3 0.4 0.3 0.3 0.7 2.0−7.4 2.0−7.9
153Eu 1.1−3.3 0.0 0.3 0.0 0.2 0.3 0.2 0.2 0.6 1.3−3.4 1.3−3.4
154Eu 1.3−2.8 0.0 1.6 0.0 0.2 0.3 0.3 0.2 1.7 2.7−3.7 2.3−2.8
155Eu 1.1−24 0.0 0.3 0.0 0.3 0.3 0.3 0.3 0.7 1.5−24 1.3−19
155Gd 1.1−23 0.0 0.4 0.0 0.3 0.3 0.3 0.2 3.8 4.0−24 1.3−20
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Table B.6. Expanded estimated uncertainties ∆expanded on isotopic concentrations for GU3’, taking into account
the calculation bias and the experimental and calculated uncertainties. ∆Cmax come from the nuclear data library
leading to the highest nuclear data uncertainty (either ENDF/B-VIII.0, JEFF-3.3 or JENDL-4.0). Three combination
methods are presented: RSSuc, RSSU (being equal to RSSuc for 1σ), and SUMU .

RSSuc=RSSU SUMU RSSuc=RSSU SUMU

Bias ∆E ∆Cmax ∆expanded ∆expanded Bias ∆E ∆Cmax ∆expanded ∆expanded

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
234U +44 2.5 7.9 ± 45 [+0,−53] 235U +3.0 0.4 3.1 ± 4.3 [+0.1,−6.1]
236U +0.7 0.4 1.7 ± 1.9 [+0,−2.4] 238U +0.0 0.2 0.0 ± 0.2 [+0.2,−0.2]
237Np −14 3.8 4.2 ± 15 [+20,−0] 238Pu –5.8 1.5 10 ± 12 [+16,−4.3]
239Pu −0.3 0.3 3.2 ± 3.2 [+3.6,−2.8] 240Pu +2.2 0.3 4.5 ± 5.0 [+2.3,−6.7]
241Pu −3.1 0.3 4.2 ± 5.2 [+7.3,−1.1] 242Pu +0.0 0.3 8.7 ± 8.7 [+8.7,−8.7]
244Pu −73 25 9.7 ± 78 [+100,−0] 241Am +14 1.8 5.1 ± 15 [+0,−19]
242mAm +8.5 5.5 6.6 ± 12 [+0.1,−17] 243Am –1.0 1.8 9.3 ± 9.5 [+10,−8.5]
242Cm −6.1 3.6 1.6 ± 7.3 [+10,−0] 243Cm +38 10 16 ± 43 [+0,−57]
244Cm −11 1.8 11 ± 15 [+22,−0.2] 245Cm –8.6 2.6 17 ± 19 [+26,−8.5]
246Cm −20 5.2 25 ± 32 [+45,−5.5]
90Sr +5.4 8.0 1.4 ± 9.8 [+2.6,−14] 95Mo –11 4.6 1.1 ± 12 [+16,−0]
99Tc −8.5 8.9 1.7 ± 12 [+0.6,−18] 101Ru –12 12 3.1 ± 17 [+0,−24]
106Ru −3.6 14 1.9 ± 15 [+19,−10] 103Rh +23 4.9 1.8 ± 23 [+0,−28]
109Ag −35 9.1 20.9 ± 42 [+58,−0] 125Sb +63 9.4 30 ± 70 [+0,−94]
129I −17 5.6 6.1 ± 19 [+25,−0] 133Cs +7.2 1.5 30 ± 31 [+23.3,−38]
134Cs −1.6 1.5 30 ± 30 [+32,−29] 135Cs +5.4 1.5 20 ± 21 [+14,−25]
137Cs +1.7 2.4 6.9 ± 7.5 [+5.6,−9.0] 144Ce +3.9 1.7 1.0 ± 4.4 [+0,−5.9]
142Nd +0.5 5.0 5.3 ± 7.3 [+6.8,−7.8] 143Nd +3.1 0.3 3.7 ± 4.8 [+0.6,−6.8]
144Nd −0.4 0.3 2.4 ± 2.4 [+2.8,−2.0] 145Nd +1.1 0.3 2.0 ± 2.3 [+0.9,−3.1]
146Nd −0.5 0.3 1.9 ± 2.0 [+2.4,−1.4] 148Nd +0.5 0.3 0.9 ± 1.1 [+0.4,−1.4]
150Nd −0.1 0.3 1.2 ± 1.2 [+1.3,−1.1] 147Pm +23 9.0 2.6 ± 25 [+0,−33]
147Sm +9.2 0.3 2.4 ± 9.5 [+0,−12] 148Sm –4.0 0.3 2.4 ± 4.7 [+6.4,−0]
149Sm +9.6 1.0 4.5 ± 11 [+0,−14] 150Sm +5.6 0.3 1.5 ± 5.8 [+0,−7.1]
151Sm +0.1 0.4 12 ± 12 [+12,−13] 152Sm +6.2 0.3 4.0 ± 7.4 [+0,−10.2]
154Sm +10 0.3 7.4 ± 13 [+0,−18] 153Eu −1.7 0.3 3.4 ± 3.8 [+5.1,−1.7]
154Eu +6.0 1.9 3.7 ± 7.3 [+0,−10] 155Eu −8.3 5.0 24 ± 26 [+32,−16]
155Gd –14 1.1 24 ± 27 [+37,−9.7]
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